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Amplification of Representative cDNA Samples
from Microscopic Amounts of Invertebrate Tissue
to Search for New Genes

Mikhail V. Matz

1. Introduction
Recently, we cloned six new green fluorescent protein (GFP)-like fluores-

cent proteins from five species of Antozoa (1), including one red-emitting
variant (DsRed), which is now commercially available. This project did not
require expeditions and collection of animals on reefs: In all cases, the starting
material was just several milligrams of tissue (e.g., a tentacle tip of a sea
anemone), collected from a specimen in a private aquarium. This truly
noninvasive kind of study was possible because the approach of total cDNA
amplification, which is extensively applied to various tasks and biological
models in our lab. This chapter outlines several year’s of experience in this
helpful technique.

The possibility of amplifying total cDNA obtained from small amounts of
biological material is not yet routinely considered, despite the fact that obtain-
ing amounts of material suitable for direct processing by standard methods is
often time-consuming, expensive, and may be even impossible. Perhaps the
most significant obstacle to the full appreciation of the technique is the wide-
spread belief that polymerase chain reaction (PCR) amplification severely
distorts the original cDNA profile, so that some cDNA species dramatically
rise in abundance, but others diminish, and may even become completely lost.
However, we found that there are just a few simple rules that should be
followed to ensure that the amplified sample is minimally distorted and fully
representative, i.e., contains all types of messages originally present in RNA,
even the least abundant ones. This was demonstrated in experiments on differ-
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4 Matz

ential display (Fig. 1), and elsewhere in application of amplified cDNA as a
probe for gene profiling by array technology (2–5). According to our experi-
ence in gene hunting in various biological models, amplified cDNA can sub-
stitute for normal, nonamplified cDNA in virtually all tasks. Moreover, in
PCR-based gene hunting techniques, such as rapid amplification of cDNA
ends (RACE) (6,7), subtraction (8), or differential display (9), the amplified
cDNA usually outperforms the normal one, because all backgrounds are pre-
dictable, and can easily be kept under control.

Fig. 1. Differential display patterns obtained according to ref. 9 for the same total
RNA sample, either from the product of total cDNA amplification using a Klentaq/Pfu
enzyme mixture (lane 1) or directly from nonamplified double-stranded cDNA (lane 2).
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Amplification of cDNA from Invertebrates 5

1.1. Total RNA Isolation

We usually use the following procedure, rather than commercial kits,
because this technique is suitable for virtually all animals. It is based on the
well-known protocol of Chomczynski and Sacchi (10), with one difference:
All the procedures are performed at neutral pH, instead of acidic, as was origi-
nally suggested. Also, the step of RNA precipitation with lithium chloride
(LiCl) is added, because it results in stable RNA preparations and considerably
improves the consecutive procedures of cDNA synthesis. We have success-
fully applied the protocol to RNA isolation from representatives of 13 phyla of
multicellular animals. As an alternative, a popular Trizol method (Gibco/Life
Technologies) may be used in many cases, although it may not perform well on
some nonstandard species, such as jellyfish. Kits for RNA isolation which
utilize columns (such as Qiagen’s RNeasy kit) are generally not recommended
for nonstandard samples. The protocol is designed for rather large tissue
samples (tissue vol 10–100 µL), which normally yield about 10–100 µg total
RNA. The protocol for microscopic amounts of starting material (expected to
yield ~1 µg RNA, or less) is the same but does not include second phenol–
chloroform extraction (see Subheading 3.1., step 4) and LiCl precipitation
(see Subheading 3.1., step 6). Additionally, the final pellet should be dis-
solved in 5 µL, instead of 40 µL of water and transferred directly to cDNA
synthesis, omitting the agarose gel analysis..

1.2. cDNA Synthesis

Two alternatives are provided for preparing amplified total cDNA from the
isolated RNA: method A and method B (Fig. 2). Both methods provide a pos-
sibility of amplifying a cDNA fraction corresponding to messenger (poly[A]+)
RNA, starting from total RNA. The fraction of ribosomal RNA in the amplified
sample, as it was determined in an EST sequencing project based on amplified
cDNA, is 15–20% represented mostly by small subunit RNA. This is the same
figure that is normally obtained with standard methods of cDNA synthesis (11).

Method A (“classical”) is to synthesize a double-stranded cDNA by
conventional means (employing DNA polymerase I/RNAse H/DNA ligase
enzyme cocktail for second-strand synthesis), then ligate adaptors and amplify
the sample, using adaptor-specific primers. The structure of the adaptors evokes
a PCR-suppression effect (12), and provides a method for selective
amplification of only those cDNA molecules that contain both adaptor
sequence and T-primer sequence, corresponding to the poly(A)+ fraction of
RNA. The principles behind this method are described (13). The obvious
advantage of this method is its high efficiency. A representative cDNA sample
(with representation of 107 and higher) can be prepared from as little as 20–30 ng
of total RNA. However, the method is rather laborious.

01/PT-Matz/1-18/F[4.15.2] 05/01/2002, 5:29 PM5



6 Matz

Method B is implemented in the SMART cDNA synthesis kit available from
Clontech. It utilizes one surprising feature of Moloney murine leukemia virus
reverse transcriptase (MMLV RT), its ability to add a few non-template deoxy-
nucleotides (mostly C) to the 3' end of a newly synthesized cDNA strand, upon
reaching the 5' end of the RNA template. Oligonucleotide containing oligo(rG)
sequence on the 3' end, which is called “template-switch oligo” (TS-oligo),
will base-pair with the deoxycytidine stretch produced by MMLV RT when
added to the RT reaction. Reverse transcriptase then switches templates and
continues replicating using the TS-oligo as a template. Thus, the sequence
complementary to the TS-oligo can be attached to the 3' terminus of the first
strand of cDNA synthesized, and may serve as a universal 5' terminal site for
primer annealing during total cDNA amplification (14). Recently, an improve-
ment to the original procedure was reported (15). Addition of MnCl2 to the
reaction mixture after first-strand synthesis, followed by a short incubation,
increases the efficiency of nontemplate C addition to the cDNA, and thus
results in higher overall yield following cDNA amplification.

Although method B is simpler and faster than method A, its reduced effi-
ciency means that a cDNA sample of suitable representation (more than 106)

Fig. 2. Schematic outlines of cDNA amplification methods.
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Amplification of cDNA from Invertebrates 7

requires a minimum of 1 µg of total RNA. Both techniques (as they are
described here) provide material not only for total cDNA amplification, but
also for RACE, a procedure for obtaining unknown flanks of a fragment. This
procedure is indispensable for cloning complete coding regions of proteins.
Different RACE techniques are available for each of the methods of cDNA
amplification described here (refs. 6 and 7 for methods A and B, respectively),
both based on a PCR suppression effect (12).

2. Materials
2.1. Total RNA Isolation (see Note 1)

1. Dispersion buffer (buffer D): 4 M guanidine thiocyanate, 30 mM disodium citrate,
30 mM β-Mercaptoethanol, pH 7.0–7.5 (see Note 2).

2. Buffer-saturated phenol, pH 7.0–8.0 (Gibco-Life Technologies).
3. Chloroform–isoamyl alcohol mix (24:1).
4. 96% Ethanol.
5. 80% Ethanol.
6. 12 M LiCl.
7. Co-precipitant: SeeDNA reagent (Amersham) or glycogen.
8. Fresh MilliQ water.
9. Agarose gel (1%) containing ethidium bromide (EtBr).

2.2. cDNA Synthesis

2.2.1. Method A Using Conventional Second-Strand Synthesis
(see Note 3)

1. SuperScript II reverse transcriptase, 200 U/µL (Life Technologies) or 20X
PowerScript reverse transcriptase (Clontech) with provided buffer.

2. 0.1 M Dithiothreitol (DTT).
3. dNTP mix, 10 mM each.
4. 5X Second strand buffer: 500 mM KCl, 50 mM ammonium sulfate, 25 mM

MgCl2, 0.75 mM β-NAD, 100 mM Tris-HCl (pH 7.5), 0.25 mg/mL bovine serum
albumin (BSA).

5. 20X Second-strand enzyme cocktail: 6 U/µL DNA polymerase I, 0.2 U/µL RNase
H, 1.2 U/µL Escherichia coli DNA ligase.

6. T4 DNA polymerase (1–3 U/µL).
7. T4 DNA ligase 2–4 U/µL with provided buffer (New England Biolabs or

equivalent).
8. T/M buffer: 10 mM Tris-HCl, pH 8.0, 1 mM MgCl2.
9. Buffer-saturated phenol, pH 7.0–8.0 (Gibco-Life Technologies).

10. Chloroform–isoamyl alcohol mix (24:1).
11. Long-and-Accurate PCR enzyme mix (Advantage 2 polymerase mix by Clontech,

LA-PCR by Takara, Expand Taq by Boehringer, or equivalent, see Note 4).
12. 10X PCR buffer: provided with the enzyme mix or, if Klentaq-based homemade

mix is used: 300 mM tricine-KOH, pH 9.1, 160 mM ammonium sulfate, 30 mM
MgCl2, 0.2 mg/mL BSA.
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Box 1
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Amplification of cDNA from Invertebrates 9

13. Yeast tRNA, 10 µg/µL.
14. 3 M sodium acetate, pH 5.0.
15. Fresh MilliQ water.
16. Agarose gel (1%) containing EtBr.
17. Oligonucleotides: see Box 1 and Note 5.

2.2.2. Method B Using the Template-Switching Effect

1. SuperScript II reverse transcriptase, 200 U/µL (Life Technologies) or 20X
PowerScript reverse transcriptase (Clontech) with provided buffer.

2. 20 mM MnCl2.
3. 0.1 M DTT.
4. dNTP mix, 10 mM each.
5. Long-and-Accurate PCR enzyme mix with buffer (see Note 4).
6. 10X PCR buffer: provided with the enzyme mix or, if Klentaq-based homemade

mix is used: 300 mM tricine-KOH, pH 9.1, 160 mM ammonium sulfate, 30 mM
MgCl2, 0.2 mg/mL BSA.

7. Agarose gel (1%) containing EtBr.
8. Fresh MilliQ water.
9. Oligonucleotides: see Box 1 and Note 5.

3. Methods
3.1. Total RNA Isolation

1. Dissolve the tissue sample in buffer D (see Note 6).
2. Spin the sample at maximum speed on table microcentrifuge for 5 min at room

temperature, to remove debris. Transfer the supernatant to a new tube.
3. Put the tube on ice, add equal volume of buffer-saturated phenol, and mix. There

will be no phase-separation at this moment. Add one-fifth vol chloroform–
isoamyl alcohol (24:1), and vortex the sample. Two distinct phases will separate.
Vortex 3–4× more with ~1-min intervals between steps. Incubate the tube on ice
between steps. Spin at maximum speed on table microcentrifuge for 30 min at
4°C. Remove and save the upper, aqueous phase. Take care to avoid warming the
tube with your fingers, or the interphase may become invisible.

4. Repeat step 3.
5. Add 1 µL co-precipitant, then add an equal vol of 96% ethanol and mix. Spin

immediately at maximum speed on table microcentrifuge at room temperature
for 10 min. The precipitate may not form a pellet, being instead spread over the
back wall of the tube and thus being almost invisible even with co-precipitant
added. Wash the pellet once with 0.5 mL 80% ethanol. Dry the pellet briefly,
until no liquid is seen in the tube (do not over-dry).

6. Dissolve the pellet in 100 µL fresh MilliQ water. If the pellet cannot be dissolved
completely, remove the debris by spinning the sample at maximum speed on
table microcentrifuge for 3 min at room temperature. Transfer the supernatant to
a new tube, then add equal volume of 12 M LiCl, and chill the solution at –20°C
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for 30 min. Spin at maximum speed on table microcentrifuge for 15 min at room
temperature. Wash the pellet once with 0.5 mL 80% ethanol, and dry as previ-
ously done. The precipitated RNA is usually invisible, since co-precipitant does
not precipitate in LiCl.

7. Dissolve the pellet in 40 µL fresh MilliQ water.
8. Load 2 µL solution onto a standard (nondenaturing) 1% agarose gel to check the

amount and integrity of the RNA. Add EtBr to the gel to avoid the additional
(potentially RNase-prone) step of gel staining. Load a known amount of some
DNA on a neighboring lane to use as standard for determining the RNA concen-
tration. Intact RNA should exhibit sharp band(s) of ribosomal RNA (see Fig. 3A
and Notes 7–10).

3.2. cDNA Synthesis

3.2.1. Method A (“Classical”)

3.2.1.1. FIRST-STRAND CDNA SYNTHESIS

1. To 5 µL RNA solution in water (0.03–3 µg total RNA), add 1 µL of 10 µM
primer TRsa, and cover with mineral oil. Incubate at 65°C for 3 min, then put the
tube on ice.

Fig. 3. (A) Nondenaturating agarose electrophoresis of total RNA from various
invertebrate sources. Lane 1, unidentified sponge; lane 2, comb jelly Bolinopsis
infundibulum (phylum Ctenophora); lane 3, planarian Girardia tigrina (phylum
Platyhelminthes); lane 4, stony coral Montastraea cavernosa (phylum Cnidaria). M,
50 ng 1-kb DNA ladder (Gibco-Life Technologies). (B) Amplified total cDNA from
various sources. Lane 1, comb jelly; lane 2, planarian; lane 3, mollusk Tridacna sp. M,
50 ng 1-kb DNA ladder (Gibco-Life Technologies). Product on lane 2 needs one more
PCR cycle; product on lane 3 is already slightly overcycled (by 1–2 cycles), but is still
well-suitable for further manipulations.
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Amplification of cDNA from Invertebrates 11

2. Add 2 µL 5X first-strand buffer (provided with reverse transcriptase), 1 µL 0.1 M
DTT, 1 µL reverse transcriptase, 0.5 µL dNTP mix (10 mM each), and incubate
at 42°C for 1 h, then put the tube on ice.

3.2.1.2. SECOND-STRAND CDNA SYNTHESIS

1. To the first-strand cDNA solution, add 49 µL of MilliQ water, 1.6 µL dNTP mix
(10 mM each), 16 µL 5X second-strand reaction buffer, and 4 µL 20X second-
strand enzyme cocktail (the total volume of the reaction mix is about 80 mL).
Incubate at 16°C for 1.5 h, and then put the tube on ice.

2. Add 1 mL T4 DNA polymerase, incubate 0.5 h at 16°C to polish ends.
3. Stop the reaction by heating at 65°C for 5 min.
4. Take the reaction mix from under the oil, put in new tube, and add 0.5 vol phenol,

then 0.5 vol chloroform–isoamyl alcohol (24:1). Vortex the solution and spin at
maximum speed on table microcentrifuge for 10 min. Transfer the upper, aque-
ous phase into new tube.

5. Add carrier (SeeDNA, Amersham, or glycogen) and precipitate DNA by adding
0.1 vol (8 µL) 3 M sodium acetate (pH 5.0) and 2.5 vol (200 µL) 95% ethanol at
room temperature. Spin immediately for 15 min at maximum speed on table
microcentrifuge at room temperature.

6. Wash the pellet with 80% ethanol; air-dry the pellet for ~5 min at room tempera-
ture. Dissolve pellet in 6 µL water.

3.2.1.3. ADAPTOR LIGATION

1. To the 6 µL double-stranded cDNA, add 2 µL of adaptor (10 µM), 1 µL of 10X
ligation buffer, 1 µL T4 DNA ligase, and incubate overnight at 16°C.

2. To the ligation mixture, add 90 µL MilliQ water and 10 µg yeast tRNA. Purify by
QiaQuick PCR purification kit (Qiagen, follow manufacturer’s instructions),
elute with 40 µL T/M buffer. Alternatively, dilute the ligation mixture fivefold,
by adding 40 µL MilliQ water to it (see Note 11).

3.2.1.4. CDNA AMPLIFICATION

1. Prepare the PCR mixture (note that final concentration of primers is 0.1 µM) as
follows: Add 3 µL 10X PCR buffer, 1 µL dNTP mix (10 mM of each), 1.5 µL
2 mM TRsa primer, 1.5 µL 2 µM DAP primer, 1 µL fivefold dilution of ligation
mixture or 20 µL of QiaQuick purified sample of adapter-ligated cDNA, water to
30 µL, and Klentaq–Pfu homemade polymerase mixture, corresponding to 8 U
Klentaq (see Note 3). When using commercial polymerase mixtures, follow
manufacturer’s recommendations.

2. Perform cycling: 94°C 30 s, 65°C 1 min, 72°C 2 min 30 s (block control), 95°C
10 s, 65°C 30 s, 72°C 2 min 30 s (tube control or simulated tube control). Check
2 µL of the product on a 1% agarose gel after 12 cycles, keeping the PCR tube at
room temperature while the electrophoresis runs. If nothing is seen, put the tube
back into thermal cycler and do five more cycles. If the product is barely visible,
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do only three more cycles. It is very important to determine the minimal number
of cycles required to amplify the product until it is readily detectable on an agar-
ose gel with EtBr staining (see Notes 12–15).

3.2.2. Method B for cDNA Synthesis Using
the Template-Switching Effect

3.2.2.1. FIRST STRAND CDNA SYNTHESIS

1. To 4 µL RNA solution in water (1–3 µg total RNA), add 1 µL 10 mM primer
TRsa, and cover with mineral oil. Incubate at 65°C for 3 min; put on ice.

2. Add 2 µL 5X first-strand buffer provided with reverse transcriptase, 1 µL 0.1 M
DTT, 1 µL 5 µM TS-oligo, 1 µL reverse transcriptase, 0.5 µL dNTP mix (10 mM
each). Incubate at 42°C for 1 h, then add 1 µL 20 mM MnCl2, and incubate for an
additional 15 min at 42°C. Heat to 65°C, and incubate for 3 min to stop the reac-
tion. The product can be stored at –20°C for several months.

3.2.2.2. CDNA AMPLIFICATION

1. Prepare the PCR mixture (final concentration of primers is 0.1 mM) as follows:
3 mL of 10X PCR Buffer, 1 mL of dNTP mix (10 mM each), 1.5 mL of 2 mM
TRsa primer, 1.5 mL of 2 mM TS-PCR primer, 1.5 mL of five-fold dilution of
first-strand cDNA (from step 2), milliQ water to 30 mL, and KlenTaq/Pfu
homemade polymerase mixture corresponding to 8 U of KlenTaq. When using
commercial polymerase mixtures (see Note 4), follow manufacturer’s recom-
mendations.

2. Perform cycling: 94°C 30 s, 65°C 1 min, 72°C 2 min 30 s (block control); 95°C
10 s, 65°C 30 s, 72°C 2 min 30 s (tube control or simulated tube control). To
determine the exact number of PCR cycles required to amplify cDNA, use the
same strategy as described above for method A, but do 17 cycles before the first
check on agarose gel. Typically, it takes ~17 cycles, if there was 1 µg total RNA
at the start. If the number of cycles is 22–24, a 106-representation sample still can
be accumulated by making amplification in 10-fold-larger volume (i.e., making
it in 10 30-µL tubes instead of one), then pooling them. In this way, 10X more
product of first-strand synthesis may be put into PCR, while avoiding the back-
ground problems caused by nonincorporated cDNA synthesis oligomers. How-
ever, this approach leads to slightly more distorted cDNA sample compared to
direct less-than-20 amplification (see Notes 12–15).

4. Notes
1. There is widespread belief that RNA is very unstable and therefore all the reagents

and materials for its handling should be specially treated to remove possible
RNase activity. We have found that purified RNA is stable and, ironically, that
too much anti-RNase treatment can become a source of problems. This especially
applies to diethyl pyrocarbonate-treatment of aqueous solutions, which often
leads to RNA preparations that are stable but completely unsuitable for cDNA
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synthesis. Simple precautions, such as wearing gloves, avoiding speech over open
tubes, using aerosol-barrier tips, and using fresh MilliQ water for all solutions,
are sufficient to obtain stable RNA preparations. All organic liquids (phenol,
chloroform, and ethanol) can be considered essentially RNase-free, by defini-
tion, as well as the dispersion buffer containing 4 M guanidine thiocyanate.

2. Normally, the dispersion buffer does not require titration. If pH comes out
significantly lower than 7.0, try another batch of guanindine or disodium citrate.
The buffer may be stored for years at 4°C in the dark.

3. For cDNA synthesis, we recommend the use of reagents (except oligonucleotides)
provided in the Marathon kit (Clontech).

4. For LA-PCR enzyme mixtures, I strongly recommend enzymes based on Klentaq
polymerase (Ab peptides) or its analogs (such as Advantaq polymerase,
Clontech), instead of nontruncated Taq variants. In our experience, this enzyme
produces the least distortion to the cDNA sample during amplification. The LA
mixture can be prepared by adding 1 Pfu unit cloned Pfu polymerase (Stratagene)
for every 30 U Klentaq polymerase. Calculate the required amount of mix,
assuming that 25 U Klentaq are required for 100 µL PCR.

5. The set of oligonucleotides presented in Box 1 has been extensively tested on a
number of various invertebrates and consistently produced good results. It is pri-
marily designed for cDNA amplification and RACE, but can be also successfully
applied to preparation of samples for suppression subtractive hybridization (7),
since the potentially interfering oligo-derived flanking sequences are removed
by RsaI digestion.

6. The volume of tissue should be not more than one-fifth vol buffer D. To avoid
RNA degradation, tissue dispersion should be done as quickly and completely as
possible, ensuring that cells do not die slowly on their own. To adequately dis-
perse a piece of tissue usually takes 2–3 min of triturating, using a pipet, taking
all or nearly all volume of buffer into the tip each time. The piece being dissolved
must go up and down the tip, so it is sometimes helpful to cut the tip to increase
the diameter of the opening for larger tissue pieces. Tissue dispersion can be
done at room temperature. The dispersed samples can be stored at 4°C for several
days (exceptions, such as Balanoglossus [acorn worm, phylum Hemichordata]
which contain high concentrations of highly reactive iodine in its tissues, are rare).
The tissue dispersed in buffer D produces a highly viscous solution. The viscos-
ity is usually caused by genomic DNA. This normally has no effect on the RNA
isolation (except for dictating longer periods of spinning at the phenol–chloro-
form extraction steps), unless the amount of dissolved tissue was indeed too great.
However, in some cases (e.g., freshwater planarians or mushroom anemones),
mucus produced by the animal contributes to viscosity. This substance tends to
co-purify with RNA, making it very difficult to collect the aqueous phase at the
phenol–chloroform extraction step. It likewise lowers the efficiency of cDNA
synthesis. The RNA sample contaminated with such mucus, although completely
dissolved in water, does not enter agarose gel during electrophoresis. The EtBr-
stained material stays in the well, probably because the mucus adsorbs RNA.
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Including cysteine in buffer D can diminish the mucus problem. To buffer D add
0.1 vol solution containing 20% cysteine chloride and 50 mM tricine-KOH,
pH 7.0 (requires a great deal of titration). The cysteine solution should be freshly
prepared. After dissolving the tissue, incubate the sample for 2 h at 4°C, then
proceed with the above protocol.

7. RNA degradation can be assessed using nondenaturing electrophoresis. The first
sign of RNA degradation on the nondenaturing gel is a slight smear starting from
the rRNA bands and extending to the area of shorter fragments, such as seen on
Fig. 3, lanes 3 and 4. RNA showing this extent of degradation is still good for
further procedures. However, if the downward smearing is so pronounced that
the rRNA bands do not have a discernible lower edge, the RNA preparation
should be discarded. The amount of RNA can be roughly estimated from the
intensity of rRNA staining by EtBr in the gel, assuming that the dye incorpora-
tion efficiency is the same as for DNA (the rRNA may be considered a double-
stranded molecule, because of its extensive secondary structure).

8. The rule for vertebrate rRNA, that in intact total RNA the upper (28s) rRNA
band should be twice as intense as the lower (18s) band, does not apply to inver-
tebrates. The overwhelming majority have 28s rRNA with a so-called “hidden
break” (16). It is actually a true break in the middle of the 28s rRNA molecule,
which is called “hidden,” because under nondenaturing conditions the rRNA
molecule is being held in one piece by the hydrogen bonding between its
secondary structure elements. The two halves, should they separate, are each
equivalent in electrophoretic mobility to 18s rRNA. In some organisms, the
interaction between the halves is weak, so the total RNA preparation exhibits a
single 18s-like rRNA band even on nondenaturing gel (Fig. 3A, lane 3). In others,
the 28s rRNA is more robust, so it is still visible as a second band, but it rarely
has twice the intensity of the lower one (Fig. 3A, lanes 1, 2, and 4).

9. Curiously, genomic DNA contamination is reproducible for a particular species,
but varies between species. However, it never exceeds the amount seen at Fig.  2A,
lanes 1 and 2, a weak band of high molecular weight. Such extent of contamination
does not affect further procedures. In fact, the methods of cDNA amplification
described here tolerate genomic DNA up to 50% of the total sample mass, without
losing specificity or efficiency.

10. To store the isolated RNA, add 0.1 vol of 3 M sodium acetate and 2.5 vol of 96%
ethanol to the RNA in water, and mix thoroughly. The sample may be stored for
several years at –20°C.

11. Using the Qia-Quick purified ligation mixture removes excess nonincorporated
adapter oligomers, and prevents them from interfering in the subsequent PCR.
The step is necessary when the starting amount of RNA was lower than 0.3–0.5 µg,
to make it possible to take all the generated cDNA into subsequent PCR. For
higher initial amounts, the purification step may be replaced by fivefold dilution
of the mixture, followed by PCR, starting with 1 µL of the dilution. Thus the
nonincorporated oligos are simply diluted to a noninterfering concentration. In
this case, only one-fiftieth part of the available adapter-ligated cDNA goes into
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Amplification of cDNA from Invertebrates 15

PCR, but, because of the excess of RNA at the start, this is usually enough to
generate a representative cDNA sample. If you are not quite sure which variant
to choose, start with dilution. If cDNA amplification requires too many cycles
(more than 20, see below), purify the remaining ligation mixture by QiaQuick,
and take it all into PCR. It is important to use T/M buffer, which contains 10 mM
Tris-HCl and 1 mM MgCl2, for elution. Elution with plain water leads to denatur-
ation of DNA, caused by electrostatic repulsion of strands in low-salt conditions.
This will decrease the specificity of amplification and promote background stem-
ming from genomic DNA.

12. The number of PCR cycles required to amplify a visible amount of cDNA (i.e.,
~5–10 ng/µL) is a key parameter to assess the representation of an amplified
sample. There is a simple link between initial number of target DNA molecules
and number of PCR cycles required to amplify the sample (Box 2), as it was
empirically determined during the work on in vitro cloning (17,18). Using these
guidelines, it can be calculated that a sample consisting of 106 molecules (a rep-
resentation sufficient for most cDNA tasks) or more would require 20 or fewer
PCR cycles to be amplified. In other words, if it took <20 PCR cycles to amplify
the cDNA, this is a well-representative sample. In our practice, we prefer to
achieve at least one-order-of-magnitude-higher representation (i.e., get robust
cDNA product in 16–17 cycles) to ensure that we have even the most rare messages.

13. The amplified cDNA at agarose gel should look like a smear (which may contain
some bands, corresponding to the most abundant cDNA species) with the aver-
age length ~1 kb (see Fig. 3B). If it comes out much less, this may be a sign of
pronounced RNA degradation during cDNA synthesis (if the total RNA was
confirmed to be intact), which is usually the result of poor quality of reverse
transcriptase. Try another batch of it. Alternatively, something may be wrong
with the PCR system. Probably the polymerase mixture is bad, but it is better to
replace all the reaction components.

14. We recommend storing the product of amplification as a master sample. The
unpurified PCR product produced by a Klentaq-based enzyme mixture can be
stored at –20°C for several years. If a large amount of cDNA is required for
further procedures (e.g., cloning), use aliquots of the master sample to amplify
more material. Dilute the aliquot of the master sample 50-fold in deionized wa-
ter, and add 1 µL dilution/each 20 µL of the PCR mixture, prepared as at step 10.
Do exactly 10 PCR cycles, which will generate a product in a concentration equal
to the master sample. Do not apply more cycles, attempting to generate more
material, because overcycling produces the most pronounced distortions of cDNA
profile. Instead, prepare a large volume of PCR mixture, distribute it into several
tubes (30 µL/tube), and pool them after amplification is over. If pure DNA is
required for further procedures, the amplified cDNA may be cleaned by Qia-
Quick PCR purification kit (Qiagen) according to the provided protocol, but using
T/M buffer for elution, instead of the provided buffer.

15. If one intends to clone the product of cDNA amplification, it is necessary to
perform a “chase” step after the product is amplified. The conditions for ampli-
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fication recommended here include using low working concentration of primers
(0.1 µM), which greatly enhances the specificity of poly(A)+-fraction amplifica-
tion. However, there is a great chance that a substantial fraction of the sample
will be denatured at the end of PCR, since there will already be no primers avail-
able to initiate the synthesis of complementary strand (especially, if slight
overcycling occurred). Obviously, for cloning, it is highly desirable to have the
entire PCR product double-stranded. To ensure this without sacrificing the speci-
ficity of amplification, do the following. Run the PCR with low primer concen-
tration, as recommended, until the product is amplified; then, keeping the
completed PCR reaction in the thermocycler at 72°C, inject an additional amount
of primers there (up to 0.2 µM more of each), and perform two nondenaturing
chase cycles: 77°C 1 min, 65°C 1 min, 72°C 3 min. Purify the product by QiaQuick
PCR purification kit (Qiagen) before cloning (use T/M buffer for elution).
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Use of cobA and cysGA

as Red Fluorescent Indicators

Charles A. Roessner

1. Introduction
This chapter is based on the observations (1–3) that Escherichia coli cells

bearing the plasmid pISA417, for the overexpression of the cobA gene from
the bacterium Propionibacterium freudenreichii, or the plasmid pEB1, for the
overexpression of a truncated cysG (cysGA) gene of E. coli, exhibit bright red
fluorescence (Fig. 1) when cultured on Luria-Bertani (LB) growth medium
and illuminated with ultraviolet (UV) light. The genes both encode
uroporphyrinogen III (urogen III) methyltransferases (referred herein to as
CobA or CysGA) which catalyze the methylation of urogen III, an intermediate
in heme biosynthesis, using S-adenosyl-L-methionine as the methyl donor. Plas-
mid pISA417 was constructed by insertion of a DNA fragment bearing the
complete cobA gene into pUC19 (Fig. 2) and was originally used for the char-
acterization of urogen III methyltransferase (1). During this study, it was
noticed that E. coli colonies harboring pISA417 are brightly red fluorescent
when illuminated with UV light. However, E. coli cells harboring pISA417
bearing a DNA insert that deletes or knocks out the expression of cobA are not
fluorescent, thus providing the basis for its first use as a fluorescent indicator
in selecting recombinant plasmids (2).

The fluorescence is caused by the cytoplasmic accumulation of two polar
fluorescent compounds derived by the methylation of urogen III at C-2, C-7,
and C-12 (Fig. 3), to afford dihydrosirohydrochlorin (precorrin-2) and a fluo-
rescent trimethylpyrrocorphin (1,4). Precorrin-2 is oxidized to the fluorescent
sirohydrochlorin (factor II) either by oxygen, or enzymatically, by CysG and
NAD. In contrast to heme and siroheme, whose cellular concentrations are
tightly regulated in E. coli, the fluorescent compounds are synthesized and

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
Edited by: B. W. Hicks © Humana Press Inc., Totowa, NJ
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20 Roessner

Fig. 1. A red fluorescent strain of E. coli. Strain CR417 (TB1 bearing pISA417)
was grown on an LB-AMP plate and photographed with UV illumination. (For optimal,
color representation please see accompanying CD-ROM.)

Fig. 2. The structure of pISA417, showing the location of the unique restriction
sites derived from pUC19 and a 1.1-kb BamHI-EcoRI insert bearing the P.
freudenreichii cobA gene. The ClaI and BstEII sites lie outside the cobA gene. The
sites within cobA were predicted from the sequence (Genbank accession no. U13043).
(Also on CD-ROM.)
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Fig. 3. The biosynthetic pathway from δ-ALA to two fluorescent porphyrinoid compounds, factor II
and trimethylpyrrocorphin. (Also on CD-ROM.)
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accumulate at relatively high levels, probably because of loss of feedback inhi-
bition of aminolevulinic acid (ALA) synthesis in cells overexpressing urogen
III methyltransferase (5) and stability of the products.

In E. coli and some other bacteria, such as Salmonella typhimurium and
Neisseria meningitidis, urogen III methyltransferase is part of siroheme syn-
thase (CysG), a multifunctional enzyme encoded by the cysG gene. CysG con-
tains not only urogen III methyltransferase activity (CysGA) in its C-terminal
region, but also NAD-dependent oxidase and ferrochelatase activities (CysGB)
in its N-terminal region, which convert precorrin-2 to siroheme (3,6). Thus,
overexpression of the complete cysG gene in E. coli leads to accumulation of
siroheme, which is not fluorescent.

This chapter describes two methodologies: the use of pISA417, carrying the
cobA gene as a red fluorescent indicator, for the selection of recombinant plas-
mids, and a protocol for the expression of the truncated cysGA gene. The pro-
cedure described for overexpression of cysGA in E. coli uses the polymerase
chain reaction (PCR) and vector selection, to provide strong transcriptional
and translational signals. Demonstrating its utility, this procedure has been
adapted to construct plasmids for expressing cobA from Pseudomonas
denitrificans and UMP1 from Arabidopsis thaliana (5,7) to give red fluores-
cent E. coli. Since the P. freudenreichii cobA gene is derived from a high G-C,
Gram-positive bacterium, it may not be suitable for expression in all organ-
isms, and alternative sources of the gene may be desirable. However, similar
technology has recently expanded the use of the P. freudenreichii cobA gene as
a regulated red fluorescent reporter not only in bacteria but also in yeast
(Schizosaccharomyces pombe) and cultured mammalian (Chinese hampster
ovary) cells (8). In the latter case, cobA was expressed either by itself to pro-
vide red fluorescent cells, or in conjunction with the green fluorescent protein,
to create cells that emitted both red and green fluorescence.

2. Materials

1. LB medium: 5 g/L yeast extract (Difco), 10 g/L tryptone (Difco), and 5 g/L NaCl.
2. LB agar: LB medium, add 15 g/L agar (Difco) before autoclaving. Add 50 µg/mL

ampicillin (Sigma, sodium salt), after autoclaving. Add 10–20 µg/mL
aminolevulinic acid (Sigma), after autoclaving, from a 10-mg/mL stock solution
of ALA sterilized by filtration (ALA is destroyed by autoclaving).

3. E. coli K12 strain TB1 (9) is used throughout this work (see Note 1).
4. pISA417 is supplied (see Note 2) in strain CR417 (TB1 bearing pISA417).
5. pCR252 bearing the E. coli cysG gene (10) is isolated from TB1(pCR252).
6. pUC19 (11) is isolated from TB1(pUC19).
7. STET buffer: 8% sucrose, 50 mM Tris-HCl, pH 8.0, 50 mM EDTA, 0.5% Triton

X-100; autoclave, and store at room temperature.
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8. Egg white lysozyme (Sigma, 10 mg/mL in water).
9. Isopropanol.

10. 70% Ethanol, 100% ethanol.
11. TE buffer: 10 mM Tris-HCl, pH 8.0, 1.0 mM EDTA.
12. The insert DNA can be any DNA fragment of interest, whether a PCR product or a

restriction fragment. In the example given here, a 0.6 kb blunt end PCR product is used.
13. Restriction enzymes and buffers: BamHI, EcoRI, SmaI, and their 10X buffers

(New England Biolabs).
14. T4 DNA ligase with 10X buffer (New England Biolabs).
15. Taq polymerase, 10X polymerase buffer (Mg free), and 25 mM MgCl2 (Promega).
16. dNTPs for PCR (New England Biolabs). Dilute the four dNTPs (100 mM) to

10 mM with water, then a mixture is prepared by combining 50 µL of each
dNTP with 200 µL water (1.25 mM final concentration). Store dNTP solutions
at –20°C.

17. Phenol pH 8.0 (Ambion) is stored at –20°C. Prior to use, 8-hydroxyquinoline is
added to 0.1%.

18. Autoclaved 7.5 M ammonium acetate.
19. Chloroform.
20. Sterile 10% glycerol.
21. Electroporation cuvets (1.0-mm gap) and an electroporator, e.g., the E. coli Pulser

(Bio-Rad).
22. Recovery medium: 50 mL LB broth supplemented with 1.0 mL 20% glucose,

0.5 mL 1.0 M MgSO4, and 0.05 mL 1.0 M CaCl2.
23. For PCR, the following template and primers were used:

a. Template DNA. pCR252 containing the complete cysG gene (10; see Note 3).
b. PCR primers were synthesized on the 40-nmol scale. The BamHI, RBS, and

start codons are indicated:
5' primer

BamHI RBS Start codons 211–220
5'-CGCGCGGATCCAGGAAGGAATTTAAAATGGAAACGACCGAAC
AGTTAATCAACGAACCG-3'
3' primer

EcoRI stop anticodons 457–448
5'-CGCCGGAATTCTTAATGGTTGGAGAACCAGTTCAGTTTATCGCG-3'

A 0.1-nmol/µL stock solution of the primers is prepared by dissolving
40 nmol of the primer in 400 µL of TE buffer, and stored at –20°C. Just prior
to use, an aliquot of the stock is diluted to 0.01 nmol/µL with water.

3. Methods
3.1. Selection of Recombinant Plasmids, Using pISA417

The insertion of any DNA fragment into pISA417, as described here, using
any of the unique sites shown in Fig. 2 (see Note 4) will disrupt the cobA gene
and result in nonfluorescent colonies.
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3.1.1. Isolation of pISA417

1. Strain CR417 is usually received as filter disks that have been saturated with an
overnight culture of the strain.

2. To recover the strain, place a filter disk on an LB-amp plate, streak for isolation,
and incubate 16–20 h at 37°C.

3. Briefly illuminate the plate with a long-wavelength (302 nm) UV transilluminator
(see Note 5), select a brightly fluorescent colony to inoculate into 50 mL LB-amp,
and incubate overnight at 37°C, in a shaking water bath.

4. Fill a 1.5-mL microcentrifuge tube with the culture, pellet the cells in a
microcentrifuge, and discard the supernatant. The cell pellet should be brightly
fluorescent.

5. Resuspend the cells in 200 µL STET buffer (vortex vigorously), add 20 µL
lysozyme solution, mix, and place the tube in a boiling water bath for 40 s.

6. Centrifuge at top speed in a microcentrifuge (≥10,000g for all microcentrifuga-
tions) for 15 min and remove the viscous pellet with a flat toothpick.

7. Add an equal volume of isopropanol (usually 150–200 µL), mix, and centrifuge
for 10 min.

8. Remove the supernatant, add 0.5 mL 70% ethanol, vortex briefly, and centrifuge
for 5 min.

9. Remove the supernatant, and dry the pellet under vacuum (Speed-Vac or
lyophilizer).

10. Dissolve the pellet in 50 µL TE buffer (vortex vigorously), and store at –20°C.
This procedure normally yields DNA concentrations of 100–200 ng/µL.

3.1.2. Restriction Enzyme Digestion

1. For this example, pISA417 is digested with SmaI in the following mixture, in a
0.5-mL microcentrifuge tube: 2 µL pISA417 (200 ng), 10 µL insert DNA (10–200 ng),
4 µL 10X SmaI buffer,1 µL SmaII (10–20 U), sufficient water (23 µL) to make the total
volume 40 µL.

2. Incubate the mixture 1 h at 25°C.
3. Extract the restriction digest with phenol to inactivate the enzymes. Add an equal

volume of phenol to the digest and vortex for 1 min.
4. Centrifuge at top speed in a microcentrifuge and transfer the upper layer to a

clean 0.5-mL tube. This layer should be clear but will sometimes appear milky,
because of precipitation of phenol. The lower (phenol) layer will be yellow from
the hydroxyquinoline.

5. To remove dissolved phenol from the DNA solution, add 40 µL chloroform,
vortex briefly, centrifuge briefly, and remove the bottom (chloroform) layer with
a micropipet. Perform the chloroform extraction a second time.

6. Precipitate the DNA by adding one-half vol 7.5 M ammonium acetate and 2 vol
100% ethanol. For example, if there is 30 µL DNA solution remaining after
extraction with phenol and chloroform, add 15 µL ammonium acetate and 90 µL
ethanol.
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7. Mix and place the tube at –80°C for at least 30 min, centrifuge 10 min at top
speed in a microcentrifuge, to pellet the DNA, and remove the supernatant.

8. To wash the pellet (usually not visible) add 200 µL 70% ethanol, vortex briefly,
centrifuge 5 min, and completely remove the supernatant.

9. Dry the pellet for at least 1 h under vacuum to remove any remaining traces of the
volatile ammonium acetate.

3.1.3. Ligation and Ethanol Precipitation of DNA Fragments

1. Dissolve the DNA pellet from Subheading 3.1.2. in 17 µL water, add 2 µL 10X
ligation buffer, 1 µL T4 DNA ligase, and incubate 16–20 h at 16°C.

2. After ligation, ethanol precipitate the DNA as described in Subheading 3.1.2.
and dissolve the pellet in 10 µL water.

3.1.4. Transformation of Electrocompetent TB1 Cells
by Electroporation and Selection for Recombinant Plasmids

1. Produce electrocompetent cells by inoculating a colony of TB1 into 50 mL LB
and incubate overnight at 37°C in a shaking water bath.

2. Inoculate two fresh 50-mL portions of LB with 0.5 mL of the overnight culture
and grow the cells to an A600 = 0.8 at 37°C. Chill the cultures on ice and pellet the
cells at 5000 rpm for 10 min in sterile 50-mL tubes in a Sorvall SS34 rotor or its
equivalent. All centrifugations are done at 4°C.

3. Remove the medium and wash the cell pellets twice by gently resuspending them
in 20 mL ice cold 10% glycerol and centrifugation as above. After the second
wash, resuspend both pellets in a total of 1.0 mL 10% glycerol, and pellet the
cells in a 1.5-mL microcentrifuge tube.

4. Resuspend the final pellet in 400 µL 10% glycerol, divide into 50-µL aliquots in
microcentrifuge tubes on ice, and store at -80°C.

5. Thaw a tube of the electrocompetent TB1 cells on ice, and mix in 5 µL of the
DNA solution.

6. Transfer the mixture to an ice-cold electroporation cuvet (1.0-mm gap), and incu-
bate on ice for 5 min.

7. Thoroughly dry the outside walls of the cuvet, and electroshock the cells, using a
setting of 1.8 kV on the electroporator.

8. Immediately add 1.0 mL recovery medium, and incubate the cells for 1.0 h at
37°C, to allow the cells to recover from the shock and allow expression of the
ampicillin resistance gene.

9. Plate the cells by spreading on LB-amp plates (see Note 6) and incubate 16–20 h
at 37°C. Several different amounts (1, 10, 100 µL) of cells should be plated, to
ensure obtaining a plate that has isolated colonies. The smaller amounts should
be added to 100 µL sterile water, before spreading.

10. Examine the plates with long-wavelength (302 nm) UV light (remove the Petri
dish cover, and invert the plate over the light source), and select nonfluorescent
colonies (Fig. 4) for further analysis.
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11. The presence of the insert is determined by preparing plasmid DNA from
nonfluorescent cells, as described above, and analyzing for presence of the insert
on a 1% agarose gel.

3.2. Using Genes Encoding Urogen III Methyltransferase
as a Fluorescent Indicator: Overexpression of E. coli cysGA Gene

This methodology is based on the use of PCR to amplify all or part of a
gene, and, at the same time, provide optimal cloning, transcriptional, and/or
translational signals for efficient expression of the gene, either through design
of the PCR primers or selection of the vector into which the PCR product is
inserted. In the example given, the portion of cysG encoding urogen III

Fig. 4. E. coli TB1 that has been transformed with a ligation mixture prepared as
described in Subheading 3.1. The photograph was taken with a Polaroid camera with
an orange filter routinely used for photographing ethidium bromide-stained DNA gels.
In black and white photographs, fluorescent colonies are bright white and
nonfluorescent colonies are pale gray (arrows). (Also on CD-ROM.)
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methyltransferase was determined by a homology comparison of CysG with
CobA from P. freudenreichii using the FASTA program (Genetics Computer
Group, Madison, WI) with the result shown in Fig. 5. As can be seen, the
region of overlap between CysG and CobA begins at Glu 211, and extends
almost to the end, so the 5' PCR primer was designed to remove the first 210
codons of cysG. The vector chosen for expression of the truncated gene was
pUC19, which provides the strong lac promoter, but no translational signals.
Therefore, a ribosome-binding site, the ATG start codon, and codons for amino

Fig. 5. Homology comparison between CobA and CysG, to determine where urogen
III methyltransferase begins in CysG. There is 42.6% identity in a 237-amino acid
overlap beginning with amino acid 211 (glutamate) of CysG. (Also on CD-ROM.)
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acids 211–220, in addition to a BamHI restriction site (see Note 7), were incor-
porated into the 5' primer. The 3' primer was designed to provide the antic-
odons for the last 10 amino acids of CysG, a stop anticodon, and an EcoRI
restriction site. Insertion of the PCR product (cysGA) into pUC19 results in a
plasmid (pEB1), which, when transformed into TB1, affords red fluorescent
cells indistinguishable from CR417 (3).

3.2.1. PCR of Methyltransferase Fragment of cysGA

1. The following mixture is prepared in a 0.5-mL microcentrifuge tube for PCR
amplification of the methyltransferase fragment of the cysGA gene: 16 µL water,
5 µL 10X buffer, 8 µL dNTP mix (1.25 mM), 5 µL 5' primer (0.01 nmol/µL),
5 µL 3' primer (0.01 nmol/µL), 5 µL MgCl2 (25 mM, see Note 8), 1 µL pCR252
(100 ng/µL), 1 U Taq polymerase, for a total volume of 50 µL.

2. Overlay the mixture with 50 µL mineral oil, and perform 30 cycles of a sequence
consisting of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min.

3. At the end of the cycles, remove the mineral oil, and run 5 µL of the PCR mix on
a 1% agarose gel.

4. If the product has been synthesized, extract the reaction mix with phenol and
chloroform, and ethanol-precipitate the product as described in Subheading 3.1.3.

5. Dissolve the dried pellet in 50 µL TE buffer.

3.2.2. Restriction Enzyme Digestion, Ligation,
Transformation, and Plating

These procedures are carried out by following all of the steps described
above, except that the plasmid is pUC19, the insert is the PCR product, and
two restriction enzymes, BamHI and EcoRI (or others engineered into the insert
by PCR), are used. After plating and an overnight incubation at 37°C, one should
be able to observe fluorescent colonies that harbor the recombinant plasmid
and express the cysGA gene.

4. Notes
1. In the examples given here, the host strain used is TB1 but any strain of E. coli

that makes urogen III and S-adenosyl-L-methionine should work. If the strain
overexpresses the lac repressor (lacIQ), induction with isopropyl-β-D-thioglac-
toside may be required.

2. CR417 is available from the author (c-roessner@tamu.edu), and has also been
submitted to the Belgian Coordinated Collections of Micro-organisms (http://
www.belspo.be/bccm/lmbp.htm).

3. Sources of template DNA for amplification of urogen III methyltransferase genes
from other organisms may include plasmids bearing the gene, prokaryotic genomic
DNA, or genomic libraries, or cDNA libraries from eukaryotic organisms.

4. The BamHI site, shown in Fig. 2 apparently was lost during the construction of
pISA417, therefore, pISA417 is not cut by BamHI.
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5. UV light causes thymidine dimer formation and can result in mutations and cell
death. Therefore, exposure of the plates to UV light should be kept to a minimum at
all times. Proper eye protection should be used to prevent UV damage to the retina.

6. Addition of ALA (10–20 µg/mL) to the medium may enhance the fluorescence of
the colonies bearing nonrecombinant plasmids. However, it may also cause the
colonies harboring recombinant plasmids to exhibit faint background fluorescence.

7. Care must be taken that the restriction sites chosen for cloning do not cut within
the gene being inserted into the vector.

8. The most critical variable in PCR reactions is the magnesium ion concentration,
which should be determined for each set of primers and template. Therefore, a
series of concentrations (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 mM) should
be tested. Often, a difference of only 0.05 mM will have a drastic effect.
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Circular Permutation of
the Green Fluorescent Protein

Simon Topell and Rudi Glockshuber

1. Introduction
1.1. The Principle of Circular Permutation of Proteins

The green fluorescent protein (GFP) from the jellyfish Aequorea victoria
has become one of the most important markers for studying gene expression
and protein targeting in intact cells and organisms (1–3). GFP represents the
first genetically encoded reporter molecule that is detectable in the absence of
an enzymatic substrate or cofactor, in a variety of cell types.

The vast majority of GFP variants generated in past years were the result of
mutagenesis experiments on the natural, linear genetic sequence of GFP.
Compared to these standard mutagenesis procedures, circular permutation is
an alternative method of protein engineering that entails the manipulation of
protein sequences to a much larger extent. In a thought experiment (Fig. 1), the
concept can be considered as follows: A wild-type protein in which the termini
are in close proximity is circularized by linking the N- and C-terminal ends
directly, or via a short linker peptide. The circular protein is subsequently
cleaved at another position in the sequence, generating new termini that are
again in close proximity. In practice, this experiment is performed at the level
of the genetic sequence encoding the corresponding polypeptide chain. This
review summarizes the recently reported circular permutation experiments on
GFP, and also gives a brief, general overview on the field of circular permutation
of proteins.

Circular permutation has been extensively studied for its impact on protein
structure, protein folding and conformational stability in the case of more than
20 different proteins. In general, two requirements must be fulfilled for a suc-

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
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cessful circular permutation experiment: The termini of the corresponding
protein must be in close proximity, (a fact that is fulfilled by many proteins,
including GFP [4]), and the introduction of the new termini may not affect
folding of the protein to its functional tertiary structure. Folding and stability
measurements have been reported for many engineered circularly permuted
proteins. Those studies revealed that circular permutations are often tolerated
by proteins without loss of functional tertiary structure, indicating that the
position of the termini does not contain essential information for tertiary struc-
ture formation (5,6). We will discuss several selected examples in the following.

In 1983, Goldenberg and Creighton performed the first circular permutation
of a protein. They chemically cross-linked the natural termini of bovine
pancreatic trypsin inhibitor (BPTI) with a water-soluble carbodiimide, thus
creating a circular polypeptide chain. Subsequent incubation with trypsin
yielded a linear protein with new termini in the trypsin-binding loop of BPTI
between Lys15 and Ala16 of the wild-type protein. Permuted BPTI showed
inhibitory activity against trypsin, and could be reconstituted in vitro after un-
folding and reduction of the three disulfide bonds (7).

Fig. 1. The principle of circular permutation of a polypeptide chain. The N- and C-
terminus of the wild-type protein are virtually connected, generating a circular protein
intermediate. The protein backbone is then cleaved at a different position, yielding a
circularly permuted variant of the protein with novel N- and C-termini.
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The first circular permutation of a protein by genetic engineering was per-
formed by Luger et al. (8), who created two circularly permuted variants of
phosphoribosylanthranilate isomerase, with new termini located in surface-
exposed loops. Both variants were similar to the wild-type in their three-dimen-
sional structure and biologically active in vivo. The influence of circular
permutations on the α-spectrin SH3 domain has been studied in great detail.
All circular permutations of the protein with new termini in loop regions folded
correctly, as probed by circular dichroism and nuclear magnetic resonance
spectroscopy. However, their folding pathways significantly differed from that
of the wild-type, which strongly supported the view that multiple folding path-
ways exist that lead to the thermodynamically most stable protein structure,
i.e., the biologically active protein (9). Bacteriophage T4 lysozyme was among
the first two-domain proteins to which circular permutation was applied (10).
The two domains are connected by a long α-helix, with both termini in close
vicinity to the interdomain surface on the side of the C-terminal domain.

Recent investigations on the role of interdomain interactions for folding and
stability of the enzyme were performed by introducing new termini near the
interdomain surface, generating a protein with a consecutive domain arrange-
ment at the sequence level. Although this variant folded correctly, its stability
was strongly reduced, compared to that of the wild-type. Another permutation
experiment on a two-domain protein was reported by Wieligmann et al. (11),
who introduced new termini into the linker sequence between the two domains
of the homodimeric protein, βB2-crystallin. The resulting protein was the first
example of a circularly permuted protein variant with altered quaternary struc-
ture. Probably because of improved interdomain interactions, the mode of
domain interaction changed from intermolecular to intramolecular, so that the
permuted protein became monomeric. Circular permutation was also reported
for subunits of the hetero-oligomeric protein aspartate transcarbamoylase
(ATCase), which is composed of six regulatory and six catalytic subunits. Cir-
cularly permuted variants of the catalytic subunit were able to assemble to
stable, enzymatically active complexes with native regulatory chains (12).

In all these studies, the design of the permuted proteins was guided by the
known three-dimensional structures of the proteins, in a way that new termini
were exclusively introduced into loop regions between elements of regular sec-
ondary structure. To address the question of whether new termini in permuted
proteins are also tolerated within regular secondary structures, a novel experi-
ment was recently developed in which new termini were randomly introduced
into the catalytic subunit of ATCase (13) and the disulfide oxidoreductase,
DsbA (14). In both cases, random libraries of circularly permuted protein were
generated with a method normally used for construction of cDNA libraries.
Circular genes were constructed, randomly relinearized by limited digestion
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with DNase I, and cloned into expression plasmids. Appropriate screening sys-
tems were then developed that enabled identification of Escherichia coli cells
that produced catalytically active permuted variants, and the active variants
were isolated, sequenced, and investigated in detail.

These experiments showed an unexpected high tolerance for introduction of
new termini into ATCase and especially into DsbA. Specifically, a large num-
ber of catalytically active circularly permuted variants with termini within regu-
lar secondary structures were found. In the case of DsbA, the active, permuted
variants showed structural properties comparable to those of the wild-type. In
certain regions of DsbA however, introduction of new termini always led to
inactive variants. DsbA variants with termini in these “forbidden regions”
showed altered overall folds and lacked catalytic activity. Analysis of active
permuted DsbA variants also revealed that there was neither preference for
new termini in solvent-accessible positions on the protein surface, nor for ter-
mini in segments with high mobility of the main chain (as judged from crystal-
lographic B-factors).

Essentially the same observations were made, when Iwakura et al. (15) per-
formed the first complete circular permutation study on a protein. They rationally
designed every possible circularly permuted variant of dihydrofolate reductase
(DHFR). Specifically, the regions in DHFR that could not be disrupted by intro-
duction of new termini, without loss of folding competence, coincided with seg-
ments known to be involved in early folding events in DHFR.

1.2. Circular Permutations of GFP

From the systematic permutation studies on DsbA (14) and DHFR (15),
clearly circular permutation is a sensitive method for identifying segments in a
polypeptide chain that are important for folding and stability, and possibly rep-
resent essential folding nuclei. In this context, circular permutation of the 238-
residue protein, GFP, appears to be an especially complex case because the
folding pathway of GFP from the newly synthesized polypeptide chain to the
native protein with intact fluorophore involves at least two defined intermedi-
ates and two posttranslational modifications. Thus, if the formation of any of
these intermediates is affected by the introduction of new termini, the whole
folding process could be influenced.

In the three-dimensional stucture of GFP, which consists of an 11-stranded
β-barrel (Fig. 2), the p-hydroxybenzylideneimidazolidone chromophore is
located within a helical segment in the center of the barrel, and is entirely
shielded from the solvent. In vitro folding of unfolded GFP, isolated from
bacterial inclusion bodies, and GFP expression studies in vivo suggest that
newly synthesized GFP first forms an intermediate state, I1, which possibly
already exhibits a native-like stucture. The main feature of I1 is that it brings
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the GFP segment around residues Ser65-Tyr66-Gly67 into a conformation that
favors the spontaneous cyclization of the main chain between Ser65 and Gly67
with simultaneous release of a water molecule. This reaction, which does not
occur spontaneously in unfolded GFP, yields the intermediate, I2. In the next
folding step, I2 reacts with molecular oxygen, releasing a second water
molecule, and generating the mature GFP chromophore. Whether another
conformational rearrangement occurs in GFP after chromophore formation is
unknown. Thus, the minimum scheme for the folding pathway of GFP in vivo
can be described as shown in Fig. 3 (15a).

Because none of the reaction steps in the folding pathway of GFP, i.e., the
capability of the protein to form intermediates I1 and I2, may be affected in a
circularly permuted GFP variant, without influencing the capability to form
the chromophore, one might expect GFP to be more sensitive to circular per-
mutation than other proteins. Recently, two independent investigations on cir-
cularly permuted variants of GFP have been reported which essentially support
this view. Topell et al. (16) investigated the in vivo folding of 20 rationally
designed, circularly permuted variants of the cycle 3 variant of GFP (also

Fig. 2. (A) Ribbon diagram of the X-ray structure of wild type GFP from A. victoria
(28). The figure was generated with the program MOLMOL (29). (B) Location of new
termini in fluorescent, circularly permuted GFP variants. Termini of variants generated
by random circular permutation are indicated by squares (17), and rationally designed
permuted variants are indicated by circles (16). The linker had the sequence (Gly)2-
Thr-(Gly)2-Ser, in the case of the random approach, and the sequence Gly-Ser-(Gly)2-
Thr-Gly, in the case of the rational approach. The first and last residues of regular
secondary structures, as determined by Yang et al. (28), are indicated. The position of
the chromophore in the central helical segment (56–72) is marked by a star.
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termed “GFPuv”) in E. coli. GFPuv differs from wild-type GFP by the replace-
ments Phe99Ser, Met153Thr, and Val163Ala, and is one of the most frequently
used GFPs, because it shows lower aggregation tendency than the wild-type.
The 20 permuted variants were designed so that a hexapeptide linker connected
the natural termini of GFPuv, and so that new termini were introduced into
loop regions at the top and bottom of the 11-stranded β-barrel and within indi-
vidual strands of the β-barrel scaffold (Table 1; Fig. 2). None of the variants
with termini in strands were capable of folding into a native conformation and
constitution with intact chromophore, indicating that the β-barrel is a highly
cooperative folding unit in which each individual β-strand plays an important
role for structural integrity of the barrel. A similar conclusion can be drawn
from a random circular permutation experiment on the enhanced green fluores-
cent protein (EGFP) reported by Baird et al. (17), because new N-termini in
β-strands could only be found at residue 148 at the beginning of the strand
comprising residues 147–153, and at position 169 at the end of the strand, com-
prising residues 161–171 (Fig. 2).

GFP also shows a low tolerance toward introduction of new termini into
loop regions. Rational introduction of 15 new termini into 12 different loops of
GFPuv only yielded fluorescent variants in ~50% of the constructs, indicating
that the loop regions of GFP also have an important role for folding and stabil-
ity (16). All loops that were identified as being tolerant for the introduction of
new termini by random circular permutation coincided with the tolerant loops
identified by rational permutation of GFPuv (16,17) (Fig. 2).

Although GFPuv and EGFP exhibit similar fluorescence properties (emission
maxima at 509 and 514 nm, respectively), their absorbance properties are sig-
nificantly different. GFPuv has two absorbance maxima at 397 and 475 nm, but
the first absorbance peak is almost completely lacking in EGFP (absorbance
maximum, 488 nm). All circularly permuted GFPuv variants investigated so far
showed spectroscopic characteristics that were surprisingly similar to those of
the wild-type protein, with respect to absorbance and fluorescence maxima and

Fig. 3. The minimum steps necessary in the folding pathway, to produce active GFP.
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fluorescence quantum yields (Table 1). The only exception is the permuted
GFPuv variant, starting at Tyr145 and ending at Asn144. This variant showed an
almost complete loss of the second absorbance peak at 475 nm, and a higher
molar extinction coefficient at 397 nm (Table 1). The first and second absor-
bance maxima of GFP have been assigned to the protonated and deprotonated
forms of the chromophore, respectively. Because both forms are not in equilib-
rium with the solvent, the ratio between the absorbance maxima reflects the
apparent pKa value of the chromophore in the environment of the folded GFP
structure. The properties of the permuted variant, Tyr145-Asn144, can thus be
interpreted in terms of an increase in the apparent pKa of the chromophore due its
altered environment in the permuted variant. Random circular permutation of
EGFP yielded fluorescent variants, which, in contrast to EGFP wild-type, showed
both absorbance maxima (Table 1). Only the permuted variants in which the
peptide bond 144–145 was disrupted retained the single absorbance maximum at
488 nm. Thus, the circularly permuted variants of GFPuv and EGFP, starting at
residue 145 and ending at residue 144, show exactly opposite absorbance prop-
erties, in that GFPuv 145–144 only exhibits the first and EGFP 145–144 only
exhibits the second absorbance maximum (16–20).

Circularly permuted protein variants are thermodynamically less stable than
the corresponding wild-type proteins (14,21,22). Analysis of the stability of
five purified permuted GFPuv variants against thermal denaturation revealed
that four of the variants essentially retained the extraordinary stability of wild-
type GFPuv (Tm = 82°C), and that one of the variants (Thr50-Thr49) even
showed an increased stability (Table 1; 16). Indeed, the permuted Thr50-Thr49
variant of GFPuv is the first example of a circularly permuted, monomeric
protein that is more stable than the wild-type. Together with the almost
unchanged spectroscopic properties of the permuted variants, these data indi-
cate that interactions between the chromophore and side chains in the hydro-
phobic core of GFP strongly contribute to the overall stability of the protein. In
accordance with this view is the observation that the only permuted GFPuv
variant with significantly decreased thermal stability was the variant Tyr145-
Asn144, in which, as discussed above, the local environment of the chro-
mophore significantly differs from that in the wild-type.

What are possible applications of circularly permuted GFPs, in addition to
answering general questions on protein folding, particularly GFP folding?
Baird et al. (17) have used the fact that the permuted variant, Tyr145-Asn144,
in which the new termini are in relatively close proximity to the chromophore,
is capable of forming the chromophore to insert calmodulin and a zinc finger
domain between residues 144 and 146 of EGFP and enhanced cyan, and yel-
low fluorescent proteins. Using these constructs, they were able to monitor
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Table 1
Properties of Circulatory Permuted GFP Variants

Position Absorbance/ Emission Quantum
of new termini Excitation maximum yield Apparent Tm

e

N-terminal a.a.a C-terminal a.a in 3D structure maxima (nm) (nm) A400/A475 (490)
d (%) (°C)

Rationally designed circularly permuted variants of GFPuvb

Fluorescent variants with intact three-dimensional structure

GFPuv w.t. w.t. 397,475 506 2.16 79 81.9 ± 0.5
H25 H25-G24 loop β1-β2 397,475 506
Y39 Y39-T38 loop β1-β3 397,475 506
T50 T50-T49 loop β3-α2 397,475 506 2.04 76 83.3 ± 0.5

D103 D103-D102 loop β4-β5 397,475 506
D117 D117-G116 loop β5-β6 397,475 506
Y145 Y145-N144 loop β6-β7 397,475 506 14.9 47 68.3 ± 0.5
K158 K158-Q157 loop β7-β8 397,475 506 2.16 74 >75
G174 G174-D173 loop β8-β9 397,475 506 2.25 70 79.5 ± 1.0
I229 I229-G228 C-terminal tail 397,475 506 2.14 76 79.1 ± 0.5

Non Flluorescent circularly permuted GFPuv variants

G10 T9 loop α1-β1
K45 L44 β3
F64 T63 loop α2-α3
Q69 V68 loop α2-α3
D76 P75 loop α3-α4
F83 D82 loop α3-α4
T97 R96 β4

K131 F130 loop β6-β7
K166 F165 β8
S205 Q204 β10
E213 N212 loop β10-β11
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(Table 1 Continued)

Flluorescent circularly permuted variants of EGFP generated by random circular permutationc

EGFP w.t. w.t. 488 508 0.15 60
E142M N144LSE loop β6−β7 404,494 514 1.09
Y143N N146LSE loop β6−β7 404,494 512 0.31
Y142I N144LSE loop β6−β7 404,494 512 1.16
Y145I N144 loop β6−β7 488 514 0.20

Y145M N144 loop β6−β7 487 512 0.23
H148I N149LSE β7 488 510 0.08
H148I K162SE β7, β8 398,490 512 0.35
D155I K156SE loop β7−β8 400,496 514 1.47
H169 N170LSE β8 396,490 514 1.47
H169I N170LSE β8 396,494 514 1.19
E172M I171DLSE loop β8−β9 398,492 514 1.24
D173I D173LSE loop β8−β9 398,494 514 1.38
D173 E172SE loop β8−β9 398,492 514 1.33
A227 A227I C-terminal tail 400,492 514 0.61
I229 I229 C-terminal tail 396,492 514 1.21

aAmino acid numbering according to (28), bFrom (16), cFrom (17), dA400/A475 in the case of EGFP, eDetermined at pH 7.4 (16).
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metal binding-induced conformational changes in the inserted domains via a
several-fold fluorescence increase of the chromophore in the GFP moiety (17).
Insertions of proteins undergoing strong conformational changes upon ligand
binding into GFP regions and tolerating introduction of new termini thus rep-
resent a promising alternative to measuring intracellular ligand-binding events
by fluorescence resonance energy transfer, using fusions of blue fluorescent
protein (BFP) and GFP to the termini of the corresponding protein (23,24).

2. Materials

1. The plasmid, pGFPuv-cyc, for circular permutation is based on GFPuv
(Clontech), with a 6-amino-acid insert for the linker containing a KpnI site, to
span the distance between the N- and C-termini.

2. Expression vector: pRBI-PDI (accession code A22413) with lac promoter/
operator (16).

3. Restriction enzymes and buffers: KpnI.
4. Agarose gels, analytical and preparative.
5. T4 DNA ligase and 10X ligase buffer.
6. Polymerase chain reaction (PCR) primers for amplification of circularly permuted

GFPuv (will vary for different permutations; those listed below are for the Y145-
N144 permutation):
a. Primer 1: 5'-CGACGCGAAT TCTAGATAAC GAGGGCAACA

TATGTATAAC TCACACAATG TA-3'
b. Primer 2: 5'-CGTGCGCCCG GGAGATCTTA GTTGTACTCG AGTTTGTG-3'

7. Lysis buffer for colony screening: 100 mM Tris-HCl, pH 7.8, 150 mM NaCl,
5 mM MgCl2, 1.5% bovine serum albumin, 1 µg/mL pancreatic DNase I, 40 µg/mL
lysozyme.

8. E. coli strains: XL1-Blue for amplification of plasmid DNA, JM 83 for expres-
sion of circularly permuted proteins.

9. Isopropyl-β-D-thiogalactoside (IPTG).
10. Qiagen plasmid mega kit (Qiagen, Basel, Switzerland) and Promega Wizard Plus

SV Minipreps DNA purification system (Promega, Madison, WI) for plasmid
purification.

11. Qiaex II and QiaQuick gel extraction kits (Qiagen) for isolation of DNA frag-
ment from agarose gels.

12. Nitrocellulose filters (Millipore HATF, or similar).
13. Chloroform.
14. Western blot wash buffer: 10 mM Tris-HCl, pH 8.0, 150 mM NaCl.
15. Software for calculating protein extinction coefficients from given primary

sequence is available from http://www.expasy.ch/tools/protparam.html (Swiss
Institute of Bioinformatics).

16. 0.1 M NaOH, 0.2 M NaOH.
17. 5 mM sodium phosphate, pH 7.4.
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3. Methods
3.1. Construction of a Circular GFP Gene

A length of six amino acids has turned out to be sufficient to span the
distance between both termini of GFP (16,17) in circularly permuted GFP vari-
ants. Figure 4 shows the region of the plasmid pGFPuv-cyc encoding the linker
Gly-Ser-Gly-Gly-Thr-Gly, which was used for rational circular permutation of
GFPuv by Topell et al. (16).

1. The plasmid was constructed such that it can be used for generating a circular
GFPuv gene with continuous reading frame, by cleavage with KpnI and ligation,
and as an expression plasmid of randomly circularly permuted GFP variants. The
plasmid is freely available from the authors upon request.

2. Perform a plasmid preparation with a kit that yields at least 200 µg plasmid DNA,
such as the Qiagen plasmid Maxi or Mega kit.

3. Digest an amount of pGFPuv-cyc or an analogous derivative with KpnI in the
appropriate buffer provided by the manufacturer, which will yield at least 10 µg
of the 732-bp fragment (for pGFPuv-cyc, the amount is approx 60 µg).

4. Separate the digest on a 1% agarose gel.
5. Excise the 732-bp fragment from the agarose gel and extract it using, e.g., Qiagen

Qiaex II kit.
6. Cyclize 10 µg of the gene fragment in a volume of 400 µL with 100 U T4 DNA

ligase. Use 40 µL of 10X T4 DNA ligation buffer and dilute with the appropriate
amount of water. Add the DNA ligase and the DNA. To minimize formation of
oligomers, keep the concentration of the DNA below 2.5 µg/100 µL.

7. Run the ligase reaction for 18 h at 16°C (temperature cycle ligation may yield
better results), (see Note 1).

8. Analyze the yield of the circular gene on a 1% agarose gel. The circular gene runs
faster than the linear fragment (apparent length: ~400 bp). Dimers of the circular
gene run slightly above the linear fragment (~800 bp). About 80% or more of the
product should be the circular monomer.

9. Separate the products on a preparative 1% agarose gel.
10. Excise the band containing the circular monomer and extract it from the gel,

using e.g., Qiagen Qiaex II kit.

3.2. Construction of Circularly Permuted GFPs by Rational Design
1. As outlined in Fig. 5, the circular GFP gene can be used as template to amplify

any circularly permuted GFP gene by PCR. As an alternative to rational design,
random permutations can be performed, but this procedure suffers from numer-
ous drawbacks (see Note 2).

2. The corresponding PCR primers for rational permutation should be designed such
that at least 12 bp at both 3' ends are exactly complementary to the template. We
used the primers 1 and 2 and ran our PCR reactions under the following condi-
tions: 95°C for 15 s, 45°C for 15 s, and 72°C for 70 s (repeat for 5 cycles); then
95°C for 15 s, 68°C for 15 s, and 72°C for 70 s (repeat for 25 cycles).
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We recommend performing this two-step PCR reaction with ~5 cycles, at a
temperature that allows primer annealing to the circular template, followed by
~20 cycles with a higher (more restrictive) annealing temperature.

3. Separate the amplified DNA fragment on a 1% agarose gel.
4. Isolate the PCR product from the gel.
5. Clone it into the expression vector (see Note 3). We digest the vector with XbaI

and BamHI, and the PCR products with XbaI and BglII. BamHI and BglII give
compatible cohesive ends that can be ligated with T4 DNA ligase.

6. Transform E. coli JM 83 cells by electroporation using, e.g., a Bio-Rad E. coli
Pulser.

3.3. Colony Screening of E. coli for Expression
of Fluorescent GFP Variants

In general, GFP variants may need substantially longer than the wild-type
protein to fold and develop fluorescence in the cytoplasm of E. coli. According
to our experience, growth of the bacteria on agar plates for 48 h at room tem-
perature, and subsequent storage at 4°C, are conditions that allow detection of
any GFP variant that is capable of forming the chromophore and which is not

Fig. 4. Nucleotide sequence of a region of the plasmid pGFPuv-cyc. This plasmid
has been used for the generation of the circular gene for GFPuv, i.e., the precursor of
circularly permuted GFPuv genes (16). The 732-bp fragment, containing the gfpuv-
gene and the codons for the hexapeptide linker (Gly-Ser-Gly2-Thr-Gly), is obtained
by cleavage of pGFPuv-cyc with KpnI. This fragment is then circularized with T4
DNA ligase, yielding a continuous GFPuv reading frame without start and stop codons
(after cleavage with KpnI and ligation, one of the two Gly-Thr codon couples [under-
lined] disappears). This fragment can then either be used as a template for PCR reac-
tions, to generate rationally designed, circularly permuted GFPuv variants, or can be
cleaved randomly with DNase I, yielding randomly circularly permuted GFP variants
(see Fig. 5). Expression vectors for randomly circularly permuted GFP variants can
also be derived from pGFPuv-cyc. Digestion with NsiI, followed by digestion with
KpnI and subsequent removal of 3'-overhangs with T4 DNA polymerase, yields a vec-
tor fragment into which blunt-ended, circularly permuted GFPs can be cloned. The
vector fragment ends with ATG, and starts with three consecutive stop codons, in all
possible reading frames. Permuted GFP genes are cloned into an expression vector,
and expressed under control of the lac promoter/operator sequence.
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degraded by E. coli proteases. In difficult cases, efficient development of the
chromophore may take several days of incubation at 4°C. Agar plates should
be screened on an UV transilluminator with a broad excitation spectrum, in the
range of 360–520 nm. The time of exposure of the cells to UV light should be
kept as short as possible (see Note 4).

3.4. Screening of E. coli for Production of Inactive GFPs

Some permuted GFP variants do not develop fluorescence during expression
in E. coli, but adopt stable tertiary structures, because they are soluble and not
proteolytically degraded (16). To identify colonies producing nonfluorescent
GFPs, a colony immunoblotting procedure can be applied according to the fol-
lowing protocol:

1. Place an autoclaved nitrocellulose filter (Millipore HATF, or similar) on top of
an agar plate with single colonies and wait until the filter is completely soaked
with medium. Mark the filter and the agar plate so that spots on the filter can later
be assigned to the corresponding colonies.

2. Remove the filter, and place it, with the bacteria on top of the filter, onto a fresh
agar plate containing IPTG (or a corresponding inducer), to start GFP expres-
sion. Incubate for 2–4 h at 42°C.

Fig. 5. Scheme for rational and random generation of circularly permuted variants
of a protein. Both approaches utilize a circular gene that is constructed by cleavage at
KpnI restriction sites flanking the natural gene (a) and subsequent ligation with T4
DNA-ligase (b). For random circular permutation, the circular gene is partially
digested with DNase I (c) and a library of relinearized genes is isolated. The library is
treated with T4 DNA ligase and T4 DNA polymerase (d), yielding blunt-ended,
repaired fragments that can be cloned into an appropriate expression plasmid. The
circular gene can also be used as template for PCR amplification to generate rationally
designed, circularly permuted variants (e,f).

03/Topell/31-48/F[4.15.2] 05/01/2002, 5:44 PM43



44 Topell and Glockshuber

3. Remove the filter from the agar plate and place it onto a damp piece of paper in a
covered glass container. Place an open vessel filled with chloroform beside the
filters, and expose bacteria to the chloroform vapor for 15 min.

4. Transfer the filter into a container with lysis buffer, and shake for 12–16 h at
room temperature.

5. Remove lysis buffer, wash filter twice with standard Western blot washing buffer
(or comparable buffer), and wipe away all the remaining traces of lysed bacteria.

6. Treat the filter using conventional Western blot procedures, starting with the
blocking step.

7. Detect GFP-expressing cells with polyclonal anti-GFP antibodies (see Note 5).

3.5. Determination of GFP Fluorescence Quantum Yields

Not all GFP variants generated by circular permutation will exhibit the same
fluorescence characteristics as the wild-type. The following properties may
be changed in GFP variants: the absorbance and emission maxima, the
percentage of fully converted chromophore, and the fluorescence quantum
yield. Once a new GFP variant has been isolated, the absorbance and emission
wavelengths can easily be determined by fluorescence excitation and emission
scans. The fluorescence quantum yield can be measured as outlined in the fol-
lowing subheading (16,26).

3.5.1. Determination of the Concentration of GFP Molecules
with Intact Chromophore

This method only applies to circularly permuted GFP variants that contain a
wild-type chromophore derived from the tripeptide sequence, S65-Y66-G67.
The exact value for the extinction coefficient of the base-denatured chro-
mophore is not available for all other chromophore sequences.

A certain fraction of a recombinant GFP variant may not show any fluores-
cence because of incomplete conversion of the chromophore. The exact con-
centration of GFP with intact chromophore can be determined by exploiting
the absorbance characteristics of the base-denatured chromophore. The two
typical GFP absorbance peaks in the range of 360–520 nm are converted into a
single absorbance peak at 447 nm when the protein is denatured in 0.1 M NaOH.
The extinction coefficient for this absorbance peak, ε447nm = 44,100 M–1/cm–1

(25), is then used to calculate the exact concentration of active GFP:

1. Adjust the protein concentration to ~10 µM with 5 mM sodium phosphate,
pH 7.4, by using its calculated extinction coefficient at 280 nm.

2. Dilute the protein solution 1:1 with 0.2 M NaOH, incubate for 3 min, and record
an absorbance spectrum in the range of 350–500 nm. Measure the absorbance at
447 nm, correct for the volume increase, and calculate the concentration of active
GFP, using ε447nm = 44,100 M/cm.
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3. The molar extinction coefficient of the chromophore in native GFP variants at
any wavelength, × nm, can be determined from the equation

εXnm = A X nm
 pH 7.4 / A 447 nm

 0.1 M NaOH · 44,100 M/cm

3.5.2. Determination of Quantum Yields of GFP Variants

Variants of GFP may differ substantially in their fluorescence quantum yields.
The quantum yield of a new variant can be determined by comparison with the
fluorescence intensity and known quantum yield of the corresponding wild-type (26).

1. Prepare solutions of the variant and the wild-type, so that they exhibit the same
absorbance at a wavelength where the absorbance spectra of both proteins over-
lap, and both proteins can be excited efficiently. The protein concentrations
should be <1–2 µM to avoid a possible dimerization of GFP, which might affect
the fluorescence properties of the protein.

2. Excite both samples at the selected wavelength and record complete emission spectra.
3. Integrate the areas under the emission curves (AUC) for both scans.
4. The quantum yield (φ) of the variant is calculated by the equation

φvariant = (AUCvariant/AUCwild-type) · φwild-type

5. The following quantum yields have been determined for frequently used GFPs:
a. GFP wild-type: λex = 395 nm; φ = 79%
b. GFPuv: λex = 397 nm; φ = 79%
c. EGFP: λex = 488 nm; φ = 60%
d. EBFP: λex = 380 nm; φ = 20%

4. Notes
1. Temperature cycle ligation has been shown to increase the efficiency of sticky-

and blunt-end ligation reactions by a factor of 4–6 (27). A good protocol for
ligation in a PCR thermocycler is given below:
a. Incubate for 30 s at 10°C.
b. Heat to 30°C with a heating rate of 0.2°C/s.
c. Incubate for 30 s at 30°C.
d. Cool to 10°C, with a cooling rate of 0.2°C/s.
e. Repeat the previous steps 100×.

This protocol is especially suited for ligation of complex libraries of randomly
circularly permuted genes, via blunt-ended fragments into their expression vectors.

2. The circular template DNA can also be used for construction of randomly
circularly permuted genes by limited digestion with DNase I in the presence of
Mn2+ ions, and subsequent incubation with T4 DNA polymerase and T4 DNA
ligase (Fig. 5). The corresponding protocol has been described in detail by Graf
and Schachman (13). The yields of circularly permuted, relinearized genes
after DNase I digestion, are generally extremely low, so that large quantities
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(~10–50 µg) of the circular gene are required in order to end up with a reason-
ably complex library of permuted genes that can be cloned via blunt ends into
an appropriate expression vector.

Another complication of the random circular permutation experiment is the
fact that DNase I does not only create blunt ends, but also 5' and 3' protruding
ends in the relinearized genes. Treatment with T4 DNA polymerase and
deoxyribonucleoside triphosphate causes N/C-terminal elongations, in the case
of 5' protruding ends, and N/C-terminal deletions in the case of 3' protruding
ends. The deletions/elongations may be more than 100 bp long, but are generally
much smaller (for a detailed discussion see ref. 14). Consequently, one generally
has to expect not only permuted proteins with wild-type length, but also elongated
variants and variants with terminal deletions. However, this is not necessarily a
disadvantage of the random method, because one can address additional
interesting questions, such as to what extent deletions are tolerated, and, in the
case of elongations, whether the N- or C-terminal elongation is incorporated into
the three-dimensional structure of the permuted protein (e.g., 14).

Finally, in generating circularly permuted variants of a protein with a random
approach, there can be variations in the processing of the randomly cut fragment
by T4 DNA polymerase and the subsequent blunt-end cloning of the fragment
into the expression vector. Three possible reading frames result from the trim-
ming of sticky ends, as well as two possible orientations of the fragment in the
vector backbone, corresponding to a maximum theoretical yield of 17% of clones
expressing active GFPs. Besides the already mentioned complications caused by
elongated or shortened proteins, C-terminal extensions by 1–3 residues occur
when DNase I cleavage of the circular gene creates overhangs of 1–2 bp (Fig. 5)
(13,14,17).

3. The choice of the GFP expression system is worth some consideration. Since
some variants may be very inefficient in forming the chromophore, a strong pro-
tein expression, possibly already in noninduced cells, is desirable. No reports
have been made so far that GFP is in any form toxic to E. coli cells, so that a
background expression in the absence of an inducer generally does not inhibit
growth of E. coli. We have made good experiences with the high-copy plasmid,
pRBI-PDI, containing the lac promoter/operator and lacking the lac repressor
(lacI) gene (16).

4. For screening of bacterial colonies, use of an UV transilluminator or UV lamp is
recommended (or possibly several UV lamps), to cover a broad excitation wave-
length range. A range of 350–550 nm is ideal. If one only applies an excitation
wavelength that is optimal for the wild-type before mutagenesis, one may fail to
detect interesting new GFP variants.

5. When performing immunoblot procedures to detect circularly permuted variants
of GFP, the use of monoclonal antibodies cannot be recommended. Since these
antibodies only bind to one specific epitope that may be altered/disrupted in a
circularly permuted variant, detection of this variant may fail with a monoclonal
antibody. Polyclonal antibodies, on the other hand, recognize a whole range of
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epitopes and it is highly unlikely that all of these epitopes disappear in one circu-
larly permuted variant.
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Evolutionary Design of Generic
Green Fluorescent Protein Biosensors

Nobuhide Doi and Hiroshi Yanagawa

1. Introduction
Protein-engineering techniques have been applied to the molecular design

of protein-based biosensors that combine a molecular-recognition site with a
signal-transduction function (1). The optical signal-transduction mechanism
of green fluorescent protein (GFP) is most attractive, because the fluorophore
of GFP is intrinsic to the polypeptide chain, and thus easily applied to molecu-
lar imaging in living cells (2). One of the useful methods for creating new
molecular-recognition sites on GFPs is a combination of the insertional gene
fusion technique with evolutionary biotechnology (3).

Since our finding that a soluble domain accommodates insertions of large
domain sequences with unexpectedly high frequency (4), several fusion pro-
teins have been produced by insertion of a globular domain into another domain
(5). One of the interesting features of such insertional fusion is that the func-
tion of one domain (e.g., fluorescence of GFP) is sensitively modulated by a
conformational change of the insert domain, upon ligand binding. Thus, the
insertional fusion of a binding domain and a reporter domain can be used to
develop a new generation of molecular biosensors (Fig. 1). However, a desired
binding protein does not always undergo dramatic structural change upon
ligand binding, and thus a further procedure for improvement of sensor pro-
teins is required.

Directed protein evolution, or screening of combinatorial protein libraries,
has been used to design a number of proteins with novel or improved functions
(6–8). GFP is suitable for screening procedures, because the GFP signal can be
easily detected by various methods. Directed evolution is, therefore, a power-

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
Edited by: B. W. Hicks © Humana Press Inc., Totowa, NJ
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ful tool for improving generic GFP biosensors by selecting mutant proteins
with greater intensity or with peak wavelength changes of fluorescence.

The scheme for creating desired molecular-recognition sites on GFPs com-
prises the following procedures. First, permissive sites for insertions are
searched by linker-insertional mutagenesis of GFP. Next, a protein domain
containing a desired molecular-binding site is inserted into a permissive site of
GFP. Finally, if necessary, the insertional fusion protein is randomly mutated,
and mutant proteins, which undergo changes in fluorescence upon binding of
target molecules are selected from the random library.

This chapter describes a general technique for protein engineering and evo-
lutionary design of GFP biosensors. Applications of individual GFP sensors to
molecular imaging in living cells are described in the following chapters.

2. Materials
2.1. DNA Construction

1. Enzymes: Ex Taq DNA polymerase, restriction endonucleases, Ligation high
(Toyobo).

2. Escherichia coli JM109 strain (e14–(McrA–), recA1, endA1, gyrA96, thi-1,
hsdR17(rK

–mK
+), supE44, relA1∆(lac-proAB) [F' traD36 proAB lacIq Z∆M15]).

3. Luria-Bertoni (LB) plate: 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, 15 g/L
agar; sterilize by autoclaving (9).

4. Ampicillin stock solution: 100 mg/mL in sterile water. Store at –20°C for months (9).
5. Isopropyl thio-β-D-galactoside (IPTG): 20 mg/mL in sterile water.

Fig. 1. Insertion of a binding domain as an internal fusion protein into a reporter
domain (GFP) can be used to develop a new generation of molecular biosensors.
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2.2. Protein Overproduction and Purification
1. 2X YT medium: 16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl; sterilize by

autoclaving (9).
2. Kanamycin stock solution: 30 mg/mL in sterile water. Store at –20°C for months (9).
3. Ni-NTA agarose (Qiagen) or Talon metal affinity resin (Clontech).

2.3. Error-Prone Polymerase Chain Reaction
for Random Mutagenesis

1. Enzymes: Taq DNA polymerase (Greiner).
2. 10X polymerase chain reaction (PCR) buffer: 0.67 M Tris-HCl, pH 8.8, 67 µM

EDTA, 0.166 M (NH4)2SO4, 61 mM MgCl2, 5 mM MnCl2, 1.7 mg/mL BSA.
3. 10X Deoxyribonucleoside triphosphate (dNTP)s: 10 mM dGTP, 2 mM dATP,

10 mM dTTP, 10 mM dCTP.
4. 1 M 2-Mercaptoethanol (freshly prepared).
5. Dimethylsulfoxide.
6. Wizard PCR Preps (Promega) or QiaQuick PCR Purification Kit (Qiagen).

3. Methods
3.1. Linker Insertion Mutagenesis of GFP

To construct a GFP sensor, a binding protein for the target ligand is geneti-
cally inserted into GFP. The insertion site on GFP should be chosen according
to the following considerations. First, suitable insertion sites must accept large
domain insertions, without serious disturbance of the GFP structure and func-
tion. GFP consists of an 11-stranded β-barrel structure wrapped around a cen-
tral helix, and solvent-exposed loops between β-strands seem to meet this
criterion. Second, for sensitive signal-transduction from an inserted domain to
the GFP fluorophore, favorable insertion sites may need to be three-dimen-
sionally close to the fluorophore. So far, the Y145, Q157, E172, and L194 sites
have been used as permissive sites for polypeptide insertions (3,10,11). For
example, a linker-insertion mutant of GFP at the E172 site (3) is constructed as
follows (see Note 1):

1. Prepare the N-terminal fragment (codons 1–172) of the GFP gene from pGFPuv
(12), by PCR, with a sense primer containing an NheI site and a reverse primer
containing HindIII-KpnI linker sites. Similarly, prepare the C-terminal fragment
(codons 173–238) with KpnI-EcoRI linker sites at the 5' end and a SacI site at the
3' end.

2. Digest the N-terminal fragment with NheI and KpnI, and the C-terminal fragment
with KpnI and SacI.

3. Ligate the two fragments simultaneously into the NheI-SacI backbone vector
pEOR (13) containing a tac promoter (see Note 2). Transform E. coli JM109
strain, plate transformants on an LB plate containing 100 µg/mL ampicillin and
40 µL 20 mg/mL IPTG, and incubate overnight at 37°C.
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4. Pick up greenish colonies under an ultraviolet lamp, and test individual colonies
for the presence of the desired insert by plasmid minipreps and KpnI digestion.

The resulting plasmid contains the linker insertion corresponding to the
HindIII-KpnI-EcoRI sites between Glu172 and Asp173 of GFP. The
multirestriction enzyme sites can be used for insertion of a desired domain.

3.2. Insertion of a Desired Binding Domain into GFP

A gene of a desired binding domain (designated as protein X) is inserted
in-frame into a target site of the GFP gene.

1. Prepare a DNA fragment encoding protein X, minus the stop codon, by diges-
tion of a plasmid or a PCR fragment with appropriate restriction enzymes
(see Note 3).

2. Insert the DNA fragment into the vector with an appropriate insertion site on
GFP (constructed as described in Subheading 3.1.), ligate the DNA, and transform
E. coli JM109 strain. Plate transformants on LB medium containing 10 µg/mL
kanamycin (assuming the plasmid carries the kanamycin resistance gene), and
incubate overnight at 37°C.

3. Test individual colonies for the presence of the desired insert by colony PCR or
plasmid minipreps.

4. Overexpress the GFP::X fusion protein in E. coli JM109 cells, under the control
of the tac promoter (see Note 4).
a. Grow cells in 2X YT medium containing 10 µg/mL kanamycin at 30°C.
b. When the culture reaches an optical density of 0.8–1.0 at 600 nm, add IPTG

to a final concentration of 0.1 mM, and incubate overnight at 30°C.
c. Harvest the cells by centrifugation.

5. Purify the fusion protein with N- or C-terminal hexahistidine sequence (6X His-
tag) on a metal affinity column, according to manufacture’s manual.

6. Using a spectrofluorometer, measure the fluorescence spectra of the purified
protein with various concentrations of ligand, and fit the titration curve to the
standard equation, ∆F = ∆Fmax/(1 + Kd/L)–1, where ∆F is the change in fluores-
cence emission intensity, Kd is the dissociation constant, and L is the ligand
concentration.

If the ligand sensitivity of the GFP::X protein is low, further mutagenesis
and screening steps are required.

3.3. Random Mutagenesis and Screening of GFP Biosensors

Random mutagenesis of the insertional fusion gene is performed by using
error-prone PCR (see Note 5). The following screening method is based on
simple visual inspection, but other methods can also be applied (see Note 6).

1. Digest a plasmid DNA containing GFP::X fusion gene, with a restriction enzyme
that cleaves outside the target region of mutagenesis.
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2. Prepare a PCR mix in a final volume of 100 µL, containing 1 ng of the linearized
DNA, 1 µL each of 100 µM mutagenic primers, 10 µL 10X PCR buffer, 10 µL
10X dNTPs, 1 µL 1 M 2-mercaptoethanol, 10 µL dimethyl sulfoxide, and 5 U of
Taq DNA polymerase (see Note 7). Take the reaction through 25 cycles of ampli-
fication, as follows: denaturation at 95°C, 1 min; annealing at 50°C, 1 min; and
polymerization at 70°C, 4 min. Purify the sample using a PCR purification kit
(see Note 8).

3. Clone the PCR product into a screening vector containing an appropriate pro-
moter (see Note 9), transform E. coli JM109 cells with the plasmid library, plate
on LB medium containing 10 µg/mL kanamycin (assuming the plasmid carries
the kanamycin resistance gene), and incubate overnight at 37°C.

4. Select 100 colonies at random, and inoculate the individual colonies in patches
(lines of 5–10 mm in length), in identical locations on two LB-kanamycin plates,
one of which contains a target ligand. Incubate the plates at 37°C for several
hours, then store the plates at 4°C, until the green color fully develops. Under a
handheld ultraviolet lamp, pick up colonies with the largest ratio of the fluores-
cence on the ligand+ plate to that on the ligand– plate (see Note 10).

5. Recover plasmids from the selected colonies, and use them as the template DNA
for the next cycle of error-prone PCR.

6. Repeat steps 1–5 several times.
7. Characterize the selected GFP sensors as described in Subheading 3.2.

4. Notes
1. The PCR-based method described here is suitable for targeted insertional muta-

genesis. If a restriction enzyme site is already present in the GFP gene at an
appropriate target site, the classical method using oligo DNA linkers (14), can
also be applied. If a new permissive site for insertion is required, random inser-
tion mutagenesis using the transposon method (15) is recommended.

2. Instead of the ligation of three DNA fragments described here, an overlap PCR
(16) for connecting the N- and C-terminal fragments of GFP gene can also be
used, but this requires extra PCR and purification steps, and relatively long
primers.

3. In this step, it is possible to create DNA fragments with various lengths or
sequences of spacers at both sides of protein X. The optimum length of spac-
ers may depend on the structures of the individual inserted domains; e.g., a
domain having a large distance between the N- and C-termini may need long
spacers.

4. Under the control of strong promoters such as T7 promoter, GFP is over-
expressed in aggregated form. Under tac promoter, wild-type GFP is expressed
in the soluble fraction, but some GFP mutant proteins, destabilized by insertion
of large polypeptides, are overexpressed in the insoluble form. Such mutant
GFPs can be purified under denaturing conditions (8 M urea or 6 M GuHCl)
with a His-tag, and can be efficiently refolded with recovery of fluorescence by
dialysis against a buffer containing 50% glycerol.
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5. In the protocol first described by Leung et al. (17) and used here, mutations are
biased to either T-to-C or A-to-G transitions. To overcome this limitation,
improved protocols have been reported by several researchers (18,19).

6. To select mutant GFP proteins with a wavelength change in fluorescence upon
ligand binding, detection with analytical instruments, such as a fluorescence-
activated cell sorter (20) and microplate reader (21), are recommended.

7. The wild-type Taq DNA polymerase is commercially available from several com-
panies. Replication fidelity varies somewhat, and those with relatively high
fidelity are not suitable for error-prone PCR.

8. The reaction buffer for error-prone PCR contains high concentrations of salts,
metals, and dNTPs, which co-precipitate under the usual conditions of ethanol
precipitation and inhibit the subsequent reaction of some restriction enzymes.
Thus, the authors recommend the use of PCR purification kits that do not include
an ethanol precipitation step.

9. The expression level of GFP::X protein is important for the following screening
step. Not only dark colonies, but also too-bright colonies are unsuitable for visual
inspection. When a promoter of appropriate strength is not available, random
mutagenesis of the promoter region linked to the GFP::X gene and screening of
appropriate colonies may be useful.

10. Since E. coli colonies bearing an identical GFP gene often exhibit a range of
fluorescence levels, a second screening for confirmation of the ligand sensitivity
should be done.
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Random Insertion of Green Fluorescent Protein
into the Regulatory Subunit of Cyclic Adenosine
Monophosphate-Dependent Protein Kinase
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1. Introduction
Various fusion proteins have been made with green fluorescent proteins

(GFPs) (for a recent review, see ref. 1) as a means to localize such proteins
within living cells (2). In most cases, GFPs were added at either the C- or N-
terminal end of the protein or polypeptide of interest (3). For certain purposes,
sueh as fluorescence resonance energy transfer (FRET), GFPs need to be placed
at particular locations within the protein (4). Because the crystal structures of
most proteins and protein complexes are not currently known, it is not usually
possible to predict the optimal position for insertion of the GFP to obtain FRET,
or to retain target protein activity. We thus devised a method for random inser-
tion of GFPs within a target protein. The method generates a collection of
fusion proteins that can be tested for a desired function.

As a model system, we have selected the regulatory subunit (R) of the cyclic
adenosine monophosphate (cAMP)-dependent protein kinase A (PKA). We
obtained over 120 clones with GFPs inserted throughout the R-subunit. The
GFPs kept their fluorescent properties when inserted at different locations
within the R-subunit. Furthermore, the R-subunits were able to bind cAMP
and, at least some of them, to interact with the catalytic subunit (5).

The GFP coding region is introduced within the target gene by a series of
modifications of the DNA. First, random nicks are introduced into the double-
stranded DNA coding for the target protein. Random nicks can be formed using
DNase I by standard nick translation methods (6). After nicking, circular mol-

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
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ecules are separated from supercoiled DNA by cesium chloride (CsCl) gradi-
ent centrifugation. Generating blunt ends also requires attention, and it can be
done either by incubation with DNase I in Mn2+ buffer, or by incubation with
S1 nuclease (7). We used a combination of S1 nuclease digestion and T4 DNA
polymerase action was used. SalI linkers, or other restriction enzyme linkers,
are then ligated to the blunt ends. The GFP sequences to be inserted into the
target protein were modified with SalI sites by polymerase chain reaction
(PCR). A final ligation allows insertion of the GFP sequence within the target
gene, for bacterial transformation. This method is versatile, allowing essen-
tially any restriction sites to be utilized. Ligating GFP as a blunt-end fragment
into the nicked, linear plasmid was attempted, but proved to be less efficient
than the SalI linker method.

Because GFP insertions are random, they can be made into the target gene,
into the antibiotic resistance gene, or into portions of the plasmid lacking a
promoter. Those insertions made into the antibiotic resistance gene will likely
inactivate the lactamase and be removed by antibiotic selection. Screening of
fluorescent colonies, using a fluorescence microscope, will allow selection of
insertions under the target gene promoter only. Some promoters require spe-
cific induction, others, like the one present on pRSETb, are sufficiently leaky
to produce a low level of fluorescence in absence of induction. Fluorescence
screening ensures selection for GFPs inserted in-frame into the target DNA.
Because of the occurrence of small deletions resulting from the nicking proce-
dure, the reading frame may be shifted after the DNA encoding for the GFP,
resulting in abherent C-terminal portions of the target protein. These truncated
proteins can be detected either by sequencing the plasmid DNA or by
immunoblotting using antibodies directed against GFP or the N-terminal part
of the target protein. Most fluorescent clones contained GFP insertions within
the target gene. We observed a restricted number of insertions outside the cod-
ing region for the target protein, which were not further characterized. A col-
lection of ~120 clones was obtained and analyzed further for the site of
insertion (5).

The bacterial culture conditions need to be carefully tested, since GFPs
require low temperatures and a high level of oxygen to fully fluoresce. To find
the best conditions for expression, it is advisable to test fluorescence of whole
living bacteria after growth under different conditions, keeping in mind that
the highest induction of expression may be deleterious for the bacteria, as indi-
cated by the appearance of lysed bacteria (“watery” colonies on plates). We
tested growth on agar plates, and in shaking cultures with or without induction,
and at different temperatures. The best conditions varied from clone to clone,
but the most reliable condition was to grow the bacteria on agar plates at 22°C,
ensuring maximal oxygenation and proper folding of both GFP and R-subunit.
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Different lysis and extraction procedures have been used. Here again, obtain-
ing properly folded fluorescent protein may require different preliminary tests.
Purification of the target protein fused to GFP can be attained by affinity chro-
matography based on a molecular tag. We used a 6X His-tag (8), present at the
N-terminus of the R-subunit. Efficient recovery of the fused protein was
obtained under partially denaturing conditions, namely using urea. Although
fluorescence was present, indicating intact GFP, the R subunit was denatured.
We thus advise, whenever possible, to purify the fusion proteins under nonde-
naturing conditions, even when obtaining lower yields. Our R–GFP fusions
were finally purified by a combination of Ni-NTA, cAMP-agarose, and HPLC
column chromatography.

Devising a simple and rapid functional test for the targeted fusion protein is
important, because it will facilitate the screening for proper clones and the
protein purification. A challenge is to be capable of screening for function with-
out depending on time-consuming protein purification procedures for each dif-
ferent GFP fusion protein. An alternative might be to attempt to co-transform
bacteria or eukaryotic cells with plasmids carrying two interacting proteins of
interest, and test their function/interaction in vivo, e.g., one could attempt to
detect fluorescence energy transfer of a GFP-tagged PKA regulatory subunit
and a blue fluorescent protein-tagged PKA catalytic subunit.

2. Materials

The plasmid, pRSETb-R, was described previously (9). Restriction and modi-
fication enzymes used were from Boehringer Mannheim, Promega, Pharmacia,
or Gibco. Deoxynucleotide triphosphates (dNTP)s were from Promega. The fluo-
rescence microscope used for screening was a Zeiss Axiovert 25 inverted micro-
scope with a BP-450-490 excitation filter, an FT510 beam splitter, and a BP
515-565 emission filter. Fluorescence spectra were obtained with a Photon Tech-
nology International spectrofluorimeter, and data processed using Felix software.
The GFP mutants (S65T, W7) used as template for PCR, were kindly provided
by Dr. R. Y. Tsien (University of California, San Diego, CA).

2.1. DNA Manipulations
1. DNase I and 1X DNase I buffer (Promega).
2. (50 mM) EDTA stop solution (pH 8.0).
3. 1 M Tris-HCl (pH 7.6).
4. CsCl.
5. Ethidium bromide (10 mg/mL) stock solution.
6. 0.9% agarose gel.
7. TAE gel buffer: 40 mM Tris-acetate (pH 8.3), 1 mM EDTA.
8. Isoamyl alcohol.
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9. S1 nuclease (Roche, Rotkeuz, Switzerland).
10. S1 nuclease buffer: 50 mM sodium acetate (pH 5.7), 200 mM NaCl, 1 mM ZnSO4,

0.5 % glycerol.
11. Phenol–chloroform.
12. TE: 10 mM Tris-HCl (pH 7.6), 1 mM EDTA (pH 8.0).
13. T4 DNA polymerase (Roche).
15. dNTPs (10 mM each) (Promega). (pH 7.6), 10 mM MgCl2, 1 mM dithiothreitol.
14. 10X T4 DNA polymerase buffer: 200 mM Tris-HCl.
16. 5 mM Ammonium acetate in 75% ethanol.
17. T4 DNA ligase.
18. T4 DNA ligase buffer (Roche)
19. 10 mM Adenosine triphosphate.

2.2. Bacterial Cell Culture and Screening

1. Escherichia coli strain BL21 (DE3) (Stratagene).
2. Luria-Bertoni (LB) Agar selection plates containing ampicillin (100 µg/mL).
3. LB broth.

2.3. Protein Purification

1. LB Agar plates containing ampicillin (100 mg/mL).
2. LB broth containing ampicillin (100 mg/mL).
3. LB broth containing isopropyl-β-D-thiogalactoside (IPTG) (0.5 mM).
4. Lysis buffer: 50 mM HEPES, pH 7.8, 300 mM NaCl, 0.5% NP40, 10 mM magne-

sium acetate, 10% sucrose, and Complete™ protease inhibitor cocktail (Roche).
5. 2-Mercaptoethanol.
6. Ni-agarose (Qiagen).
7. Wash buffer 1: 50 mM HEPES, pH 8.0, 100 mM NaCl, 10 mM imidazole, 2 mM

2-mercaptoethanol, 0.1% Tween-20, 1 mg/mL egg-white trypsin inhibitor, 1 mM
phenylmethylsulfonyl fluoride and 20 µg/mL TLCK.

8. Wash buffer 1 containing 0.3 M NaCl.
9. Wash buffer 1 containing 25, 100, or 250 mM imidazole.

10. (N6)-cAMP Sepharose (Sigma).
11. Wash buffer 2: 50 mM HEPES, pH 8.0, 100 mM NaCl, 2 mM 2-mercaptoethanol,

and 0.1% Triton X-100.
12. Wash buffer 2 containing 5 mM AMP.
13. Wash buffer 2 containing 0.5 M NaCl.
14. Wash buffer 2 containing 50 mM cyclic guanosine monophosphate (cGMP).
15. 50 mM Sodium phosphate (pH 7.2).

3. Methods
3.1. DNA Manipulations
3.1.1. Preparation of Vector DNA

Preliminary assays with small amounts of DNA are absolutely necessary to
optimize the conditions for the production of random nicks (see Note 1).
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1. Incubate 25 µg of plasmid DNA with 5 pg of DNase I at 15°C in 1X DNA pol I
buffer (Promega) (final volume of 50 µL).

2. Take aliquots after 0, 5, 15, 30, 45, and 60 min, and stop the reaction by adding
EDTA up to 25 mM. Monitor the progression of nicking by analyzing the aliquots
on a 0.9% agarose gel in TAE buffer (electrophoresis for 3–5 h at 50 V).

3. From the gel, choose the incubation time producing ~30–50% circular plasmids
with single nicks. Under the above conditions, such plasmids show the largest
apparent molecular weight (upper band) on the gel (followed by linear, then
supercoiled, molecules).

4. Set up the final reaction by scaling-up the test reaction 25-fold. DNase I is added
last, incubated for the predetermined time, and the reaction is stopped by addi-
tion of EDTA (25 mM).

3.1.2. Isolation of Nicked DNA by CsCl Gradient Centrifugation

In order to eliminate super-coiled plasmids, which may be substrate for S1
nuclease, and/or to remain capable of transforming E. coli, nicked circular plas-
mids need to be purified. In order to achieve sufficient purification, we prefer
CsCl gradient separation to gel electrophoresis.

1. Measure the volume of the DNA solution.
2. Add 1 g of solid CsCl/mL and heat the solution to 30°C to facilitate its dissolution.
3. Add ethidium bromide (EtBr), (10 mg/mL stock) up to a final concentration of

740 µg/mL.
4. Transfer the solution to QuickSeal tubes (Beckman). Centrifuge at 45,000 rpm

for 16 h in a Beckman Ti65 vertical rotor (or equivalent) at room temperature.
After centrifugation, two DNA bands are visible, corresponding to nicked relaxed
(upper band) and supercoiled plasmids (lower band).

5. Cut open the tip of the tube and collect relaxed plasmids by inserting a hypoder-
mic needle just below the upper band.

6. Extract ethidium bromide by adding an equal volume of isoamyl alcohol. Mix by
briefly vortexing, then centrifuge at 1500g for 3 min.

7. Transfer the lower aqueous phase to a new tube and repeat the extraction until the
red color is no longer visible in either phase. Recover the DNA by precipitation
in 75% ethanol. Centrifuge and discard the supernatant, then resuspend the DNA
in 500 µL S1 nuclease buffer.

8. Determine the final concentration of DNA by measuring the absorbance at
260 nm.

3.1.3. Linearization of the Plasmids with S1 Nuclease

After CsCl gradient centrifugation, the purified, nicked, circular plasmids
are incubated with S1 nuclease. Conditions must be tested for the appearance
of about 30–50% linear plasmids (see Note 2).

1. Preincubate the solution of DNA for 5 min at 37°C, then add 5000 U of S1
nuclease.
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2. After 4 min, transfer 160 µL to a tube containing 15 µL 50 mM EDTA (pH 8.0)
and 15 µL 1 M Tris-HCl (pH 7.6).

3. After 15 and 60 min, take further aliquots (160 µL).
4. Extract DNA with phenol–chloroform and precipitate with 75% ethanol.
5. After centrifugation (12,000g for 5 min), drain excess ethanol, and resuspend the

DNA in 25 µL TE.
6. Analyze a small aliquot of each sample by agarose gel electrophoresis on a 0.9%

gel, using the original plasmid DNA, made linear with an appropriate restriction
enzyme, as a marker.

7. Pool the samples containing roughly 50% linear DNA.

3.1.4. Treatment with T4 DNA Polymerase to Produce Blunt Ends

S1 nuclease can generate protruding 5' or 3' ends. In order to obtain blunt
ends, DNA needs to be repaired with T4 DNA polymerase.

1. Adjust the volume of the pool to 90 µL with TE.
2. Add 10 µL of 10X T4 DNA polymerase buffer, and 5 U T4 DNA polymerase.
3. Incubate the reaction at room temperature for 1 min (in this step, the 3' termini

are removed).
4. Add 10 µL of a solution containing all four dNTPs (10 mM each), and incubate 1 h

at 37°C.
5. Purify the DNA by extraction with phenol–chloroform (see Note 3).
6. Precipitate the DNA out of the aqueous phase by adding 100 µL 5 mM ammo-

nium acetate and 400 µL ethanol. Incubate 20 min on ice, and centrifuge at
12,000g for 10 min at 4°C.

7. Carefully remove the ethanol, and dissolve the DNA in 25 µL TE.

3.1.5. Ligation of Phosphorylated Synthetic SalI Linkers

1. Mix 10 µg linear plasmid DNA with 1 nmol phosphorylated SalI linkers
(sequence: GTCGAC), in a final volume of 180 µL TE.

2. Add 20 µL of ligase buffer, 10 mM adenosine triphosphate and 2 U T4 DNA
ligase.

3. Incubate for 4 h at 16°C.
4. Heat the reaction for 10 min at 68°C, to inactivate the T4 DNA ligase.
5. Add 500 U of SalI, and incubate for 4 h at 37°C.

3.1.6. Preparation of the GFP Sequence by PCR and Ligation

The sequence of S65T or W7 GFP was amplified by 30 cycles of PCR, using
the following primers:

a. 5'-CCCGTCGTCGTCGACATGAGTAAAGGAGAAGAA-3' and
b. 5'-AGTCGGGTCGACTTTGTAATAGTTCATCCATGCC-3'.

05/Baehler/57-68/F[4.15.2] 05/01/2002, 5:57 PM62



GFP in R-Subunit of cAMP-Dependent PK 63

The precise conditions were: 1 min at 95°C, 1 min at 45°C, and 1 min at
72°C, for denaturing, annealing, and elongating steps, respectively.

1. The GFP-encoding PCR fragments were digested with SalI.
2. A 10-fold excess of PCR fragment ends were ligated with the plasmids overnight

at 16°C, using T4 DNA ligase in T4 DNA ligase buffer.

3.2. Screening

After transforming E. coli strain BL21(DE3) by electroporation, the bacteria
were grown on ampicillin-containing LB agar plates at 22°C. Fluorescent colo-
nies were detected on agar plates using an inverted fluorescence microscope. Of
2–5 × 106 screened colonies, 150 clones with various intensities were picked and
their DNA was analyzed by restriction digestion, to determine the site of inser-
tion of the GFP. Random insertion occurred, since the collection of clones
showed different sites of insertion, as illustrated by four examples in Fig. 1.

Fig. 1. Four out of 120 isolated clones are compared to the wild type R subunit
(upper lane). In order to sequence the site of insertion of the GFP, two primers were
designed within the GFP sequence allowing to sequence in both directions (O1 and
O2). The primers used were: O1:5'-GCTGCTGGGATTACACA-3', and O2:5'-
TAACATCACCATC TAAT-3'. (H, His-tag; PS, pseudosubstrate site; A, B, cAMP
binding sites; GFP, green fluorescent protein; dash line, sequenced region; scale bar,
100 bp).
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3.3. Purification of R–GFP Proteins

3.3.1. Expression of R–GFP in Bacteria

The expression level of the R–GFP fusions varied dramatically from clone to
clone. Furthermore, the culture conditions influenced the level of fluorescence.
Thus, culture and extraction procedures had to be optimized carefully (see Note 4).

1. Streak a fluorescent clone on LB-agar plate and select colonies with the highest
level of fluorescence. If necessary, repeat the streak, in order to obtain stable
expression.

2. Inoculate the selected colony into a 2-L flask containing 500 mL LB with 100 µg/mL
ampicillin.

3. Incubate under agitation (250 rpm) at 30°C, up to an OD600 of ~0.6.
4. Induce protein expression with 0.5 mM IPTG (for lac promoters).
5. Maintain the cultures under agitation (250 rpm) for 16 h at 22°C.
6. Harvest the cells by centrifugation for 5 min at 8000g.

3.3.2. Cell Lysis

1. Resuspend the cell pellet in 70 mL of chilled (4°C) lysis buffer. Freeze at –80°C
for 15 min. Cell suspensions can be stored at –80 °C before further purification
steps (see Note 5).

2. Complete cell lysis, by thawing and adding egg-white lysozyme (250 µg/mL)
and DNase I (25 U/mL).

3. Incubate for 30 min at 5°C on a rotatory shaker.
4. Add 2-mercaptoethanol (2 mM) to the lysate.
5. Centrifuge for 15 min at 15,000g at 4°C.

3.3.3. Ni-NTA Affinity Chromatography

For R-GFP purification, all manipulations were performed at 4°C (see Note 6).

1. Add imidazole (10 mM) to the supernatant containing the fusion protein.
2. Incubate for 45 min on an orbital shaker in the presence of 1.5 mL Ni-NTA aga-

rose beads (Qiagen).
3. Transfer the slurry to a plastic column of 1.5 cm internal diameter.
4. Allow the column to drain, and recirculate the eluant through the column 3×.
5. Wash the beads with 15 mL wash buffer 1.
6. Strip any cAMP bound to the 6X HisGFP-PKA-R fusion protein by equilibrating

the column with wash buffer 1 containing 5 mM cGMP.
7. Eliminate the cGMP by washing with 10× the bed vol of wash buffer 1 contain-

ing 0.3 M NaCl.
8. Perform a stepwise elution of bound protein with wash buffer 1 containing 25,

100, or 250 mM imidazole (6 bed vol each).
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3.3.4. cAMP-Agarose Affinity Chromatography

The following procedure further purified the R–GFP fusions, and selected for
proteins capable of binding to cAMP. A different affinity column must be used
for each fusion protein envisaged, based on their specific properties (see Note 7).

1. Pool fractions from the Ni-NTA column corresponding to the peak of fluorescence.
2. Load the pool into a column containing 0.5 mL (N6)-cAMP-agarose beads

(Sigma) pre-equilibrated with wash buffer 2. Recirculate the eluant through the
column three more times.

3. Elute contaminants by several washes with 10× the bed volume of wash buffer 2,
containing, successively, 5 mM AMP, then 0.5 M NaCl.

4. Elute bound R–GFP with three equivalents of bed volume of wash buffer 2 con-
taining 50 mM cGMP at room temperature.

3.3.5. High-Performance Size-Exclusion Chromatography

1. Pool fractions from the cAMP-agarose column, corresponding to the peak of fluo-
rescence (Fig. 2).

Fig. 2. Coomassie blue staining of proteins separated by SDS-PAGE, after succes-
sive steps of purification. Lane 1, crude extract; lane 2, after Ni-NTA chromatogra-
phy; lane 3, after cAMP–agarose column; lane 4, after HPLC column. Molecular
weights were determined from standard mol wt proteins run in parallel.
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2. Purify at room temperature on a 300 × 7.8 mm BioSep SEC3000 column
(Phenomenex, Torrance, CA), fitted with a 75 × 7.8 guard, and connected to a
HP1090 Series II HPLC system (Hewlett-Packard).

3. Perform elution at 1 mL/min in 50 mM sodium phosphate buffer (pH 7.2). Moni-
tor elution by absorption at 220 and 434 nm.

4. The purity and identity of the isolated protein can be verified by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
Coomassie-blue staining or immunoblotting, using an anti-6X His-tag mono-
clonal antibody (Qiagen).

3.4. Fluorescence Measurements

The assay was performed at 20°C, using variable amounts of crude extracts
or cell suspensions in 50 mM HEPES, pH 8.5. Bandwidths were kept constant:
excitation bandwidth, 5–9 nm; emission bandwidth, 5–9 nm. Integration time
was 0.2–1 s. The GFP S65T fusion proteins were excited at 485 nm, while
recording emission over a range from 500–550 nm. GFP/W7 fusion proteins
were excited at 434 nm, while recording emission between 450 and 500 nm.

4. Notes
1. When preparing the vector DNA, preliminary assays with small amounts of DNA

are absolutely necessary to optimize the conditions for the production of random
nicks. DNase I activity may vary from batch to batch, and with time. When using
a proper concentration of DNase I, the proportion of circularized DNA increases
linearly within ~20 min. The best conditions for obtaining one nick/plasmid are
when <50% of the molecules are circularized.

2. Small scale determination of the precise amount of S1 nuclease required for cut-
ting the second strand is important to avoid overprocessing the material. Expo-
sure of nicked plasmid DNA to excessive concentrations of S1 nuclease will result
in the formation of large deletions.

3. As an alternative to phenol–chloroform extractions and precipitation, this step
can be replaced by a QiaQuick PCR purification procedure (Qiagen).

4. Despite a high level of expression, we found some instability when using E. coli
BL21(DE3). Thus, expression of the target protein may be preferable in E. coli
JM109 (DE3) or other bacterial lines designed for protein expression.

5. Cell lysis:
a. In a first series of experiments, cells were incubated for 1 h on ice in the

presence of 1% lysozyme in the presence of protease inhibitors, then lysed by
sonication (15X 1 s with 1 s intervals) at 10–13% maximal intensity. Fluores-
cence spectral properties were modified after sonication in many extracts.
Sonication may change GFP fusion protein structure.

b. A French press may represent a major alternative to lysozyme. However, in
our hands, the combination of lysozyme, DNase, and NP40 proved to give the
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highest yields of proteins with specific activity. Furthermore, processing large
volumes in a French press is time-consuming, and may increase degradation.

c. Some fusion proteins may prove to be difficult to solubilize and tend to stay
in the pellet after lysis. In such cases, urea (up to 8 M) may be added after
lysozyme and DNase I treatment. GFPs are resistant to denaturation at such
concentration of urea and fluorescence will not decrease. However, one has
to determine the precise urea concentration compatible with the protein bio-
logical activity. The urea-containing solution is then added directly onto the
Ni-NTA agarose and purification is conducted as described above.

6. In Ni-NTA affinity chromatography, the optimal imidazole concentration must
be determined for each fusion protein. The goal is to prevent unspecific binding
of E. coli proteins to the column, while binding as much fusion protein as pos-
sible. Steps to eliminate bound cAMP are specific for the PKA R-subunit and can
be omitted for the purification of other fusion proteins.

7. Imidazole may interfere with the binding of the fusion protein to the cAMP–
agarose affinity column. A Sepharose G50 chromatography may be inserted
before the cAMP–agarose separation. Fluorescence, which usually appears in the
excluded volume, can be used to track the elution of the fusion protein from the
Sepharose column.

8. A potential problem is that, despite the detection of fluorescence, the fused pro-
tein may be nonfunctional. The GFP may then be inserted into an active site, or
possibly destroy the conformation of the fused protein. However, recent work
indicates that fluorescence correlates with the correct folding of the fused protein
domains when expressed in E. coli (10). There is thus a good chance that many
random insertions selected for their green fluoresent property would turn out to
be functional fusion proteins; This could be achieved by random insertions at
loops or between domains.

References
1. Tsien, R. Y. (1998) The green fluorescent protein. Annu. Rev. Biochem. 67, 509–544.
2. Tsien, R. Y. and Miyawaki, A. (1998) Seeing the machinery of live cells. Science

280, 1954–1955.
3. Chalfie, M., Tu, Y., Eusskirohen, G., et al. (1994) Green fluorescent protein as a

marker for gene expression. Science 263, 802–805.
4. Lankiewicz, L., Malicka, J., Wiczk, W., et al. (1997) Fluorescence resonance

energy transfer in studies of inter-chromophoric distances in biomolecules. Acta.
Biochim. Pol. 44, 477–489.

5. Biondi, R. M., Baehler, P. J., Reymond, C., et al. (1998) Random insertion of GFP
into the cAMP-dependent protein kinase regulatory subunit from Dictyostelium
discoideum. Nucleic Acids Res. 26, 4946–4952.

6. Kelly, R. B., Cozzarelli, N. R., Deutschen, M., et al. (1970) Enzymatic synthesis
of deoxyribonucleic acid. XXXII. Replication of duplex deoxyribonucleic acid
by polymerase at a single strand break. J. Biol. Chem. 245, 39–45.

05/Baehler/57-68/F[4.15.2] 05/01/2002, 5:57 PM67



68 Baehler et al.

7. Heffron, F., So, M., McCarthy, B., et al. (1978) In vitro mutagenesis of a circular
DNA molecule by using synthetic restriction sites. Proc. Natl. Acad. Sci. USA 75,
6012–6016.

8. Hengen, P. (1995) Purification of His-Tag fusion proteins from Escherichia coli.
Trends Biochem. Sci. 20, 285–286.

9. Etchebehere, L. C., van Bemmelen, M. X., Anjard, C., et al. (1997) The catalytic
subunit of Dictyostelium cAMP-dependent protein kinase — role of the N-termi-
nal domain and of the C-terminal residues in catalytic activity and stability. Eur.
J. Biochem. 248, 820–826.

10. Waldo, G. S., Standish, B. M., Berendzen, J., et al. (1999) Rapid protein-folding
assay using green fluorescent protein. Nat. Biotechnol 17, 691–695.

05/Baehler/57-68/F[4.15.2] 05/01/2002, 5:57 PM68



Circular mRNA Encoding for GFP 69

69

6

Circular mRNA Encoding for Monomeric
and Polymeric Green Fluorescent Protein

Rhonda Perriman

1. Introduction
Many proteins with unusual structural properties are comprised of multiple

repeating amino acid sequences, and are often fractious to expression in recom-
binant systems. To facilitate recombinant production of such proteins for struc-
tural and engineering studies, the author has developed a method for producing
messenger RNAs on circular RNA templates. This circularization process is
derived from a rearranged group I intron, from which circular RNA is pro-
duced through the splicing activity of autocatalytic group I RNA elements
(Fig. 1; 1,2). Because the only cofactors required for splicing of the group I
intron are magnesium and guanosine, the process can take place in a variety of
organisms, making it amenable to a wide variety of protein expression sys-
tems (1–4).

This chapter details the design and construction of circular mRNAs contain-
ing the open reading frame (ORF) encoding for green fluorescent protein
(GFP). Included on the circular GFP mRNA constructs are translation initia-
tion sequences designed to recruit either prokaryotic or eukaryotic ribosomes.
By removing in-frame stop codons, the author has also designed and tested
circular, infinite mRNAs encoding GFP. The mRNAs produce extremely long
protein chains of polyGFP, demonstrating that both prokaryotic and eukaryotic
ribosomes can internally initiate, and repeatedly transit, a circular mRNA (3,5).
The author has also analyzed fluorescence spectra from E. coli expressing the
monomeric GFP or polyGFP from circular mRNA, and find that only the mono-
meric forms of GFP are fluorescent. The application of circular mRNA tech-
nology may provide a unique means of producing very long repeating sequence
proteins (e.g., silks, mollusk shell framework) (6–8), opening the way for

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
Edited by: B. W. Hicks © Humana Press Inc., Totowa, NJ
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Fig. 1. Design features of plasmids containing rearranged group I intron elements
for circular GFP mRNA expression of monomeric GFP or polyGFP in (B) E. coli or
(C) rabbit reticulocyte lysates. Transcription and splicing results in circularization of
the bracketed sequence, between the 3' (3'ss) and 5' (5'ss) splice sites shown in each
figure. (A) Relevant region of circular GFP mRNA plasmid containing the GFP ORF.
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development of proteinaceous materials with novel properties (e.g., see ref. 9
for review). The methods described below can easily be adapted to the produc-
tion of any desired protein sequence.

2. Materials
2.1. Making Plasmids for Production of Circular GFP-mRNA

1. Multicopy plasmid vectors (the author uses pBluescript from Stratagene) and
restriction enzymes from common vendors were used in buffers as directed by
manufacturers.

2. Escherichia coli strains: CJ236 (ung-, dut-) and a standard rec- laboratory strain
suitable for maintaining and amplifying plasmids (e.g., XL1-Blue from
Stratagene).

3. Luria-Bertoni (LB) broth (1 L): 10 g Bacto-tryptone, 10 g NaCl, 5 g yeast extract,
pH to 7.6. LB-ampicillin.

4. LB broth containing 100 µg/mL ampicillin.

(Fig. 1. continued) Site of T7 RNA polymerase promoter sequence used for in vitro
and in vivo (E. coli) RNA production is indicated. The 3' and 5' group I intron
sequences are shown. AUG to UUA is the mutation introduced by the GFP-AUG oli-
gonucleotide, to remove the initiating GFP-AUG (see Subheading 3.1.). UAA to UAU
is the mutation introduced by the GFP-stop oligonucleotide to remove the GFP-stop
codon, thus allowing creation of infinite circular ORFs (see Subheading 3.1.). (B)
Circular GFP mRNA plasmid containing the GFP ORF and E. coli protein expression
cassette. Enlarged, boxed nucleotides are the SD and DB motifs of the translation
initiation sequence. Circular species show either the monomeric or polyGFP mRNA
created after transcription and splicing. Translated portion of circular mRNAs is shown
as double circle. The monomeric GFP-encoding mRNA, created after transcription
and splicing, encodes a ~30 kDa GFP species. The polyGFP-encoding mRNA has
UAU in place of UAA termination codon, and is devoid of stop codons in the GFP
reading frame. The initiating AUG (translation start) and fused 5'ss/3'ss (jagged arrow-
splice junction) are shown on the circular mRNA species for both monomeric and
polymeric constructs. Other abbreviations are: GFP, green fluorescent protein ORF;
SD, Shine-Dalgarno sequence; AUG, initiating codon; DB, downstream box. (C) Same
as (B), except circular GFP mRNA plasmid containing the GFP ORF and IRES for
mammalian protein expression cassette. Linear species shows relevant portions of cir-
cular GFP mRNA plasmids including both GFP-AUG and GFP-stop mutations (see
Subheading 3.1.). The circular species show each GFP-encoding circular mRNA af-
ter transcription and splicing. The monomeric GFP-encoding mRNA contains a single
UAA termination codon, as indicated by *, and encodes ~50 kDa protein. The
polyGFP-encoding species has a two base insertion at this position (indicated by tri-
angle), and is devoid of stop codons in the GFP reading frame. “IRES” is the internal
ribosome entry sequence required for ribosome recruitment (see Subheading 3.1.4.).
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5. LB agar: LB broth containing 15 g/L agar.
6. LB-amp agar: LB agar containing 100 µg/mL ampicillin.
7. M13KO7 helper phage (Pharmacia).
8. Kanamycin (10 µg/mL in LB-amp).
9. 20% Polyethylene glycol/2.5 M NaCl.

10. TES: 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5% sodium dodecyl sulfate (SDS).
11. Phenol–chloroform–isoamyl alcohol (24:24:1 v/v/v).
12. 3 M Sodium acetate, pH 6.0.
13. 70% Ethanol.
14. 1% Agarose gel containing 1 µg/mL ethidium bromide, 10X TBE (1 L): 108 g

Tris, 55 g boric acid, 9.3 g EDTA.
15. 5X Annealing buffer: 200 mM Tris-HCl, pH 7.5, 100 mM MgCl2, 250 mM NaCl,

containing 1 mM each of deoxyribonucleoside triphosphate (dNTP)s, 1 mM
dithiothreitol (DTT), 1 mM adenosine triphosphate (ATP), 400 U T4 DNA ligase
(New England Biolabs), and 3 U Sequenase™ (U.S. Biochemicals, or other DNA
polymerase; see Note 1).

16. 10X Filling buffer: 100 mM Tris-HCl, pH 7.5, 50 mM MgCl2, 75 mM DTT.
17. dNTP mix containing 0.5 mM each deoxynucleotide.
18. Klenow DNA polymerase.
19. 0.5 M EDTA, pH 7.0.
20. 10X Dephosphorylation buffer: 1 M NaCl, 500 mM Tris-HCl, pH 7.9, 100 mM

MgCl2, 10 mM DTT.
21. Calf intestinal phosphatase.
22. 10X Ligation buffer: 500 mM Tris-HCl, pH 7.5, 100 mM MgCl2, 100 mM DTT,

10 mM ATP, 0.25mg/mL bovine serum albumin (BSA).
23. Deoxyoligonucleotides: These can be obtained from many commercial sources,

or, if available, an in-house facility (see Note 2 for design tips). Oligonucleotides
required for circular mRNA constructs in Subheading 3.1.
a. GFP-AUG: alters the initiating AUG of the GFP ORF 5'-GGAGATATAA

CCTTAAGTAA AGGAGA-3'.
b. GFP-stop: alters the GFP stop codon 5'-AACTATACAA ATATTGAGCT

CTCATGA-3'.
c. E. coli-Shine-Dalgarno sequence (SD): adds ribosome recruitment signals to

the circular mRNA plasmid for expression in E. coli 5'ATTGACCTGAGATC
GCTTTTTGCTTTGTAAGTCACGTTAGAGCTAGCCATCTTGTGTCTC
CTTGTGCAGACCTCTCGAGCTCCAT-3'.

d. Internal ribosome entry sequence (IRES)-stop: adds two nucleotides to the
circular RNA plasmid for polyGFP expression in rabbit reticulocyte lysates
5'-GGGACTAAGGCGGAAT TCTCGAGCTCCATG-3'.

2.2. Testing for Circular mRNA
All reagents for RNA work should be used for this purpose only to minimize

contamination from RNase. If desired, H2O used to prepare these solutions can
be treated with diethyl pyrocarbonate (DEPC), by adding 1 mL DEPC/1 L
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water. Mix and stand, then incubate overnight at 55°C to inactivate DEPC (this
is important, because active DEPC can chemically modify ribonucleic acids).

1. rNTPs (10 mM each A, C, and G, 1 mM U).
2. 5X Transcription buffer: 200 mM Tris-HCl, pH 7.5, 30 mM MgCl2, 10 mM sper-

midine, 50 mM NaCl.
3. RNasin (Promega).
4. α-32P-uridine triphosphate (UTP) (3000 Ci/mmol, Amersham).
5. T7 RNA polymerase.
6. RQ1 DNase I (Promega).
7. 4.5% polyacrylamide gel containing 7 M urea.
8. Autoradiography film (Kodak).
9. Formamide dye mix: 100% formamide, 1% bromophenol blue, 1% xylene cyanol.

2.3. Testing Protein Expression in E. coli
1. E. coli strain BL21-DE3 (or other T7-expressing E. coli strain; see Note 3).
2. Isopropyl-β-D-thiogalactopyranoside (IPTG).
3. 50 mM HEPES, pH 7.5.
4. 8 M Urea, 0.1 M NaH2PO4, 10 mM Tris-HCl, pH 6.0.
5. Bradford assay kit (Bio-Rad).
6. SDS-PAGE solutions: 30 polyacrylamide: 0.8 bis-acrylamide solution (a premade

30% stock can be purchased from Bio-Rad); 4X stacking buffer (100 mL): 6.06 g
Tris, 4 mL 10% SDS (pH 6.8); 4X separating buffer (100 mL): 18.17 g Tris, 4 mL
10% SDS (pH 8.8); 10X protein running buffer (1 L): 30 g Tris, 144 g glycine,
10 mL 10% SDS; protein running dye: 2 mL glycerol, 2 mL 10% SDS, 0.25 mg
bromophenol blue, 2.5 mL 4X stacking buffer, 0.5 mL β-mercaptoethanol.

7. Western blotting materials: nitrocellulose membrane; BSA; polyclonal GFP
antibody (Clontech); immunoglobulin G-goat-antirabbit secondary antibody;
5-bromo-4-chloro-3-indolyl phosphate (BCIP), dissolved at 25 mg/500 µL in
dimethyl formamide; nitroblue tetrazolium (dissolved at 25 mg/350 µL in
dimethyl formamide + 150 µL water); Western transfer buffer (4 L): 9.6 g Tris,
45.2 g glycine, 800 mL methanol, to 4 L with H2O; TBS-T (500 mL): 0.45 g
NaCl, 50 mL, 1 M Tris-HCl, pH 7.5, 500 µL Tween; Western substrate buffer
(10 mL): 250 µL, 4 M NaCl, 50 mL 1 M MgCl2, 1 M Tris-HCl, pH 9.5.

8. Autoradiography materials: 35S-methionine (Amersham); Flexi™ rabbit reticu-
locyte lysate in vitro translation kit (Promega); 10 mg/mL RNase A solution;
film (Kodak).

3. Methods

3.1. Making Plasmids for Production of Circular GFP-mRNA

A general-purpose plasmid, containing self-splicing introns, which produces
circular mRNA, must be created (Fig. 1; refs. 1,3). The ORF encoding GFP
(10), is inserted, as an end-filled BstB1-SacI fragment, into an end-filled NcoI-
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SacI-digested circular mRNA plasmid (Fig. 1A). This plasmid can be used
after subsequent engineering to allow expression of either monomeric or poly
GFP in either eukaryotic or prokaryotic systems (see Note 4). The translation
initiation sequences are inserted in-frame with the GFP ORF (Fig. 1). For the
prokaryotes, this produces a circular mRNA transcript containing 795 nucle-
otides, from which a ~30-kDa monomeric GFP (Fig. 1B and Fig. 2) or polyGFP
(the GFP stop codon is mutated to code for isoleucine) can be expressed. For

Fig. 2. Translation of GFP from circular mRNAs in E. coli. Western blot for GFP
expression from strains expressing various monomeric (A) and polymeric (B) GFP-
encoding circular mRNAs, and linear control mRNA. (A) Lane 1, linear GFP mRNA
control; lane 2, vector control; lane 3, monomeric GFP-encoding circular mRNA;
lane 4, monomeric GFP-encoding circular mRNA without translation initiation
sequence; lane 5, monomeric GFP-encoding lacking the 5' half group I intron element.
Arrowed “GFP” is protein species. Protein size markers are indicated. (B) As for (A),
except that infinite-encoding circular mRNAs are being expressed.
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eukaryotic expression using rabbit reticulocyte lysate, the DNA construct pro-
duces a circular mRNA transcript containing 1311 nucleotides encoding for a
~50-kDa monomeric GFP, or a polyGFP (after mutation of the GFP stop codon)
(Fig. 1C and Fig. 3).

3.1.1. Site-Directed Mutagenesis of GFP Start and Stop Codons
Prior to addition of ribosome entry signals, site directed mutagenesis is used

to create two sequence alterations in the circular GFP mRNA plasmid. The
first mutation (GFP-AUG) changes the existing initiating GFP-AUG, and is
necessary to ensure that no translation of the GFP ORF occurs from unspliced
linear RNAs. The author changed the AUG to UUA, which encodes for leu-
cine. This construct is used to make monomeric GFP in E. coli, and it acts as a
template for the second mutation. The second mutation (GFP-stop) alters the
GFP stop codon, to code for isoleucine (UAA to AUU).

1. Transform CJ236 (ung–, dut–) E. coli-competent cells with cylase-GFP plasmid.
Select transformed colonies by spreading dilutions of transformed cells onto
LB-amp agar plates after incubating overnight at 37°C.

Fig. 3. Translation of GFP from circular mRNAs in rabbit reticulocyte lysates.
Autoradiograph of in vitro translation products from monomeric (lanes 1 and 2) and
polymeric (lanes 3 and 4) GFP-encoding circular RNA plasmids. Lane 1, monomeric
GFP-encoding RNA lacking the 5' half intron; lane 2, monomeric GFP-encoding cir-
cular mRNA; lane 3, as for lane 1 except the polyGFP-encoding construct was trans-
lated; lane 4, polyGFP-encoding circular mRNA (as is the case in E. coli, a
heterogeneous collection of proteins is seen, ranging in size from ~50 to >300 kDa).
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2. Pick a single colony, and inoculate 2 mL LB-amp in a sterile test tube. Shake at
37°C for >6 h.

3. Transfer 60 µL to a fresh 3-mL aliquot of LB-amp liquid in a new tube, then add
2 × 107 pfu M13KO7 helper phage, and shake at 37°C for 2 h. Add kanamycin to
10 µg/mL, and continue shaking overnight at 37°C.

4. Pellet the cells, and remove 2 mL supernatant. Add 0.54 mL 20% polyethylene
glycol/2.5 M NaCl solution to the supernatant. Incubate for 15 min at room tem-
perature, then spin at 10,000g for 10 min to pellet phage particles.

5. Resuspend pellet in 100 µL TES. Add an equal volume of phenol–chloroform–
isoamyl alcohol, then vortex to mix. Spin at 10,000g for 5 min, to separate phases.
Transfer top phase to a new tube and repeat the phenol–chloroform–isoamyl alco-
hol extraction.

6. Add 0.1 vol 3 M NaAc (pH 6.0) and 2.5 vol ethanol, to precipitate single-stranded
DNA. Spin at 10,000g for 10 min. Remove the supernatant, and wash the pellet
with 70% ethanol (be careful not to disrupt pellet), and dry remaining solvent
under vacuum. Resuspend pellet in 30 µL water. About 3 µL of this single-
stranded DNA solution should be enough to use as template for site-directed
mutagenesis (as a guide, 3 µL should be easily visible by ethidum bromide stain-
ing, after electrophoresis through a 1% agarose gel).

7. Mix 3 µL single-stranded DNA with 50 ng phosphorylated oligonucleotide
containing mutagenic sequence designed to alter GFP-AUG or GFP-stop (see
Note 2) in a total volume of 10 µL. Incubate at 65°C for 10 min.

8. Add 10 µL 5X annealing buffer containing 1 mM each dNTP, 1 mM DTT, 1 mM
ATP, 400 U (New England Biolabs units; see Materials) T4 DNA ligase, and 3 U
DNA polymerase (see Note 1). Incubate at 37°C for 1 h.

9. Transform XL1-Blue (or equivalent rec– lab strain) E. coli with 0.1 vol mutagen-
esis reaction from step 8. Select for transformed bacteria on LB-amp agar after
overnight incubation at 37°C.

10. Isolate plasmid DNA by alkaline lysis from six or more cultures grown in liquid
LB-amp, and analyze for mutant sequences by restriction digest and DNA
sequencing (see Note 5).

3.1.2. Mutagenesis of Plasmids for Monomeric GFP Expression
in E. coli

1. A sequence designed for translation initiation in E. coli is inserted, by site-
directed mutagenesis (see Subheading 3.1.1.), into the circular mRNA construct
from Subheading 3.1.1. in which only the GFP-AUG is mutated. The oligo-
nucleotide for this is called “E. coli-SD” (see Subheading 2.1. and Note 1) and
contains an SD (10–13), an AUG codon for initiation, and a downstream box
(DB) (8; Fig. 1B). Although this sequence does recruit ribosomes in vivo (3;
Fig. 3), it is possible that alterations could enhance its activity (see Note 4).

2. The E. coli translation sequence is inserted in-frame and downstream of the GFP
ORF in the cyclic RNA transcription unit (Fig. 1A,B).
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3. To create this construct, follow the site directed mutagenesis procedure out-
lined in Subheading 3.1.1. substituting the E. coli-SD oligonucleotide for the
GFP-AUG or GFP-stop oligonucleotides (Fig. 1B).

3.1.3. Mutagenesis of Plasmids for PolyGFP Expression in E. coli
1. For poly GFP translation in E. coli, the author inserted the E. coli-SD oligonucle-

otide containing the sequence used in Subheading 3.1.2., but into plasmid from
Subheading 3.1.1., in which both the GFP-AUG and the GFP-stop had been
mutated.

2. Follow site-directed mutagenesis protocols in Subheading 3.1.1., remembering
to verify the exact sequence of this construct, very carefully, by dideoxynucle-
otide sequencing. For success of the polyGFP translation system, it is critical that
each nucleotide within the circularized mRNA is accounted for (see Note 5).

3.1.4. Plasmids for Monomeric GFP Translation
from Rabbit Reticulocyte Lysates

For translation in rabbit reticulocyte lysates, the IRES from the picornavi-
rus, encephelomyocarditis virus (14), is introduced downstream of the GFP
ORF in the DNA construct from Subheading 3.1.1., in which both the GFP-
AUG and the GFP-stop are mutated. The IRES fragment is inserted, by
subcloning, into the circular GFP mRNA plasmid (Fig. 1C). The author used
an IRES fragment that had been modified (5), to remove all potential in-frame
internal stop codons, so that polyGFP mRNA constructs could eventually be
created (see Subheading 3.1.5.).

1. Digest 1–5 µg picornavirus IRES-containing plasmid (5) with restriction enzymes
XhoI and BglII, using standard protocols and instructions from the manufactur-
ers. Likewise, digest 1–5 µg circular GFP mRNA plasmid with restriction
enzymes EcoRI and NcoI.

2. Digestion with these restriction enzymes leaves incompatible ends, so both the
IRES fragment and the circular GFP mRNA vector are repaired, using Klenow
DNA polymerase to generate blunt ends. For a 20-µL Klenow reaction, mix
restricted DNA, 1 µL of 0.5 mM dNTPs, 2 µL 10X filling buffer, 1–5 U Klenow,
and water to 20 µL. Incubate for 15 min at 30°C, and stop the reaction by adding
1 µL 0.5 M EDTA.

3. Steps 3 and 4 for digested GFP DNA only. Increase volume to 50 µL, extract
with phenol–chloroform–isoamyl alcohol, precipiate with ethanol, and isolate
DNA as in Subheading 3.1.1. Resuspend the DNA at 50–100 ng/µL in water.

4. To prevent self-ligation, add 2 µL of 10X dephosphorylation buffer, 0.5 U calf
intestinal phosphates/pmol DNA, and water to 20 µL. Incubate for 60 min at
37°C and terminate by addition of 1 µL 0.5 M EDTA. Repeat step 3 above.

5. Steps 5 and 6 for IRES DNA fragment only. To prevent religation into the original
vector, the author uses a “freeze-squeeze” procedure to isolate the IRES-contain-
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ing fragment. Run digested DNA on a 1% agarose gel containing 1 µg/mL ethidium
bromide in 1X TBE. Visualize DNA using an ultraviolet (UV) light-box.

6. Poke a small hole in a 0.5-mL tube and plug with small ball of tissue (e.g.,
Kimwipe); rest this tube in a 1.5-mL tube. Excise the gel containing the IRES
fragment from the gel and place it in the 0.5-mL tube. Freeze on dry ice for
~5 min. Spin the 0.5-mL tube (within 1.5-mL tube) at 10,000g for 10 min, and
collect DNA-containing supernatant now in the 1.5-mL tube. Repeat ethanol pre-
cipitation, and resuspend the isolated fragment in water at 100–200 ng/µL.

7. For ligation of vector and fragment, the author uses a molar ratio of ~1 vector:
2–5 fragment. Mix 50–100 ng GFP vector, 200–500 ng IRES fragment, 1 µL
10X ligation buffer, 400 U New England Biolabs T4 DNA ligase (see Materials),
and add water to 10 µL. Incubate 4–12 h at 16°C.

8. Isolate the ligated DNA by ethanol precipitation, and resuspend the pellet in
10 µL water. Transform E. coli XL1-Blue with 2–5 µL or the resuspended DNA.
Analyze for the IRES insert, by restriction digest and/or sequencing (see Note 5).
This plasmid is now ready for monomeric protein expression in rabbit reticulo-
cyte lysate.

3.1.5. Plasmids for PolyGFP Translation in Rabbit Reticulocyte Lysates
1. An additional round of site-directed mutagenesis is required to create circular

polyGFP mRNA encoding plasmids designed for translation in rabbit reticulocyte
lysates.

2. Despite using the circular GFP mRNA plasmid lacking the GFP-stop, insertion
of the IRES creates an in-frame stop codon at exactly one complete revolution of
the 1311 nucleotide circle (see Figs. 1C and 4).

3. A two nucleotide insertion by site directed mutagenesis using IRES-stop
oligonucleotide is required to create the circular polyGFP-ORF. Follow the site
directed mutagenesis protocol using the cyclic GFP plasmid containing the IRES
(Fig. 1C) as the template for mutagenesis.

3.2. Testing Circularization of In Vitro RNA Transcripts

Prior to introduction into E. coli or rabbit reticulocyte lysates, the circular-
ization efficiency for each of the constructs can be tested by making in vitro
RNA transcripts using T7 RNA polymerase and analyzing RNA products on
denaturing polyacrylamide gels. All the requirements for the circular mRNA
production are within a transcription reaction.

1. Linearize 1–2 µg plasmid template DNA with appropriate restriction enzyme and
resuspend in 20 µL sterile RNase-free water.

2. Assemble the transcription mix in the following order: 5 µL rNTP mix (10 mM
rATP, rCTP, rGTP + 1 mM rUTP), 10 µL 5X transcription buffer, 5 µL 0.1 mM
DTT, 6 µL dH2O, 1 µL RNasin, 2 µL α-32P-UTP (3000 Ci/mmol), 1–2 µg linear
DNA in 20 µL water, 1 µL T7 RNA polymerase.

3. Incubate at 37°C for 1 h. This reaction should be set up at room temperature (not
ice) to avoid precipitation of rNTPs or linear DNA template, which can occur in
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Fig. 4. Example of in vitro transcription of circular GFP mRNA from plasmids run
on 4% PAG containing GFP (lanes 1 and 2), monomeric GFP + E. coli initiation cas-
sette (lanes 3 and 4), polyGFP + E. coli initiation cassette (lanes 5 and 6). Lanes 2, 4,
and 6 are negative controls, in which the circular GFP mRNA plasmids have been
linearized to exclude the 5' intron sequence from the transcribed RNA. These RNA
species represent the 3' intron +internal circularizing GFP ORF, which is also the first
step of the group I splicing reaction. Lanes 1, 3, and 5 are complete circular GFP
mRNA plasmids, and show products of the group I splicing reaction. Product designa-
tions, and their approximate length, are indicated to the right and left of the panel,
respectively, and, from top to bottom, are: circularized RNA; unspliced precursor; 3'
intron + internal circularizing GFP ORF; nicked circular RNA; ligated 5' and 3' introns;
5' intron; 3' intron. Note the difference in migration of the nicked circular species and
the closed circular species.
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the presence of spermidine (found in the transcription buffer). Add 1 µL of RQ1
DNase I to remove DNA template from the mixture. Terminate DNase I treat-
ment by addition of 50 µL formamide dye mix.

4. Load 1–2 µL of the transcription mix onto a 40-cm, 4.5% denaturing (7 M urea)
polyacrylamide gel. Run until bromophenol blue has reached the bottom of the
gel. Dry the gel and analyze RNA products by exposing using either autoradi-
ographic film or a Phosphoimager screen. Circularized RNA can be detected as a
species distinct from other self-splicing RNA products in a variety of ways (e.g.,
Fig. 4; Note 6).

3.3. Testing for Protein Expression
3.3.1. Testing for Expression by Electrophoretic Analysis
3.3.1.1. PROTEIN EXTRACTION FROM E. COLI

1. Transform E. coli strain BL21(DE3), or another E. coli strain expressing T7 RNA
polymerase and designed for protein expression, with plasmids containing mono-
meric or poly GFP, and select on LB-AMP agar plates (see Note 7).

2. Grow 1-mL cultures of a single colony from each transformant in LB-AMP over-
night at 37°C with shaking.

3. Seed 5 mL LB-AMP to A600 of ~0.05, with overnight cultures.
4. Grow at 37°C, with shaking, to A600 ~0.4. Add IPTG (1 mM) and grow cultures

for another 4 h.
5. Pellet the cells, and resuspend them in 400 µL of 50 mM HEPES, pH 7.5. Lyse cells

by 2–3 15-s bursts using a sonicator. Clarify by centrifugation at 10,000g for 10 min
at 4°C. Decant, and save the supernatant. Protein extracts can be stored at –70°C.

6. Sonication destroys the repeating polyGFP multimers from the infinite encoding
constructs (data not shown). Protein from these can be isolated as follows. Pellet
cells and resuspend in 8 M urea–0.1 M NaH2PO4–10 mM Tris, pH 6.0. Freeze on
dry ice, then heat to 90°C for 5 min. Clarify by centrifugation at 10,000g for 10 min
at 4°C. Aliquots can be stored at –70°C.

3.3.1.2. DETECTION OF MONOMERIC AND POLYGFP BY WESTERN BLOTS

1. Determine protein concentrations of extracts with Bradford assay kit per manu-
facturer’s specifications.

2. For detection of polyGFP, equivalent total protein amounts (as determined in
step 1) are separated on 8% separating–4% stacking polyacrylamide–SDS gels.
For detection of monomeric GFP, 12.5% separating–4% stacking polyacryla-
mide–SDS gels are used. The author finds that 5–10 µL total cell lysate is suffi-
cient for Western analysis and visualization of both monomeric GFP and
polyGFP products (Fig. 2A,B).

3. Proteins are electrophoretically transferred to nitrocellulose membrane at 4°C,
50 V for ≥ 2 h in Western transfer buffer.

4. The nitrocellulose membrane is blocked by incubating in 3% BSA in TBS-T for
30 min at room temperature. Polyclonal GFP antibody is added at 1:1000 dilu-
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tion in TBS-T–3% BSA, and incubated for ~2 h at room temperature. The mem-
brane is washed in TBS-T 3 × 15 min, then incubated in TBS-T–3% BSA con-
taining IgG-goat-antirabbit secondary antibody at 1:1000 dilution for 1 h at room
temperature. The membrane is then washed in TBS-T 3 × 15 min, and GFP prod-
ucts visualized via conjugated alkaline phosphatase, in a solution of 17 µL BCIP
and 33 µL nitroblue tetrazolium in 5 mL substrate buffer.

3.3.1.3. TESTING FOR PROTEIN EXPRESSION IN RABBIT RETICULOCYTE LYSATES

BY AUTORADIOGRAPHY

To test for protein expression from circular mRNA constructs encoding
monomeric GFP or polyGFP from the mammalian expression cassette (Fig. 1),
mRNAs are transcribed in vitro, then incubated in a rabbit reticulocyte lysate
translation system (see Materials and Note 8) using 35S-methionine for auto-
radiographic detection of proteins (Fig. 4).

1. In vitro transcription can be done as described in Subheading 3.2., steps 1 and 2,
except radiolabeled α-32P-UTP is omitted. Instead, substitute 10 mM rUTP for
1 mM rUTP. Include RQ1 DNase treatment, to remove template DNA.

2. Add an equal volume (50 µL) of phenol–chloroform–isoamyl alcohol; mix, and
spin at 10,000g for 5 min. Transfer top phase to new tube, and precipitate the
RNA with ethanol. Resuspend the precipitated RNA in RNase-free water at
~1–2 µg/µL (usually requires ~10 µL of water).

3. The author typically uses 2–3 µg in vitro transcribed RNA in a 25-µL in vitro
translation reaction, and follows a proportionally scaled-down version of the stan-
dard 50-µL protocol found in the technical bulletin supplied with rabbit reticulo-
cyte lysates from Promega (with exceptions listed in Note 8). The author uses
35S-methionine as the radiolabeled amino acid. Generally, one-tenth of this reac-
tion (2–3 µL), is sufficient for electrophoresis in 10% separating–4% stacking
SDS-polyacrylamide gel (both products can be analyzed using 10% polyacryla-
mide as the separating gel).

4. Following electrophoresis, the gel is dried and used to expose film for autoradi-
ography or, if available, phosphoimager analysis (Fig. 3). In vitro translation
products of GFP are visualized via incorporated 35S-methionine.

3.3.2. Detection of GFP by Fluorimetry
GFP expression from the circular mRNAs in E. coli can also be analyzed by

looking for emission of green light, upon photoexcitation (11). This can be done
by observing E. coli colonies on a UV lightbox after growth on LB agar contain-
ing IPTG, or, for more sensitive and quantitative detection, by fluorimetry. The
author can detect fluorescence from E. coli expressing the monomeric circular
GFP mRNA constructs using either method, but The author is unable to detect
any fluorescence from the polyGFP expressing constructs (see Note 3).

1. Fluorimetry, if available, is the method of choice for detecting GFP expression
from circular mRNAs. The author uses a Perkin-Elmer (LS50B) luminescence
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spectrometer to do an emission scan with a 5 nm slit width at 240 nm/min. Exci-
tation is fixed at 397 nm and emission is scanned between 350 and 550 nm (peak
emission for the GFP derivative is 508 nm).

2. Cultures of GFP-expressing E. coli (2–3 mL) are grown overnight at 37°C. The
cells are pelleted and resuspended in 1 mL of water to analyze. A four-sided glass
cuvet, with a 10-mm path length works well in these assays (see Note 3).

4. Notes

1. Several other DNA polymerases work well in this protocol. The author has used
T7 DNA polymerase (from which Sequenase™ is a derivative), T4 DNA poly-
merase, and Klenow. Buffer requirements may vary, so be sure to check if using
a different enzyme.

2. Deoxyoligonucleotides for site-directed mutagenesis using the method described
in this chapter should be designed such that the mutant nucleotides are central
(e.g., a “band-aid” effect). For point mutations, such as those required to remove
start or stop codons in the circular GFP mRNA constructs, potential hybridiza-
tion 5' and 3' of the mutagenic region should be at least 10–12 bases, to ensure
efficient annealing. For larger sequence alterations, such as the insertion of the E.
coli expression cassette, The author recommends extending this potential hybrid-
ization to at least 17 nucleotides. Also, synthetic deoxyoligonucleotides do not
have phosphates at their 5' termini. For any ligation of the mutagenic strand,
these oligonucleotides must be phosphorylated, using standard molecular biol-
ogy protocols involving T4 DNA kinase.

The author carried out sequential mutagenesis reactions (i.e., first, the author
altered the GFP-AUG) then this was used as a template in a second mutagenic
reaction using the GFP-stop oligonucleotide), but there is no reason why both
could not be attempted simultaneously, by including both oligonucleotides in the
annealing step. If this is done, one needs to acquire the GFP-AUG as a single
mutation as well as in combination with the GFP-stop.

3. Prokaryotic in vivo translation of the monomeric GFP from the circular mRNA
constructs is relatively inefficient, compared with the identical linear constructs
(3). Thus, reduced fluorescence makes visualization by UV illumination with a
light-box difficult. To be certain that one is not observing autofluorescence
(which can be remarkably deceiving), it is essential to compare with non-GFP
expressing E. coli. The author could convincingly observe fluorescence from the
monomeric GFP constructs in E. coli using a UV light-box, and verified this by
fluorimetry. In contrast, the author was unable to distinguish any fluorescence
above background using the UV light-box method or fluorimetry when looking
at the polyGFP mRNA construct (3). Presumably, this means that multimeric
linked units of GFP are unable to fluoresce. The author has not analyzed why this
is the case, but the polyGFP may be inefficiently posttranslationally modified
(17), and/or not able to fold into the correct conformation to allow formation of
the cyclic tripeptide chromophore. Possibly the addition of a linker region between
the repeating GFP units would allow enough space for correct processing, fold-
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ing, and fluorescence. Additionally, because a heterogeneous collection of pro-
teins is observed, ranging in size from ~50 kDa (the size of the monomer) to
>300 kDa, possibly much of the polyGFP is made from incomplete GFP units
that might interfere with posttranslational processing.

4. Although the author has not tested other sequences, previous data (3) show that
both the SD and DB sequence motifs, in the translation initiation sequence of the
circular mRNAs, are necessary to produce maximal protein levels, as measured
in this experimental system. The author finds that the SD sequence contributes
more than the DB motif (3). Since very little is known about whether there is a
role for 5' ends of mRNA contributing to translation in E. coli, possibly the SD
and DB used in this study may not be best for exclusively internal initiation.
Other RNA sequence motifs may enhance direct ribosome recruitment, and thus
improve circular mRNA translation. Data also show that the apparent effects of
removing either the SD or the DB motif is minimized during expression from the
polyGFP ORF, compared to the monomeric GFP ORF (3), which indicates that
initiation is the rate-limiting step in translation in E. coli from circular mRNAs, at
least in the context of sequences contained in our circular GFP mRNA constructs.

5. The author recommends always sequencing mutagenic clones, particularly in the
region containing the mutation(s) because site-directed mutagenesis can some-
times introduce sequenced changes other than those intended. In addition to veri-
fying them by restriction digest. The author also strongly recommends sequencing
when fragments and/or vector have been end-filled. This is particularly critical
for the circular GFP mRNA constructs, in which each nucleotide must be
accounted for, to ensure the reading frame remains correct.

6. In vitro transcribed RNAs from the circular GFP mRNA plasmids can be ana-
lyzed for circularized products in several ways. Analysis of circular GFP mRNA
expression products on high- and low-% denaturing acrylamide gels leads to a
shift in mobility of nonlinear (i.e., circular) molecules, whereby circles run pro-
portionally faster than their linear counterparts on a low % gel, but proportion-
ally slower on a high-% gel (12). Only the migration of nonlinear, circularized
RNA species are affected in this way. Two dimensional denaturing gel electro-
phoresis (1) is another way of visualizing circular RNAs, which is an extension
of the first, but here a diagonal of linear RNA molecules is produced. The circu-
lar molecules appear above the diagonal, because of the reduction in mobility of
nonlinear species in higher-% polyacrylamide gels.

7. There are several commercially available strains of E. coli expressing T7 RNA
polymerase from a chromosomal gene copy. The author uses BL21(DE3) from
Novagen, in which T7 is under control of a regulated lacUV5 promoter that can
be induced using IPTG. The Novagen catalog (for 2000) and web site (18) con-
tain excellent overviews on protein expression and some detail regarding the
advantages and disadvantages of each strain variant. Because the author has not
tested strains other than BL21(DE3), comment cannot be made on their suitabil-
ity for expressing protein from our circular GFP mRNA constructs. If desired,
circularized mRNAs can also be analyzed by purifying total RNA from IPTG-
induced E. coli and doing Northern hybridization (3).
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8. The author found the following modifications necessary to optimize in vitro
translation products from our circular GFP mRNA plasmids. The author titrated
addition of 25 mM magnesium acetate and found 0.5/25 µL reaction optimal for
monomeric and polyGFP translation from IRES circular GFP mRNA constructs.
Similarly, the author found 1.2/25 µL reaction of 2.5 mM potassium chloride
increases translation efficiency. DTT was not added. An incubation time of 60 min
is sufficient. Following incubation, and prior to loading on polyacrylamide gel,
The author finds it necessary to add 0.5 µL 10 mg/mL RNase A to a 3-µL aliquot
of the reaction, to digest aminoacyl tRNAs, which produce background bands.
The GFP produced in the rabbit reticulocyte lysate system does not fluoresce in
our hands. The author was unable to obtain any GFP translation products using
the coupled transcription–translation kits from Promega.
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Fluorescence Lifetime Imaging (FLlM) of Green
Fluorescent Fusion Proteins in Living Cells

Ammasi Periasamy, Masilamani Elangovan, Elizabeth Elliott,
and David L. Brautigan

1. Introduction
1.1. The Need and Instrumentation
for Fluorescence Lifetime Imaging

Fluorescence microscopy is an exceptional tool for looking inside cells and
tissues. Recent advances in fluorescence microscopy, including improved optics,
sensitive fluorescent dyes, and high-sensitivity cameras, coupled with techno-
logical advances in computers and sophisticated software now permit quantita-
tive measurement and noninvasive acquisition of spectroscopic information from
a single living cell (1–4). Because of the specificity inherent in current fluores-
cence labeling techniques, and the sensitivity in fluorescence microscopic tech-
niques, it is possible to detect very small amounts of proteins with very high
sensitivity and precision. The enormous advantage of fluorescence is that most
fluorophores used in biology are excited by absorption, and emit light by
fluorescence, all within 100 ns. This time-scale coincides with the time-scale of
molecular interactions in biological systems under physiological  conditions.
As a consequence, changes in an active biological system may be followed,
theoretically by monitoring the fluorescence lifetime, i.e., the duration of the
excited state. To calculate the lifetime, multiple images are collected within ns
(a considerable technical challenge) then the decay of fluorescent intensity vs
time fit to one or more exponentials. The lifetime of a fluorophore can be used
to monitor functional and structural aspects of living specimens.

Instrumental methods for measuring fluorescence lifetimes are divided into
two major categories: frequency-domain (5) and time-domain (5–12). Fre-

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
Edited by: B. W. Hicks © Humana Press Inc., Totowa, NJ
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quency-domain fluorometers excite the fluorescence with light, which is sinu-
soidal and modulated at radio frequencies (for nanosecond decays), then meas-
ure the phase shift and amplitude attenuation of the fluorescence emission,
relative to the phase and amplitude of the exciting light. Thus, each lifetime
value will cause a specific phase shift and attenuation at a given frequency. For
single lifetime samples, the lifetime may be calculated directly from either the
phase shift or magnitude of the attenuation (or both, since both are available
from a single measurement). For multiple lifetimes, many measurements
are required over a range of excitation frequencies. In time-domain methods,
pulsed light is used as the excitation source, and fluorescence lifetimes are
measured from the fluorescence signal directly, or by using single photon
counting. The lifetime could be determined easily, using the two-gate-window
images (Fig. 1) without major computational processing (8).

Fluorescence lifetime imaging (FLIM) microscopy is an important advance
in fluorescence light microscopy. Existing fluorescence microscopy techniques
do not allow imaging of dynamic molecular interactions between cellular com-
ponents on a precise spatial and temporal scale. This imaging modality visual-
izes or monitors spatial and temporal information of environmental changes in
living specimens. Recent technological advances in high-speed lasers, as well
as sensitive, high-speed, gated image detection devices and image-processing
techniques, plus highly specific fluorescent probes, such as green fluorescent
proteins, have facilitated the development of FLIM. This chapter describes the
design and operation of a FLIM microscope that uses a picosecond-gated,
multichannel plate-image intensifier, providing two-dimensional (2-D) time-
resolved images of biological specimens. The technique is demonstrated in
adherent tissue culture cells that have been transiently transfected to express
green, cyan, or yellow fluorescent proteins fused a domain of DNA gyrase
that can be dimerized by addition of the double-headed compound coumermy-
cin A. Specimens were placed on an infinity-corrected Nikon epifluorescence
microscope, coupled to a Coherent tunable, femtosecond, Ti-sapphire,
pulsed laser and a frequency doubler, to provide 440 nm excitation light (Fig. 2).
After synchronizing the high-speed, gated-image intensifier to the excitation
laser pulses, time-resolved nanosecond images of fluorescent emission were
acquired. These images were processed pixel-by-pixel for single exponential
decay to obtain images based on fluorescence lifetimes (Figs. 3 and 4). The
FLIM method is expected to have many applications in studying the dynamic
behavior of proteins in living cells.

1.2. Theoretical Principles of Lifetime Imaging

When a fluorophore absorbs light, one of the electrons goes from its ground
electronic state (S0) to an excited vibrational level within a higher electronic
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Fig. 1. Illustration of gating procedure to acquire time-resolved FLIM image acqui-
sition for single exponential decay. For double exponential decays, four-gated images
should be acquired, then processed using equations, as described in the literature (11).
(Also on CD-ROM.)

Fig. 2. Schematic illustration of the fluorescence lifetime imaging (FLIM) system.
SyncE-synchronization electronics. (Also on CD-ROM.)
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Fig. 3. Time-resolved nanosecond images (TR) of cyan fluorescent protein (CFP)
tagged to the GyrB protein. These preliminary images were acquired using lifetime
imaging microscopy equipment by synchronizing the LaVision PicoStar gating camera
to Coherent Ti:sapphire laser. COS7 cells expressing CFP-GyrB were placed on a
Nikon TE 300 epifluorescence microscope stage and the laser was tuned to 880 nm
and doubled to 440 nm to excite the CFP fluorophore molecules tagged to the proteins.
A 60× water-immersion lens was used to acquire the TR and the lifetime image
was processed on a pixel-by-pixel basis using the single exponential decay Eq. 5
(2 and 3). The histogram of the lifetime image (L) is very narrow, compared to the
intensity image (I). The intensity image shows some spatial heterogeneity of CFP
distribution, compared to the lifetime image. The average lifetime of CFP, in the
absence of acceptor (YFP), is ~1.7 ns. (For optimal, color representation please see
accompanying CD-ROM.)
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energy level, the excited state (S1). Within picoseconds the electron decays
through bond vibrations and collisions with neighboring molecules to the low-
est of the multiple vibrational levels within the excited electronic state (S1)
without emitting a photon. The excited electron can then decay over a few
nanoseconds to one of the excited vibrational levels within the ground elec-
tronic state by emission of a photon (fluorescence), whose wavelength is longer
than the excitation wavelength. Molecules can also undergo conversion to the
triplet state, and decay over microseconds to milliseconds to a ground state by
emission of a photon (phosphorescence) (Fig. 5A).

The fluorescence lifetime (τ) is defined as the average time that a molecule
remains in an excited state prior to returning to the ground state. For single
exponential decay of fluorescence, the fluorescence intensity, I(t), as a func-
tion of time, t, after a brief pulse of excitation light, is described by Eq. 1:

I(t) = I0 exp (–t/τ) (1)

where I0 is the initial intensity immediately after the excitation pulse. In prac-
tice, the fluorescence lifetime is defined as the time in which the fluorescence
intensity decays to 1/e of the intensity, immediately following excitation
(Fig. 5B). Excited-state lifetime measurements are independent of excitation

Fig. 4. FLIM–FRET data for CFP-YFP-GyrB fusion protein dimerization in COS7
living cells, by adding 100 µM coumermycin. Time-resolved donor images were
acquired in the presence and absence of the acceptor (not shown). The single exponen-
tial decay of the donor-alone lifetime (τD, cyan color) and the donor in the presence of
acceptor (τDA, yellow color) were processed pixel-by-pixel using the decay equations
(2 and 3). The occurrence of protein dimerization was shown by quantitating the
lifetimes on two different conditions (τD = 1.7 ns; τDA = 1.4 ns). The efficiency (E) and
the distance (r) between two fluorophores (CFP and YFP) in the fusion proteins were
calculated (E = 18%; r = 6.8 nm). Moreover, note the distribution of lifetimes of
the protein complex (τDA), and that kind of spatial and temporal resolution cannot be
obtained in the steady state FRET imaging. Note that different cells were used to quan-
titate the donor lifetime, in the presence and the absence of acceptor (YFP). (For opti-
mal, color representation please see accompanying CD-ROM.)

07/PT-Periasamy/87-100/F[4.30.2 05/02/2002, 10:20 AM93



94 Periasamy et al.

light intensity, probe concentrations, and light scattering, but highly dependent
on the local environment of the fluorophore.

Conventional fluorescence microscopy gives measurements of intensity that
provide images to reveal primarily the distribution and amount of stain in the
cell. In contrast, the time-resolved lifetime fluorescence microscopic technique
potentially allows monitoring of interactions between cellular components at
very high temporal resolution. To date, most measurements of fluorescence
lifetimes have been performed in solution or cell suspensions, although fluo-
rescence lifetime measurements through a microscope have been reported,
using photon counting (12). Unfortunately, these photon-counting instruments
do not allow visualization (either 2-D or 3-D) of fluorescent lifetimes in two
dimensions. FLIM was developed to overcome this drawback and still provide
the ability to use the power of fluorescence lifetime measurements (7–9). A
fluorophore in a microscopic sample may exist, e.g., in two environmentally
distinct regions and have a similar fluorescence intensity distribution in both
regions but different fluorescence lifetimes. Measurements of fluorescence
intensity alone would not reveal any difference between two or more regions,
but imaging of the fluorescence lifetime can reveal such regional differences.
Shown in the example Fig. 4, dimerization caused a change in lifetime but no
change in steady state fluorescence.

2. Materials
2.1. Laser, Microscope, and Camera System

1. A schematic of the FLIM microscope system we use is shown in Fig. 2. Dis-
cussed below are various components involved in setting up the lifetime imaging
system (see Note 1).

Fig. 5. (A) Energy-level diagram showing the lifetime range of fluorescence and
phosphorescence. (B) Illustration of multiexponential fluorescence lifetime decay.
(Also on CD-ROM.)
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a. A tunable Verdi-pumped Ti:sapphire laser system, providing 150-femto-
second excitation pulses, at repetition rate of up to 76 MHz (Coherent, Santa
Clara, CA) is tuned to 880 nm.

b. The frequency is doubled using Coherent frequency doubler to 440 nm to
excite the cyan fluorescent protein (CFP).

c. This pulsed blue laser line was coupled to a Nikon inverted epifluorescent
microscope, through beam-steering optics.

d. A 60×-water immersion, 1.2 numerical aperture (NA) objective lens was used
for the experiments. For laser coupling to a microscope, one should consider
a nonphase objective lens, to minimize any light scattering.

e. The output side port of the microscope was coupled to a high-speed, gated
image intensifier, to acquire the time-resolved fluorescent images.

f. The high-speed gated camera system (PicoStar HR; LaVision, Goettingen,
Germany) consists of camera head (CCD and image intensifier) and its con-
trol units (TTL-I/O synchronization board and A/D converter). This intensi-
fied gated/modulated camera gate pulse driver has a bandwidth of 1 GHz, and
it has internal pulse forming circuitry to provide gate widths less than 300 ps,
at trigger rates from single shot to 110 MHz. The camera features an internal
microcontroller with a front panel LCD display and keypad for all functions.
The intensifier and the CCD are provided in a remote housing, with a flexible
connection to the respective control units. The output of this intensifier was
coupled, by fiber optics or lens, to a 16-bit CCD chip at 12.5 MHz readout
(640 × 480 pixels). After synchronizing the gated camera to the excitation
laser pulses, time-resolved (TR) nanosecond images were acquired, as shown
in Fig. 3.

2.2. DNA Vector Preparation

1. The pECFP and pEYFP vectors (Clontech) for use as polymerase chain reaction
(PCR) templates.

2. A vector containing the coding region of the B subunit of bacterial DNA gyrase
(GyrB) (kindly provided by Dr. Michael Farrar, Merck).

3. The pRK7 vector similar to Clontech’s pcDNA3 vector, having a CMV promoter
with excellent mammalian-cell expression (kindly provided by Dr. Ian Macara,
University of Virginia).

4. PCR primers: 5' primer to introduce an XbaI (underlined) site into the ECFP and
EYFP inserts: 5'-GCTCTAGAGCCACCATGGTGAGCAAG-3', and a 3' primer
to add three Gly residues, a BamHI (bold) site, and a EcoRI (underlined) site to
the ECFP and EYFP inserts, 5'-CGGAATTCTCAGGATCCGCCGCCCCCCT
TGTACAGCTCGTCCAT-3'.
5' primer to introduce a BamHI (underlined) site into the GyrB insert: 5'-GCGG
ATCCAGCAATTCTTATGACTCC-3', and a 3' primer to introduce an EcoRI
(underlined) site after the GyrB stop codon: 3'-AAGGTGATACTTCCGACT
CTTAAGCG-5'.

5. T4 DNA ligase and buffer (New England Biolabs).
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6. Restriction enzymes and buffers: XbaI (Gibco-BRL), BamHI and EcoRI (New
England Biolabs).

7. Agarose gel (Gibco-BRL) and electrophoresis apparatus (Fisher).
8. E. coli strain XL-1 Blue (Stratagene).
9. Plasmid DNA agarose gel purification kit and plasmid miniprep kit (Qiagen).

2.2.1. Cell Culture and Slide Preparation

1. COS7 cells and medium: High glucose Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco-BRL) supplemented with 10% newborn calf serum.

2. Fibronectin-coated cover glasses.
3. Fugene 6 transfection reagent (Roche)
4. 10 mM coumermycin A1 (Sigma) in dimethyl sulfoxide stock solution.
5. 4% Paraformaldehyde in phosphate-buffered saline (PBS).
6. 50 mM ammonium chloride in PBS.

3. Methods
The cloning of the jellyfish GFP, and expression of GFP fusion proteins in

a wide variety of cell types, has proven that this fluorescent protein can be a
versatile marker for both gene expression and protein localization in living
cells or tissue (13–15). This fluorescent protein does not require any cofac-
tors, substrates, or additional gene products. GFP retains its fluorescent prop-
erties when fused to other proteins, allowing fluorescence microscopy to be
used to visualize dynamic changes in protein localization in living cells.
Recently, several mutant variants of the GFP, with emission in blue, green,
cyan, and yellow spectrum have become available (4). The cyan fluorescent
protein (CFP) version is mutated at six residues (F64L, S65T, Y66W, N146I,
M153T, and V163A), and the yellow fluorescent protein (YFP) version, is
mutated at four residues (S65G, V68L, S72A, and T203Y). The expression
of genetic vectors encoding protein fusions with these mutant forms of GFP
provides a general method for labeling proteins in cells or tissue. Charac-
terizing these GFPs spectroscopically is important, so that it is easier to quan-
titate the expression of signal in many applications, such as protein
interactions under physiological conditions using the fluorescence resonance
energy transfer (FRET) method (13).

3.1. CFP Plasmid Construction and Cell Transfection

3.1.1. DNA Vector Preparation Protocol

1. Perform PCR on the pECFP and pEYFP plasmids, using the two primers listed in
Materials to engineer in the XbaI and BamHI/EcoRI sites. Similarly, perform
PCR on the GyrB plasmid, using the two primers listed above, to engineer in the
BamHI and EcoRI sites.
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2, Digest the ECFP and EYFP PCR products with XbaI and EcoRI, the GyrB PCR
product with BamHI and EcoRI.

3. Digest the pRK7 vector with XbaI and EcoRI. Separately ligate the ECFP and
EYFP fragments into the pRK7 vector using T4 DNA ligase. Purify the product
plasmid by agarose gel electrophoresis. Digest the pRK7-ECFP and pRK7-EYFP
vectors with BamHI and EcoRI, and, as above, ligate with the GyrB fragment.

4. Transform Escherichia coli (strain XL-1 Blue) with the pRK7-ECFP-GyrB and
pRK7-EYFP-GyrB plasmids.

5. For eukaryotic cell transfection, perform a plasmid DNA miniprep and isolate
the plasmid DNA using a Qiagen miniprep kit following the manufacturer’s
directions.

3.1.2. Cell Culture and Slide Preparation

1. Transiently transfect COS7 cells (plated onto fibronectin-coated cover glasses in
35-mm dishes) with either 0.5 µg pRK7-ECFP-GyrB, 1 µg pRK7-EYFP-GyrB,
or a mixture of both vectors (at the same ratio) using Fugene 6 transfection
reagent (according to manufacturer’s directions). Incubate cells in 10% NCS-
DMEM for at least 12 h at 37°C.

2. To induce dimerization of the GyrB fusion proteins for FRET, treat the cells with
100 µM coumermycin, an antibiotic composed of two GyrB binding arms
(CFP:GyrB-C-GyrB:YFP). Add the coumermycin to fresh, warmed, serum-free
DMEM, before adding it to the culture dish; incubate the cells for 20 min at
37°C. Keep a duplicate set of cultures untreated for controls.

3. Immediately rinse the cover glasses with PBS and fix in 4% paraformaldehyde in
PBS for 15 min at room temperature. Rinse twice in PBS, and then quench the
paraformaldehyde with 50 mM ammonium chloride for 10 min. Rinse twice again
with PBS before mounting and sealing the cover glasses onto glass slides. Slides
may be stored at 4°C.

3.2. Time-Resolved Image Acquisition and Processing

A rapid lifetime determination method, which uses two windows in the
single exponential decay curve was used to calculate the lifetime (Figs. 1 and
3). This method was employed to calculate τ values for CFPs, because it
reduces the time involved in lifetime determinations, and provides results
whose accuracy is comparable to that of conventional curve-fitting methods
(9). As shown in Fig. 1, the fluorescence decay is detected at two different
delay times, t1 and t2, with the gate width, ∆T. The gated fluorescence signals
(D0 and D1) can be described as for single exponential decay (9). The lifetime,
τ, and pre-exponential factor, A, can be extracted from Eqs. 2 and 3:

τ = (t2 – t1) / ln (D0/D1) (2)

A = (D0/τ) exp (–t1/τ) [1-exp (∆T/τ)] (3)
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Thus, the fluorescence lifetimes and pre-exponential factors can be calculated
directly from four parameters (D0, D1, t1, and t2), without fitting a large number of
data points, as is required by conventional least-squares methods (see Note 3).

1. For determining τ of CFP and YFP, transiently transfected and fixed COS7 cells
treated with 100 µM coumermycin are placed on the microscope stage (see Note 2).

2. The average power of the laser at the specimen plane (1 mW at 76 MHz) needs to
be carefully selected to reduce photodamage and photobleaching of the specimen
(see Note 4).

3. Synchronize the camera gating to the excitation of the specimen by the laser
pulse generator.

4. Following delivery of an excitation pulse, the camera is turned on for a very brief
interval (∆T), at some delay time (t1) after the pulse, and the emitted fluorescence
signal from the camera is acquired on the cooled CCD.

5. The image derived from the second gate is collected in the same way after chang-
ing the delay time (t2, t2> t1), then the gating intensifier is turned on.

The fluorescence lifetime 2-D image was obtained with single exponential
decay (Figs. 3 and 4) by processing the two time-shifted gate images on a pixel-
by-pixel basis (using Eqs. 2 and 3), then displaying the image on the color
monitor (9). The algorithm is simple, easy to implement, and suitable for large
2-D data processing (see Notes 5 and 6).

4. Notes
1. By adjusting the time-delay unit and displaying the respective signal on the oscil-

loscope, one can accomplish the synchronization of the signals between the exci-
tation laser pulses to the gating electronics of the gated image intensifier. The
signal from the specimen should be stronger to obtain a lifetime image with good
signal-to-noise (S/N) ratio, e.g., a well-labeled cell could take ~500 ms accumu-
lation time to obtain a decent S/N image. Commercial units are available, but do
not have a temporal resolution for data like the unit described in this chapter.

2. Depending on experimental condition, the live specimen could be maintained on
the microscope stage. It requires only a few seconds to acquire the lifetime data.

3. The specimen image without labeling should be used to eliminate the
autofluorescence lifetime. Also, the system should be calibrated with known stan-
dard fluorophore molecules before implementing this technology for the biologi-
cal specimen.

4. The excitation intensity should be chosen in such a way that the change in gray-
level intensity should be <10 gy-level intensity units, for ~1 min continuous data
collection mode. As mentioned previously, the photobleaching is negligible since
the collection of the lifetime data require only a few seconds.

5. Even though the lifetime imaging mode provides high temporal and spatial reso-
lution, the double exponential decay processing option helps to discriminate
the binding and nonbinding condition of proteins, calcium, etc. The number of

07/PT-Periasamy/87-100/F[4.30.2 05/02/2002, 10:20 AM98



FLIM of Fusion GFPs in Living Cells 99

gates one could acquire is controlled by the strength of the signal levels from
the biological specimen, and the repetition rates of the laser pulse and the gating
camera. So far, we have derived the decay equations for double exponential
decays, which required four gated images, whether the cells are singly, doubly,
or triply labeled. The lifetime measurements report change in the environmen-
tal (dynamic activity) conditions of the biological system.

6. One could obtain a 3-D (x, y, lifetime) distribution of the lifetime of live or fixed
biological specimen. It is also possible for one to collect images from different
optical sections of the specimen, but it would require more deconvolution pro-
cessing of the acquired images, since the described system uses a wide-field fluo-
rescence microscopy system. One could also use confocal or multiphoton lifetime
imaging system to acquire lifetime images at different optical sections, but that
would require a spot scanning photomultiplier tube as a detector and different
hardware and electronics configurations.
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Fluorescence Resonance Energy Transfer (FRET)
Applications Using Green Fluorescent Protein

Energy Transfer to the Endogenous Chromophores
of Phycobilisome Light-Harvesting Complexes

Jasper J. van Thor and Klaas J. Hellingwerf

1. Introduction
Fluorescence resonance energy transfer (FRET) is a technique that can be

used to estimate intermolecular distances between pigment molecules, which
is an approach first proposed by Stryer (1). The theoretical basis for FRET was
originally put forward by Förster (2,3), and is related to “Fermi’s golden rule”
for electronic interactions. This chapter explains how and when FRET can be
used, and what the physical basis is of the energy transfer events. The point is
stressed that, in most cases, FRET cannot be used to directly measure intermo-
lecular distances, but only to estimate them. The reason for these uncertainties
are made clear. First, the mechanisms of fluorescence and fluorescence energy
transfer are briefly introduced.

Consider a pigment molecule that has absorbed a photon with energy hν
matching the energy difference between a ground-state energy level and an
energy level of the first excited state. Absorption of a photon with an energy
matching the first transition is usually called the S0 – S1 transition, and corre-
sponds to the absorption band with the longest wavelength (the lowest fre-
quency) of the pigment. Usually absorption bands are broad because of the
thermal population of substates with discrete energy levels of both the ground
state and the excited state.

When the excited state of a molecule is populated, there are several possible
fates for this high-energy state. It may decay back to the ground state without
emission, thereby converting the electronic resonance energy into vibrational,

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
Edited by: B. W. Hicks © Humana Press Inc., Totowa, NJ
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rotational and/or translational energy (heat), which is also referred to as an
“internal conversion” process. For pigments utilizing internal conversion as a
major deactivation channel, the excited state typically lives no longer than a
few picoseconds. For other pigments, photoproducts are formed with altered
electronic ground-state conformations. A well-known example of this is
photoisomerization of the 11-cis-retinal chromophore to all-trans-retinal in
visual rhodopsin. In this case, the excited state has enough energy to cross a
barrier, leading to a new ground state with an isomerized double-bond configu-
ration. In the case of green fluorescent protein (GFP), neither the thermal decay
to the ground state, nor the formation of a photoisomerized ground state prod-
uct, is competitive with the radiative decay process. The isomerization process
is inhibited by tight packing of the chromophore (fluorophore) within the pro-
tein interior. With a certain low probability, the excited (singlet) state can also
be converted to a triplet state, which is referred to as “intersystem crossing.”
Triplet states have a lower energy and can be very long-lived (microseconds to
hours), because the triplet → singlet transition is “forbidden.” Those molecules
that have an intrinsically high rate of triplet-formation become phosphorescent
because of radiative decay from the triplet to the ground state.

When none of these processes occur with a high probability, the pigment is
fluorescent. In this case, the excited state decays radiatively with a lifetime, τ,
typically of nanoseconds (ns). However, within the excited state, there is an
ultrafast relaxation process that produces the lowest energy level accessible to
the excited state. This relaxation process is accompanied by some energy loss,
which is the reason that fluorescence emission is red-shifted compared to the
absorbed light; its size is expressed as the “Stokes shift.” As a rule, FRET
donors need to be fluorescent.

Several possible mechanisms exist for nonradiative transfer of excited state
resonance energy between pigment molecules. A first distinction is made
between transfer via exchange of electrons and via Coulombic (electronic)
interactions. Three different descriptions of energy transfer can be formulated,
two of which result from Coulombic interactions.

First, the exchange (Dexter) mechanism is operative only when the excited
state is long-lived transfer via Coulombic interactions does not occur, because
transitions are forbidden, and the distance between the pigments is very small.
The transfer of excited-state energy in this case is accomplished via actually
exchanging a donor-electron, from an excited-state orbital, with the unoccu-
pied excited-state orbital of an acceptor, and simultaneously exchanging in
return an electron from a ground-state orbital. In most cases, however, contri-
butions from this exchange mechanism can be neglected.

Second, FRET occurs when the donor excited state is sufficiently long-lived
(ns); the energy of the emission of the donor is matched by an optical transition
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of the acceptor pigment, and the distance between the donor and acceptor mol-
ecules is short (in the nm range). Even though this energy transfer is radiation-
less, the emission wavelength of the fluorescent donor is considered, since the
amount of transferred energy is the same as the energy that is otherwise released
as fluorescence in the absence of an acceptor. The efficiency of this form of
energy transfer is extremely sensitive to the intermolecular distance. The rate
of energy transfer by the FRET mechanism is a function of the inverse of the
sixth power of the distance (see below). FRET is also known as “Förster energy
transfer,” and is also referred to as weak coupling.

Third, strong excitonic coupling also occurs via Coulombic interactions, but
only when two pigment molecules are very close (typically about an Å). Strong
coupling can be interpreted in terms of mixed molecular electronic orbitals; the
excited-state orbital is in essence shared by a dimer of pigment molecules. A
well-known case of strongly coupled chromophores is the bacteriochlorophyll
a dimer, forming the primary donor of the bacterial reaction center.

Except for strong excitonic coupling, all the abovementioned mechanisms
result in depopulation of the excited state, and can therefore contribute to the
overall rate (ktotal) of deactivation:

τ total = 1
ktotal

 = 1
kfluorescence + kthermal–deactivation + ktriplet + kphoto–product + kexchange + kFRET

(1)

However, a scenario with significant contributions by all terms summed in
Eq. 1 is very improbable. Depending on the physical state of a pigment, the
rate of some reactions is negligible, thus defining its specific optical proper-
ties. In the absence of energy transfer, for fluorescent molecules, Eq. 1 is
reduced to:

τ total = 1
ktotal

 = 1
kfluorescence + kthermal–deactivation + ktriplet + kphoto–product

(2)

or:

τ total = 1
ktotal

 = 1
kfluorescence + kother 

(3)

Now, a so-called radiative rate constant (kradiative) is introduced, which in fact
equals the rate of fluorescence decay (kfluorescence) in these expressions.

τ total = 1
ktotal

 = 1
kradiative + kother 

(4)

φ fluorescence  = kradiative

ktotal
(5)
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Note that the fluorescence lifetime that is determined experimentally equals
τtotal, and not τfluorescence. The latter parameter is an intrinsic property of the
pigment molecule that can only be derived when both τtotal (or τobserved) and the
fluorescence quantum yield, Φfluorescence are known. The radiative rate is the
rate of fluorescence decay that would be determined experimentally, when the
fluorescence quantum yield equals 1.

The radiative rate constant of any pigment molecule can be calculated, using
theoretical grounds, from its absorption spectrum, since the latter is directly
related to the transition dipole strength. Usually, it is determined experimen-
tally by measuring both the rate of fluorescence decay and the absolute quan-
tum yield of fluorescence. For wild-type GFP, both parameters are known:
excitation at 395 nm, at pH 8.0 Φfluorescence = 0.79, and τobserved = 3.3 ns, so ktotal

= 1/3.3 × 10–9 s–1 = 3.03 × 108 s (4,5). Therefore kradiative = (0.79)3.03 × 108 s–1 =
2.39 × 108 s–1. It is thus derived from Eqs. 4 and 5 that, under the conditions
mentioned, the total rate of deactivation of the excited state of GFP, via mecha-
nisms other than fluorescence, equals 6.36 × 107 s–1, which is obviously much
smaller than the rate of radiative decay. It is also known that these values do
not include contributions from energy transfer (kexchange + kFRET = 0 s–1).

Now consider conditions in which a molecule of GFP is in close proximity
to a pigment molecule that is able to absorb light with a wavelength of 508 nm
(which equals λemission of GFP). In this case, kexchange would be a negligible
contribution compared to the other deactivation processes. In general, with
FRET applications based on GFP, the rate of the exchange mechanism
(kexchange) can neither compete with the rate of fluorescence decay (kfluorescence),
nor with the rate of resonance energy transfer (kFRET). Therefore, kexchange is
generally neglected in cases in which Coulombic interaction can lead to energy
transfer. Strong excitonic interactions can also be neglected in all cases
involving GFP, since donor and acceptor molecules must be almost in physical
contact for this interaction to occur. Clearly, this cannot happen, because the
β-barrel shape of the GFP shields the fluorophore from such contacts. For
applications of GFP (and many other fluorophores), the rate of energy transfer
is therefore always approximated by kFRET only. When energy transfer occurs
from GFP to an acceptor molecule, an additional pathway of deactivation is
introduced. Equation 1 can be used to calculate kFRET, with the following
simplification:

k
total 

= k
radiative

 + kother + k
FRET

(6)

which amounts to:

ktotal
FRET

 = k total
no FRET

 + k FRET (7)

and therefore:
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φfluorescence
FRET

φfluorescence
no FRET

 = 
τtotal

FRET

τtotal
no FRET

 = 

1
kradiative + k other + k FRET

1
kradiative  k other

 = 
ktotal

no FRET

τtotal
no FRET  + kFRET

(8)

Relative changes of fluorescence quantum yield can be obtained experimen-
tally by using a fluorescence spectrophotometer, a device present in many
biological labs. In order to determine kFRET, conditions must be defined within
the same sample, where GFP does and does not participate in energy transfer,
respectively. In that case, relative changes of the fluorescence quantum yield
can be used to solve Eq. 8, assuming that (ktotal)no FRET can be taken from the
literature. Whenever possible, the absorption of GFP should be quantified in
the sample, so that the absolute fluorescence quantum yield can then be
determined using a standard dilution series of purified recombinant GFP.
However, this may not always be possible, depending on the nature of the
sample. In the example discussed below, the abundance of the GFP fusion
protein was not high enough in the sample, which also contained high
concentrations of phycobilisome light-harvesting complexes, to quantify the
absorption of GFP. Another possibility is to determine (ktotal)FRET

 directly, by
determining the fluorescence lifetime. This, however, is a complex experiment
and requires specific expertise and equipment.

For obvious reasons, GFP has found many applications for FRET-experi-
ments. In this chapter, experimental requirements for FRET applications are
considered, and illustrated with an application involving energy transfer from
GFP to the endogenous chromophores of light-harvesting antennae. Since a
number of GFP mutants are presently available with altered spectroscopic prop-
erties (see Chapter 1 of this volume, and, for a review, see ref. 6), many endog-
enous chromophores can now also be selected for FRET studies, including
chlorophylls, carotenoids, flavins, photoreceptor molecules, and others.

One possible application is the in vivo detection and quantification of redox
intermediates by FRET. For example, certain members of the flavoproteins
(such as ferredoxin:NADP+ reductase; [FNR]) tend to accumulate semiquinone
states (i.e., single-electron reduced) during electron transport turnover. Such
semiquinone states are known to have increased absorption, compared to the
fully oxidized and reduced states, usually ~500 nm. The formation of such
states could be detected from the increase of FRET efficiency in a fusion pro-
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tein consisting of wild-type GFP and the particular flavoprotein. It should be
taken into account, however, that the fluorescence intensity of all phenolate
anion mutants of GFP shows a distinct dependence on the pH. Therefore, for in
vivo applications, wild-type GFP is recommended, since its pH sensitivity is
much lower.

2. Materials
1. A scanning spectrophotometer. Spectrophotometers of high quality are produced

by Aminco (the DW 2000), Cary, Hewlett Packard, Pharmacia LKB, and
Shimadzu.

2. A scanning fluorescence spectrophotometer. Suitable fluorimeters are produced
by Aminco-Bowman, Hewlett Packard, Perkin Elmer, Shimadzu, and Spex. For
fluorescence anisotropy measurements, the fluorimeter must be equipped with
polarizers. The Aminco-Bowman Series 2 Luminescence Spectrometer was used
for the experiments described here.

3. Purified recombinant GFP, which can either be obtained commercially (from
Clontech) or prepared by described methods (7).

4. A solution of sodium fluorescein in 0.1 M NaOH (λmax = 490 nm), which can be
used as a fluorescence quantum yield standard as well as a control for fluores-
cence depolarization (see Subheading 3. and Note 6).

5. Software for data manipulation and calculation. The software package, Origin
6.0, can be used for all the operations described in this chapter. Operations on
sets of data with a different x-axis scaling (such as absorption and fluorescence
spectra measured with different spectral resolution) can be performed with Ori-
gin 6.0, but also with software programs for spectroscopic data analysis, such as
Grams. Packages that can perform integrations of curves, besides Origin 6.0, are,
among others, Tablecurve, Grams, and Peakfit.

6. Control phycobilisomes and recombinant phycobilisomes isolated from a
Synechocystis PCC 6803 mutant expressing a fusion protein containing the
N-terminal phycobilisome-binding domain of FNR fused to GFPuv (8).

3. Methods
3.1. Calculation of FRET Parameters

Many different versions of the formulas describing weak interaction can be
found in the literature. Here, the relevant formulas are tabulated, together with
references. In addition, suggestions are provided about how to proceed practi-
cally with these calculations.

The Förster formulas can be derived from a quantum mechanical descrip-
tion of electron transfer, known as “Fermi’s golden rule” (for formal notation
and explanation of these formulas, see ref. 9). The Förster equation describing
excitation energy transfer is an approximation, because the electronic coupling-
term of Fermi’s golden rule (containing the quantum-mechanical overlap
wavefunctions for the ground and excited states) is approximated by accounting
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only for the dipole–dipole interactions. This approximation is usually consid-
ered to be very appropriate (10,11). For a comprehensive review of the subject,
see ref. 11).

1. The most complete form of the Förster equation, describing the rate of energy
transfer from donor (D) to acceptor (A) (kDA = kFRET) is:

kDA = 9 × 1045(ln10)κ2kradiative
D

128  π5n4NRDA
6

fD (ν) εA(ν)ν–4dν (9)

in which: kDA = kFRET (s–1); κ = pigment geometric factor; kD
radiative = radiative

decay rate of the FRET donor (s–1) (see above); n = refractive index; N = Avagadro’s
number (number of molecules/mol) (mol–1); RDA = actual distance between donor
and acceptor pigment (nm) (for explanation of further symbols, see below).

2. However, it is more practical to use two separate equations. Eq. 10 describes the
energy transfer rate, kDA, as a function of the distance between the pigments.
Eq. 12 contains the spectral parameters and the orientation factor, κ2 for the
donor and acceptor pigment:

kDA = kradiative
D  R0

RDA

6
(10)

in which: kD
radiative = radiative decay rate of the donor (s–1); R0 = Förster critical

radius (nm), the distance at which FRET efficiency EFRET equals 0.5.; RDA =
distance between donor and acceptor (nm).
Equation 10 is often presented in a different form, which directly relates RDA to
the FRET efficiency EFRET (EFRET = 0.5, when kFRET = kradiative):

EFRET = 1 + RDA

R0

6 –1
(11)

3. A separate expression allows calculation of the Förster critical distance (or
radius), R0.

R0
6 = 8.79 × 1017κ2n–4 fD(ν)εA(ν)ν–4dν (12)

in which R0 = Förster critical radius (nm); κ = geometric factor determined by
the orientation of donor and acceptor pigments (for averaged orientation, use
κ2 = 2/3); n = refractive index (for proteins, in most cases, a value of 1.5 is
used); fD(ν) = normalized fluorescence emission spectrum of donor (see Sub-
heading 3.3.); εA(ν) = absorption spectrum of acceptor (see Subheading 3.3.);
ν = frequency of radiation (cm–1).

3.2. Obtaining a Value for k2

1. κ2 reflects the orientation of the emission dipole moment of the donor, with
reference to the orientation of the transition dipole moment of the acceptor. Con-
sider two vectors representing the orientation of both dipole moments. Then:

κ = (cos α – 3 cos β cos γ) (13)
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in which α is the angle between the dipoles, and β and γ are the angles between
the two dipoles and the vector connecting their origins. The value for κ2 may
vary between 0 and 4. For randomly oriented chromophores, a value of κ2 = 2/3 is
used. Methods are available that allow determination of κ2 directly. However,
they require very specific sample conditions and equipment, and are therefore
not discussed here. When κ2 is not known, it introduces a large uncertainty into
the results.

2. As is shown in the example in Subheading 3.5., for GFP, the rate of rotational
diffusion is significantly slower than the rate of fluorescence decay, which means
that the orientation factor, κ2, should be known, in order to be able to determine
the rate of energy transfer. Rotational diffusion of pigments in solution, which
are not protein-bound, is usually faster than the rate of fluorescence decay. For
such cases, the average value of κ2 = 2/3 applies.

3.3. Obtaining a Value for the Spectral Overlap Integral
1. The fluorescence emission spectrum of the donor FD(λ) must first be measured

using a fluorimeter. When a solution of recombinant GFP at pH 8.0 and an OD395

of 0.05, is analyzed, a strong signal will be detected when the sample is excited at
395 nm, with detection at 508 nm (see Note 1).

2. FD(λ) is then be plotted on a frequency scale, to obtain FD(ν). At this point, the
spectrum has an arbitrary emission scale (i.e., dimensionless) as a function of
frequency, in wave numbers (cm–1). Normalize this spectrum so that its integral
(the area below the curve) equals 1 (cm–1). The normalized spectrum is denoted
fD(ν). The formula for this operation is:

fD(ν) = FD(ν)dν

FD(ν)dν

(14)

3. Next, the absorption spectrum of the acceptor pigment in pure form is measured.
The absorption spectrum should be scaled to the molar extinction coefficient (to
be taken from the literature), with the proper factor, in order to obtain εA(λ). Plot
the spectrum on the frequency scale εA(ν), so that it has dimensions cm–1 (on
the x-axis) and M–1 cm–1 (on the y-axis).

4. The third term in the spectral overlap integral equals ν–4. Note that this contribu-
tion is independent of the fluorescence and absorption properties of the pigments.
The result is that at lower frequencies (longer wavelengths) the size of the spec-
tral overlap integral increases, and therefore also the rate of energy transfer.

5. The spectral overlap integral can now be determined graphically. For this, fD(ν),
εA(ν), and ν–4 are multiplied, and the integral of the resulting spectral overlap
image is determined. The spectral overlap integral has dimensions of M–1 cm3.

6. Consider the implications of this result. The rate of energy transfer is a function
of the overlap integral, which contains the spectrum of the donor emission and
the acceptor absorption. This suggests that both spectra should fit together as
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well as possible, for energy transfer to proceed efficiently. This is often an impor-
tant criterion when FRET couples are selected. However, it is the oscillator
strength (i.e., the extinction coefficient) that primarily determines the size of the
spectral overlap integral. In the example shown below, the donor emission and
the acceptor absorption do not match optimally, but the spectral overlap inte-
grals, nevertheless, have significant values because the molar extinction coeffi-
cient of the acceptors used is appreciable. Furthermore, as can be seen from
Eq. 10, the FRET efficiency is highly dependent on the donor-acceptor distance.
In addition, it is necessary to calculate whether energy can also be transferred in
the reverse direction. This can occur when both pigments are fluorescent, pro-
vided that the Stokes shifts are not very large.

3.4. Experimental Determination of kFRET

1. There are several methods that can be used to obtain a value for kFRET directly.
Much depends on the nature of the sample, and the equipment available (see
Note 2, containing Eq. 15). Assuming that only a fluorimeter and a spectropho-
tometer are available, either an absolute or a relative value for the fluorescence
quantum yield of the donor (under FRET conditions) can be determined. The
first possibility is obviously more desirable, but requires that the absorption of
the donor can be detected (see Note 3).

2. In this case, the fluorescence intensity of the donor (under FRET conditions)
should be compared with the fluorescence intensity of a dilution series of the
donor with OD values relevant for the sample (recombinant GFP, in this case, for
which a value for Φfluorescence is taken from the literature) (see Notes 2 and 4).
Equation 8 can then be used to calculate kFRET.

3. The fluorescence quantum yield can also be determined by comparison with a stan-
dard. For GFP, a solution of sodium fluorescein in 0.1 M NaOH (λmax = 490 nm)
can be used, for which Φfluorescence = 0.93. For determination of Φfluorescence of
GFP, fluorescein and GFP samples with identical OD values (small differences
can of course still be corrected for) at the wavelength of excitation should be
measured (e.g., OD485 ~ 0.01).

4. The ratio of the integrals of the emission spectra then provide the ratio of the
fluorescence quantum yields. When comparing the emission from GFP and fluo-
rescein, no correction is necessary for the wavelength dependence of the photo-
multiplier. However, when the emission maxima are further separated, the spectra
need to be corrected for the instrument response. Note that for wild-type GFP,
Φfluorescence (485 nm excitation)/Φfluorescence (395 nm excitation) = 0.82 (7).

5. Using Eqs. 8, 11, and 12, the donor–acceptor distance can then be calculated for
different values of κ2.

The example used in this chapter deals with energy transfer from GFP to
antenna pigments. However, many FRET applications, using GFP, deal with
FRET between different mutants of GFP, since endogenous acceptor pigments
are not always available. The first described GFP-based FRET couple was a
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blue fluorescent protein plus an S65T mutant (contains a phenolate anion chro-
mophore). For this pair, R0 is on the order of 40–43 Å (6). The most popular
FRET pair at present is the combination of the cyan and yellow GFP mutants,
with R0 values on the order of 49–52 Å (6). These R0 values are given for the case
in which κ2 = 1, and therefore Eq. 16 should be used to calculate kFRET (see
Note 5 containing Eq. 16). Using Eqs. 11 and 12, a spectroscopic ruler is readily
constructed for the cyan and yellow fluorescent protein FRET couple (Fig. 1).

3.5. Obtaining the Rate Constant of Rotational Diffusion
via Fluorescence Anisotropy Measurements

Consider a solution of GFP that is excited with 395 nm light, which is fil-
tered through a polarizer. In that case, the direction of the electromagnetic wave
that is used to excite the GFP solution is linearly oriented, and therefore only
GFP molecules are excited that happen to have their transition dipole moment
oriented in the same direction. This selective excitation is (most appropriately)
called “photoselection.” If the excited molecules are stationary then the fluo-
rescence emission will be oriented as well. In fact, when the emission dipole
moment has the same orientation as the absorption transition dipole moment,
then the fluorescence intensity will be highest, if the direction of the polarizer
in front of the detector is identical to the one of the polarizer used for excita-
tion. In contrast, when GFP is allowed to diffuse freely in solution, the selec-
tive orientation of the emitted light will be (partially) lost. Under conditions
when there is no FRET, the excited state of GFP (when excited at 395 nm) has
a lifetime of 3.3 ns, whereas the rotational correlation lifetime (τrotational =
1/krotational) of GFP under standard sample conditions (pH 8.0, 20°C, low os-
molarity) equals approx 15 ns (8,12,13). When these time constants are com-
pared, it can be understood that at least some of the orientation of the emitted
light will be retained. Some fluorimeters are equipped with polarizers, allow-
ing measurement of the steady-state fluorescence polarization.

1. Define the fluorescence intensity, Ihh, by measuring with both the excitation and
the detection polarizer in horizontal (h) position. Likewise, define other intensi-
ties as Ihv (excitation: horizontal, detection: vertical), and so on.

2. The degree of polarization of (emitted) light can be expressed in two alternative
ways: fluorescence polarization and fluorescence anisotropy. Here, only the expres-
sions for fluorescence anisotropy (A) is treated, which is defined according to:

A = Iνν – Iνh

Iνν + 2 Iνh

(17)

3. The theoretical maximum for the anisotropy value is 0.4; the minimum is –0.2
(see also Eq. 21). When the absorption and emission dipoles are parallel, the
anisotropy will be 0.4, when there is no rotational depolarization.
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4. Experimentally, erroneous values for A are often obtained, if no careful correc-
tion is made for the instrument response of the fluorescence detector, because a
large difference in excitation intensity occurs when the excitation polarizer is
switched from the vertical to the horizontal position. This results in a
nonproportional output of the photomultiplier. Therefore, a G-factor is also
obtained (an instrument-correction factor), and the correct anisotropy is
calculated according to:

A = Iνν – GIνh

Iνν + 2GIνh
(18) with G = Ihν 

Ihh 
(19)

5. The rotational diffusion rate constant can be obtained via anisotropy measure-
ments by two methods. The first method requires simultaneous time-resolved
measurement of the fluorescence and its anisotropy. As a function of time, both
the fluorescence intensity (in the case of GFP, with a decay-time constant of
3.3 ns), and the fluorescence anisotropy will decrease. The decay of the latter
results from rotational diffusion (13).

Fig. 1. Spectroscopic ruler for the cyan and yellow fluorescent protein FRET couple.
The efficiency of energy transfer EFRET between the chromophores of the cyan
fluorescent protein (ECFP) and the yellow fluorescent protein (EYFP) is plotted for
the donor–acceptor distance RDA according to Eqs. 11 and 12 for values of 0.1, 2/3, 1
and 4 for κ2.
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6. The krotational can also be obtained from a simple steady-state experiment. Such
measurements do not require specialized equipment, such as a set-up for laser-
flash-induced, time-resolved fluorescence spectroscopy. krotational can be derived
from the steady-state fluorescence anisotropy directly, using the Perrin equation:

l
A

 = l
A0

 1 + τ fluorescence

τrotational
(20)

in which A = steady-state anisotropy; A0 = intrinsic anisotropy (directly after
excitation); τfluorescence = observed fluorescence lifetime (in fact, τtotal ;= 3.3 ns for
GFP); τrotational = rotational correlation time constant (= 1/krotational) (ns).

7. Note that, under FRET conditions, the steady-state anisotropy value increases
because of a decrease of the observed fluorescence lifetime (τtotal). When the rate
of energy transfer is known, then τtotal is also known, and τrotational can subse-
quently be determined from the steady state anisotropy measurement.

8. The intrinsic anisotropy value (A0) depends on the angle ϕ between the absorp-
tion and emission transition dipoles according to:

A0 = l
5

 (3cos2ϕ – 1) (21)

In the case of GFP, A0 was experimentally determined to be ~0.38, which is very
close to the theoretical maximum (8,13).

9. A value for krotational, calculated using the Perrin equation, is only meaningful
when the rotational motion is isotropic (i.e., equal in all directions). Probably,
GFP does not rotate isotropically, when bound to large molecules. When the
fluorophore does not diffuse isotropically, krotational is underestimated when
calculated according to the Perrin equation. In addition, such calculations cannot
distinguish between a homogeneous and a heterogeneous distribution of rota-
tional correlation rate constants. In spite of these restrictions, this method does
have the advantage that a value for krotational can be obtained straightforwardly,
using standard equipment (see Note 6).

3.6. FRET Between the Fluorophore of GFP
and the Endogenous Phycocyanobilin Pigments
of Recombinant Phycobilisome Light Harvesting Complexes

In cyanobacteria, GFP has recently been used for a FRET experiment, in
order to characterize the function of a domain present in an electron transport
protein, (FNR), which causes this protein to bind to the phycobilisome light-
harvesting complexes of Synechocystis PCC 6803 (8). Phycobilisomes are very
large, water-soluble aggregates that contain linear tetrapyrrole chromophores
as the light-harvesting pigments for the oxygenic photosynthetic apparatus in
these bacteria. The phycobilisomes can readily be purified in intact form, using
cell-free extracts, prepared in a high-ionic-strength buffer, and sucrose-density
centrifugation.
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The phycobilisomes, when isolated, require specific buffer and temperature
conditions, in order to maintain their proper energy-transfer characteristics
(14). Upon dilution into a low-ionic-strength buffer, e.g., 50 mM phosphate
buffer, pH 8.0, these complexes dissociate within minutes (14,15). With wild-
type phycobilisome complexes from Synechocystis PCC 6803, the dissociation
of phycocyanin from allophycocyanin, apparent from the increase of the inten-
sity of fluorescence emission at 650 nm, proceeds at this time-scale, as well.

A mutant was constructed that no longer expressed the wild-type form of
the FNR protein with the (N-terminally placed) phycobilisome-binding
domain, and, as a result, the purified phycobilisomes of this mutant no longer
contain FNR. In this mutant background, a fusion protein was expressed, com-
posed of the phycobilisome-binding domain of FNR at the N-terminus
translationally fused to GFPuv. Recombinant phycobilisome complexes from
this mutant contained this GFP-fusion protein and no FNR.

1. These complexes show a detectable, but relatively weak, fluorescence emission
maximum at 510 nm, with a corresponding excitation maximum at 395 nm;
absorption of GFP could not be detected.

2. The emission is absent in control preparations of phycobilisomes. In these recom-
binant complexes, the emission of GFP is well separated from the emission of
phycocyanin and allophycocyanin, the two major chromoproteins of the
phycobilisomes.

3. The fluorescence anisotropy of the phycobilisome-bound GFP is higher than
the corresponding value determined for free, monomeric, recombinant GFP
(Table 1), indicating that its excited state is shorter-lived and/or the rotational
motion is decreased, compared to free monomeric GFP. The measured
fluorescence anisotropy for recombinant GFPuv (Table 1) agreed well with the
measured anisotropy of the GFP variant S65T, i.e., 0.325 (12). Most likely, the
rotational correlation time-constant for the phycobilisome-bound GFP fusion
protein is larger than for free monomeric GFP.

4. For the phycobilisome-bound GFP, τrotational is calculated to be approx 50 ns. A
minimal value of 13 ns is estimated, within the obtained accuracy of the measure-
ments performed, with intact recombinant phycobilisomes (Table 1). This could
indicate that the GFP-fusion protein, when bound to the phycobilisomes, moves
by anisotropic rather than by isotropic rotational diffusion.

5. Note that, for intact phycobilisome complexes, τrotational is large, probably a few
hundred nanoseconds.

6. As mentioned previously buffer conditions are critical to phycobilisome stability.
Upon transfer of the recombinant complexes, containing the GFP fusion protein,
into 10 mM phosphate buffer, the fluorescence quantum yield of the emission at
508 nm increased, until a maximum was reached 20 min later (Fig. 2). A decrease
of the fluorescence anisotropy was measured in parallel, upon dissociation of the
complex, until a value was reached comparable to that of recombinant monomeric
GFP (Table 1). Most likely, energy transfer from GFP to phycobilisome-associ-
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ated chromophores was completely disrupted within 20 min after dilution, and
rotational diffusion of the GFP fusion protein had gained an isotropic mode,
comparable to monomeric GFPuv. Quantification of the fluorescence intensity
20 min after dilution revealed a ratio of 0.25 GFP fusion protein for each
phycobilisome complex.

7. These conclusions are based on the assumption that excitation energy transfer
from GFP to phycocyanobilin chromophores proceeds with rates that are high
enough to compete with the fluorescence decay rate. These rates are a function of
the spectral overlap integral that contains the integral of the donor emission spec-
trum and the acceptor absorption spectrum (2). The emission maximum of GFP
is at 510 nm whereas the β-155 chromophore of phycocyanin, that absorbs maxi-
mally at 590 nm (16), is the most likely acceptor.

8. Förster overlap integrals were calculated for all the individual phycocyanin chro-
mophores, using their deconvoluted absorption spectra (16), and the absorption
spectrum of the allophycocyanin chromophore, α-84, assuming an extinction
coefficient of 235 mM–1 cm–1 at 650 nm for the αβ monomer (17). The calculated
spectral overlap integrals for GFP, and all possible acceptor chromophores in the
phycobilisomes, are given in Table 2.

9. Excitation energy transfer from phycocyanobilin chromophores to GFP was
neglected. In intact phycobilisomes, excitation energy is transferred to the terminal
emitters with very high efficiency, and emission is in the red region of the spectrum
(for a review, see ref. 18), in which the chromophore of GFP does not absorb.

10. From the observed changes in fluorescence quantum yield in the presence of the
acceptor, and the known fluorescence lifetime in absence of the acceptor, the
total rate of energy transfer from GFP to the acceptors (Fig. 2; time 0) was calcu-
lated to be 1.16 × 109 s–1.

11. Since the orientations of the chromophores are unknown, values for the squared
orientation factor κ2 of 1/3, 2/3, 1 1/3, and 4 were used to calculate the Förster
radii, reflecting unfavorable, average, good, and optimal orientation of the transi-
tion dipoles, respectively.

Table 1
Fluorescence and Rotational Diffusion Characteristics of Monomeric
Recombinant GFP, and the Phycobilisome-Bound GFP Fusion Protein

A τf (ns) τrotational (ns)

30 kDa recombinant GFP 0.325 ± 0.002 3.3 13.8 > τrotational> 14.8
39 kDa fusion-GFP (PBS-bound) 0.40  ± 0.02 0.7 τrotational >> 13
39 kDa fusion-GFP (dissociated) 0.33  ± 0.02 3.3 11 > τrotational> 23

The fluorescence anisotropy (A) was determined for the free, monomeric recombinant form
of GFPuv, the phycobilisome (PBS) bound form in high-ionic strength buffer, and the dissoci-
ated form, 20 minutes after dilution into low-ionic strength buffer. The rotational correlation
times were calculated using the Perrin equation (τf = τtotal).
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12. Table 2 presents the R0 and RDA values for all acceptor chromophores. The RDA

values were calculated, assigning the total energy transfer rate 1.16 × 109 s–1 to
each individual chromophore, exclusively. Judging from these values, it is pos-
sible that energy transfer proceeds from GFP to more than one acceptor chro-
mophore simultaneously. This would result in an over-all increase of the Förster
radii. Alternative scenarios that take these considerations into account are dis-
cussed elsewhere (8). From these calculations, it is concluded that the estimated
distance between GFP and the phycocyanobilin acceptor chromophore(s), in
the recombinant complexes, is 3 nm, minimally, and 7 nm, maximally. We con-
clude that these results are relevant to the localization of FNR with respect to the
phycobilisome-bound chromophores. Note that, in this case, the uncertainty of
the calculated end-result is introduced not only because of the unknown orienta-
tion factor, κ2, but also because the true identity of the acceptor(s) is not known.

4. Notes
1. The measurement of good-quality fluorescence spectra requires proper instru-

ment settings. For fluorimeters, the slit widths and the photomultiplier voltage
are important parameters, both affecting the signal amplitude, the signal:noise
ratio, and the spectral resolution. For measurements with sufficiently high con-

Fig. 2. Relative fluorescence intensity of the GFP-fusion protein during dissocia-
tion of the recombinant phycobilisome complexes. At t = 0, intact recombinant
phycobilisomes containing the GFP-fusion protein (for explanation: see text) were
transferred to low-ionic strength conditions, in order to initiate dissociation. The fluo-
rescence intensity of the GFP fusion protein was corrected for changes in the scatter-
ing of the sample at the relevant wavelengths.

08/van Thor/101-119/F[4.30/5.2] 05/02/2002, 10:26 AM115



116
van T

hor and H
ellingw

erf

116

Table 2
Förster Radii and Donor-Acceptor Radii Assuming Exclusive Energy Transfer to the Separate Acceptors

R0 (Å) RDA (Å)

Energy transfer Spectral overlap
rate for GFP Acceptor integral κ2 = κ2 = κ2 = κ2 = κ2 = κ2 = κ2 = κ2 =
kET

DA (s-1) Chromophore (cm3 M–1) 1/3 2/3 4/3 4 1/3 2/3 4/3 4

1.16.109 PC-β-155 2.08.10–13 46 52 58 70 36 40 45 54
1.16.109 PC-α-84 1.09.10–13 42 47 52 63 32 36 40 49
1.16.109 PC-β-84 5.1.10–14 37 41 46 55 28 32 36 43
1.16.109 APC-α-84 1.95.10–13 46 51 58 69 35 40 45 53

The total energy transfer rate determined experimentally was assigned to the respective phycocyanobilin chromophores separately,
assuming exclusive energy transfer to these acceptors. A refractive index for phycobilisomes of n = 1.567 (18) was used for the calculations,
for several values of κ2.
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centrations of GFP (i.e., ≥100 nM), try narrow slits widths first (1–4 nm for both
excitation and emission). The photomultiplier voltage should not be set too high,
because this will result in topping of the emission and excitation spectra. In addi-
tion, photomultipliers operated at high voltage are known to lose their linear char-
acteristics because of saturation. On the other hand, when the voltage is set too
low, the signal:noise ratio will deteriorate.

2. An important experimental consideration for FRET measurements is that the
absorption of the samples should not exceed 0.01–0.1 at the relevant wavelengths,
because the following relation holds:

10–OD = T (15)

in which T is the fraction of light intensity transmitted at a given optical density,
OD). Therefore, with a path length of 1 cm, the transmission at OD = 0.01 equals
0.98, and at 0.1, it equals 0.79. When the sample is too concentrated, emitted
fluorescence can be reabsorbed, resulting in trivial energy transfer that can mis-
takenly be interpreted as radiationless energy transfer. This also applies to a solu-
tion of one single fluorophore, since self-absorption will result in an overall
decrease of the apparent excited-state life-time, and therefore in a decrease of the
calculated fluorescence quantum yield.

3. When the absorption of the donor is not detectable in the sample, a trick should
be devised to modulate the efficiency of energy transfer. One way to achieve this
is to disrupt the protein–protein interactions involved. For example, a specific
protease cleavage site can be engineered into a GFP-fusion protein, so that the
fluorescence can be measured in the same sample under subsequent conditions of
FRET and no FRET, respectively. Note that GFP itself is known to be resistant to
proteases such as chymotrypsin, subtilisin, and enterokinase. Alternatively, the
absorption of the acceptor chromophore can be modulated, e.g., by reduction/
oxidation (GFP is relatively resistant to reducing and oxidizing agents, but proper
controls should be performed).

4. An additional control, which should be performed when wild-type GFP is used,
is to determine the extent (if any) of photoconversion between the neutral and the
anionic form of GFP, which occurs as a result of excitation at 280 nm and 395 nm.
The conversion between these species can be detected by comparing the
excitation amplitudes at 395 and 480 nm, respectively, before and after the FRET
measurements (7).

5. Divergent forms of the Förster equations and parameters are sometimes encoun-
tered in the literature. Some texts provide versions of the Förster formulas that
include ΦD

fluorescence. Usually, the excited state decay of the donor is given by
“kD

radiative” or “1/τD
radiative.” When the fluorescence quantum yield is included,

the excited-state decay meant in such cases is kD
total, so that kD

radiative is replaced
by the product of kD

total and ΦD
fluorescence in Eqs. 9, 10, and 16. The formal defini-

tion of radiative decay assumes a contribution of radiative deactivation only, and
no contribution from thermal deactivation (recall that kD

total includes both).
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Occasionally, R0 values are given for certain donor–acceptor pairs (6). This
single parameter contains all spectral information for a specific donor–acceptor
pair, and consequently the rate of energy transfer (kFRET) can be readily calcu-
lated by applying Eq. 10. However, unless otherwise stated, these values are
usually calculated without taking the orientation factor, κ2, into account. In fact,
many of these R0 values are calculated using a value of 1 for κ 2, reflecting a more
optimal orientation than average. In order to calculate kFRET, Eq. 10 should then
be replaced by:

kDA = κ2 k radioative
D  R0

RDA

6

(16)

6. Obviously, when two polarizers are introduced into the light path, the signal will
decrease significantly. As an example, under sample conditions, when a photo-
multiplier voltage of 600 V produces sufficient signal intensity in the absence of
polarizers, the voltage will probably have to be increased to 1000 or 1200 V
when the polarizers are introduced into the light beams. In order to be certain
that the high voltage does not cause nonlinear behavior, it is necessary to obtain
a G-factor value for each separate measurement. In addition, it is advisable to
measure (with one photomultiplier voltage setting) the anisotropy of a dilution
series of GFP, in the concentration range that is relevant for the sample to be
tested. For GFP at pH 8.0, and 20°C, an anisotropy value of about 0.325 should
be obtained (8). A good control experiment for detection of rotational
depolarization is measurement of the steady-state anisotropy of a 100 nM solu-
tion of sodium fluorescein in 0.1 M NaOH. The anisotropy of this sample should
be ~0.01 (A0 = 0.4; τfluorescence = 4.0 ns), and provide a calculated τrotational of
~100 ps. A final consideration is that the steady state anisotropy should always
be measured with excitation and detection wavelengths set at the excitation and
emission maxima.
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Bioluminescence Resonance Energy Transfer
Assays for Protein–Protein Interactions
in Living Cells

Yao Xu, Carl Hirschie Johnson, and David Piston

1. Introduction
We recently developed a bioluminescence resonance energy transfer

(BRET) system for assaying protein–protein interactions (1,2), which has been
used successfully for studying the interaction of circadian clock proteins iso-
lated from cyanobacteria, and tested in Escherichia coli cells (1), and the dimer-
ization of human β2-adrenergic receptors in mammalian cells (3). BRET results
from the nonradiative energy transfer between a donor and an acceptor. It is
related to fluorescence resonance energy transfer (FRET) (4,5), except that, in
FRET, there are two fluorophores, one that absorbs exogenous excitation (the
donor) and passes the energy to the other fluorophore (the acceptor); in BRET,
the donor is a luciferase that generates its own luminescence emission in the
presence of a substrate, and can pass the energy to an acceptor fluorophore. For
either BRET or FRET to work, the donor’s emission spectrum must overlap
the acceptor’s absorption spectrum, their transition dipoles must be in an appro-
priate orientation, and the donor and acceptor must be in close proximity (usu-
ally within 30–80 Å of each other, depending on the degree of spectral overlap)
(6). During a BRET assay for molecular interactions, the first criterion is fixed
for a given donor–acceptor combination, but the relative orientation and dis-
tance between the donor and acceptor will change depending on the strength of
the interaction. Although its use as a protein interaction assay is novel, BRET
is a natural phenomenon. In fact, resonance energy transfer between the cal-
cium ion-dependent photoprotein aequorin and green fluorescent protein (GFP)
is a natural example of BRET.

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
Edited by: B. W. Hicks © Humana Press Inc., Totowa, NJ
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The cloning and development of GFP mutants with varied spectral properties
made it possible to use them as FRET pairs to detect protein–protein proximity
in real time in living cells, by coexpressing a donor GFP variant (shorter-wave-
length excitation) fused to one candidate protein and an acceptor GFP variant
(longer-wavelength excitation) fused to the other candidate protein (7–13).

One advantage of FRET-based interaction assays is that the GFP-fusion pro-
teins can be targeted with signal sequences to specific compartments so that
protein interactions can be monitored within cellular compartments in vivo in
the native organism (if transformable). In practice, however, excitation of the
donor fluorophore gives rise to several problems that can limit the usefulness
of the FRET approach: photobleaching of the donor fluorophore, autofluores-
cence of the cells/tissues, damage to the cells/tissues by the excitation light,
stimulation of the tissue if it is photoresponsive (e.g., retina), and direct excita-
tion of the acceptor fluorophore that is independent of the resonance transfer.
In BRET, these problems are avoided because there is no requirement for an
excitation light. The donor fluorophore of the FRET pair is replaced by a
luciferase, in which bioluminescence from the luciferase in the presence of a
substrate excites the acceptor fluorophore through the same resonance energy
transfer mechanisms as FRET.

Another advantage of BRET compared to FRET, is that it is easier to quan-
tify the relative expression levels of a luciferase donor and a fluorophore accep-
tor (as in BRET) because the two molecules can be measured independently
(luminescence intensity for the donor, fluorescence intensity for the acceptor);
if both donor and acceptor are fluorophores whose spectra overlap (as in
FRET), it is difficult to measure the intensity of one fluorophore without get-
ting some contamination in the spectrum from the fluorescence of the second
fluorophore.

The major liability of the BRET technique is that the intensity of lumines-
cence generated by the luciferase donor is dim, and requires specialized equip-
ment to measure. Fortunately, the commercial sector is beginning to address
this problem (see Note 1). Therefore, BRET offers the advantages of FRET
without having its major disadvantages, which accrue from the use of the exci-
tation light. We anticipate that BRET will prove valuable for investigating pro-
tein interactions within native cells, especially for integral membrane proteins
or proteins targeted to specific organelles (1,2).

In BRET experiments to test for protein–protein interactions in E. coli, we
have used two different luciferase donors: Renilla luciferase (RLUC) or
Gaussia luciferase (GLUC). Both of these luciferases have an emission peak at
480 nm, and use coelenterazine as a substrate. Coelenterazine is a hydrophobic
and cell-permeable molecule. As an acceptor, we have used a red-shifted GFP
mutant, an enhanced yellow fluorescent protein (EYFP), which has a broad
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excitation spectrum, with a peak at 513 nm (but is still efficiently excited at
much shorter wavelengths, such as 480 nm) and an emission peak of 527 nm.
RLUC and GLUC were chosen as the donor luciferases, because their emis-
sion spectra are similar to the cyan mutant of Aequorea GFP (λmax ~480 nm),
which has been shown to exhibit FRET with EYFP (9,10). The excitation peak
of EYFP does not perfectly match the emission peak of RLUC or GLUC, but
the emission spectrum of RLUC or GLUC is sufficiently broad to provide good
excitation of EYFP. Each of these donor and acceptor molecules were geneti-
cally fused to putative interacting proteins, in this case, to circadian clock pro-
teins (KaiA and KaiB) from cyanobacteria (1,14). We found that when the
LUC and EYFP fusion proteins were brought into proximity by Kai protein
interaction, part of the energy from LUC emission is transferred to the EYFP,
which emits yellow light, and results in a bimodal emission spectrum (Fig. 1).
Thus, the intermolecular BRET phenomenon can be used to monitor the pro-
tein–protein interactions, both in vivo and in vitro, by quantifying the emission
ratio at 530:480 nm.

2. Materials
2.1. Plasmids, Vectors, and Strains

1. pRL-null (Promega, Madison, WI) contains the RLUC coding region.
2. pcDNA3 GLUC (Prolume) harbors a gene encoding GLUC.
3. pEYFP (Clontech, Palo Alto, CA) encodes an EYFP, which is a red-shifted

mutant of the Aequorea victoria GFP.
4. pEGFP-NI (Clontech) encodes EGFP, and includes a kanamycin-resistance gene.
5. p44N carries the circadian clock genes kaiA, kaiB, and kaiC from the cyanobac-

terium Synechococcus sp. strain, PCC 7942 (14).
6. pRSET expression vector (Invitrogen, Carlsbad, CA) has an ampicillin (AMP)-

resistant selection marker.
7. E. coli strain BL21 (DE3) is a host strain (Novagen, Madison, WI) for expressing

genes under the control of a T7 promoter, and E. coli DH5α is a cloning host
strain.

2.2. Reagents, Buffers, and Media
1. Luria-Bertani (LB) medium: 10 g/L Bacto-tryptone, 5 g/L Bacto-yeast extract,

10 g/L NaCl (pH 7.0).
2. In vivo BRET assay buffer: (M9 medium salts) 12.8 g/L Na2HPO4

 · 7H2O, 3 g/L
KH2PO4, 0.5 g/L NaCl, 1.0 g/L NH4Cl.

3. Coelenterazine (BioSynth, Naperville, IL): 100 µM stock solution (see Note 2).
4. In vitro BRET assay buffer: 50 mM KCl, 50 mM NaCl, 2.5 mM MgCl2, 2 mM

EDTA, 5 mM dithiothreitol, 0.2% Nonidet P-40, 100 µg/mL phenylmethyl-
sulfonyl fluoride, 2 µg/mL leupeptin, 2 µg/mL aprotinin, 20 mM HEPES, pH 8.0.

5. Isopropyl β-D-thiogalactoside (IPTG): 1.0 M stock solution.
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Fig. 1. Bioluminescence resonance energy transfer (BRET) as a tool for monitoring
protein-protein interaction. (A) Schematic diagram of BRET principle. One protein of
interest (b) is genetically fused to the donor luciferase, LUC, from either Renilla or
Gaussia, and the other candidate protein (a) is fused to the acceptor fluorophore, YFP.
If the two proteins interact strongly enough to bring LUC and YFP into close proxim-
ity, a longer wavelength emission can be generated by BRET. (B) Visual imaging of
BRET signals with a charge-coupled device camera, through filters transmitting light
of 480 nm or 530 nm. E. coli cultures co-expressing fusion proteins RLUC•KaiB and
EYFP•KaiB) exhibit BRET, but cultures co-expressing RLUC•KaiB and EYFP•KaiA
have no BRET (method as described in Subheading 3.4.). (C) Comparison of lumi-
nescence emission spectra, using a fluorescence spectrophotometer between the
BRET- and non-BRET E. coli strains (method as described in Subheading 3.3.). (For
optimal, color representation please see accompanying CD-ROM.)
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2.3. Apparatus

1. SPEX Fluorolog spectrofluorometer with a 250 W xenon arc lamp (Spex, Edison,
NJ) (see Note 1).

2. FB12 Luminometer (Zylux, Maryville, TN) (see Note 1).
3. Charge-coupled device camera (TE/CCD512BKS, Princeton Instruments, Tren-

ton, NJ).
4. 480- and 530-nm interference filters (Ealing Electron-Optics, Holliston, MA).

3. Methods
The BRET technique for monitoring protein-protein interaction involves

several steps: choosing expression vectors that are appropriate for the organ-
ism to be tested, creation of gene fusions of RLUC/GLUC and YFP to proteins
of interest (see Note 3), co-transformation and co-expression of gene fusions
in living cells (see Notes 4 and 5), and BRET assays in vivo or in vitro. Here,
we use the interaction of the cyanobacterial circadian clock protein, KaiB, in
E. coli, as an example to illustrate the BRET technique for protein–protein
interaction.

3.1. Construction of BRET Gene Fusions

The following constructs were made to express the gene fusions under the
control of the T7 promoter in E. coli.

1. Positive-control BRET construct pT7/RLUC•EYFP for expression of fusion pro-
tein RLUC•EYFP (see Note 6).

2. Negative-control BRET constructs, pT7/RLUC, pT7/GLUC, or pT7/EYFP, for
expression of RLUC, GLUC, or EYFP alone, and pT7/EYFP•KaiA, for expres-
sion of fusion protein, EYFP•KaiA (see Notes 7 and 8).

3. BRET donor construct, pT7/RLUC•KaiB, with an ampicillin-resistance selection
marker for expression of BRET donor fusion protein, RLUC•KaiB (see Note 8).

4. BRET acceptor construct, pT7/EYFP•KaiB, with a kanamycin-resistant selec-
tion marker for expression of BRET acceptor fusion protein, EYFP•KaiB (see
Note 8).

3.2. Co-Transformation and Co-Expression of BRET Gene Fusion

1. Grow E. coli strain BL21 (DE3) to use as the expression host (see Note 9).
2. Transform 20–100 µL of competent host cells, with 100 ng LUC donor or its con-

trol plasmids carrying kanamycin resistance gene, by standard procedures (15).
3. Confirm RLUC or GLUC expression in transformed kanamycin-resistant colo-

nies, by luminescence activity assay: Transfer 0.5 mL of an overnight culture,
derived from a single transformed or untransformed colony, into an Eppendorf
tube; add coelenterazine to a final concentration of 1 µM; votex for 1 s, then read
the relative luminescence units immediately, using the FB12 Luminometer (see
Note 10).
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4. Make competent cells from kanamycin-resistant strains expressing LUC donor,
by standard methods (15).

5. Co-transform 20–100 µL competent LUC donor strains with 100 ng BRET YFP
acceptor or its control plasmids carrying the ampicillin resistance gene, and select
the double transformants on LB plates containing both 100 µg/mL ampicillin and
50 µg/mL kanamycin. For YFP construct transformation alone, use ampicillin
only to select colonies.

6. Examine YFP expression in transformed colonies by fluorescence assay: Spin
1.5 mL of an overnight E. coli culture for 20 s, using a microcentrifuge at high
speed; wash once, and resuspend in 1.5 mL in vivo BRET assay buffer (see Note 11);
measure fluorescence emission spectrum, scanned from 505 to 580 nm, on SPEX
Fluorolog spectrofluorometer with a 250 W xenon arc lamp, with excitation at
470 nm (see Note 12).

3.3. BRET Assays
3.3.1. Bioluminescence Spectral Emission Acquisition In Vivo

1. Inoculate a single colony from a freshly streaked plate of an E. coli strain
expressing a BRET construct, and incubate overnight in LB medium containing
50 µg/mL kanamycin and/or 100 µg/mL carbenicillin (for ampicillin-resistant
strains) at 37°C, with shaking (see Note 13).

2. Collect 1.5–3.0 mL cells, centrifuge, wash once, and resuspend in 1.5 mL in vivo
BRET assay buffer (see Note 11).

3. Transfer the washed cells into a 4-mL fluorescence cuvet, and put it into the
SPEX Fluorolog spectrofluorometer, leaving the xenon arc lamp off (to elimi-
nate the possibility of inadvertent fluorescence excitation).

4. Gently bubble air into the cell suspension in the cuvet (see Note 14).
5. Add fresh coelenterazine to the cell suspension, to a final concentration of 1–5 µM.
6. Measure the luminescence emission spectrum between wavelengths 440 and

580 nm, in 2-nm steps, with 2–10 s integrations for each step.
7. Determine the extent of BRET by evaluating the emission spectra, especially the

emergence and magnitude of the second peak at ~530 nm in the luminescence
spectra in the experimental samples, compared with the positive and negative con-
trol samples (Fig. 1C).

3.3.2. BRET Imaging In Vivo
1. Prepare 1.5 mL overnight-grown E. coli cultures, as described previously.
2. Wash cells twice, and resuspend the cell pellet in 300 µL in vivo BRET assay

buffer containing 3 µM fresh-prepared coelenterazine.
3. Immediately place 5-µL aliquots of the suspension in individual wells of a Nunc

Microwell plate (see Note 14).
4. Divide each group of samples (i.e., by strain) into two sets of wells in the plate.
5. Place a 480-nm (± 5 nm) interference filter on top of one set of wells, and a

530-nm (± 5 nm) filter on top of the other set of wells.
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6. Capture the luminescence emission images of both sets of wells simultaneously
with a cooled-charge-coupled device camera.

7. Compare the imaging signals, as shown in Fig. 1B (see Note 15).

3.3.3. Calculation of the Magnitude of BRET

1. Obtain BRET signals of E. coli cultures, as described in Subheadings 3.3.1. and/
or 3.3.2.

2. Quantify the luminescence intensities at 480 and 530 nm.
3. Calculate the magnitude of BRET (see Note 16).
4. Compare the BRET magnitude among the experimental, positive-control, and

negative-control samples, to determine if there has been resonance energy trans-
fer. The relative magnitude of BRET can be used to infer whether protein–pro-
tein interaction has occurred.

3.3.4. BRET Assay In Vitro

1. Inoculate single colonies of a BRET LUC donor strain, a BRET YFP acceptor
strain, and a positive-control BRET strain expressing the RLUC•EYFP fusion
protein, into each of three 500-mL Erlenmeyer flasks containing 100 mL LB
medium, with either 50 µg/mL kanamycin or 100 µg/mL carbenicillin, and incu-
bate overnight at 37°C, with shaking.

2. Wash cells once with fresh LB medium, then resuspend in the same medium
containing 1 mM IPTG.

3. Induce expression of gene fusion, with shaking at 37°C for 3 h.
4. Place the flasks on ice for 5 min, then harvest the cells by centrifugation at 5000g

for 5 min at 4°C.
5. Wash the cells once, resuspend in 5 mL of in vitro BRET assay buffer (at 4°C)

containing 10 mg/mL lysozyme, and incubate on ice for 30 min.
6. Aliquot 0.5 mL of the cells into microcentrifuge tubes, and put into a –70°C

ethanol bath (or liquid nitrogen), to quickly freeze the cells.
7. Place the frozen tubes on ice, and add an equal volume of fresh in vitro BRET

assay buffer (at 4°C) on top of the frozen extracts: Allow to thaw. Most cells will
be broken by this freeze–thaw cycle.

8. Spin the mixtures for 5 min in a microcentrifuge at 8,000g at 4°C, and save the
supernatants.

9. For monitoring protein–protein interaction, mix equal amounts of the LUC donor
protein with the YFP acceptor protein, to a 1–2-mL final volume. For testing the
positive BRET control, take 1–2 mL RLUC•EYFP fusion protein supernatant,
without any other additions.

10. Incubate the mixed or unmixed supernatants at room temperature for a specific
time, e.g., 0, 30, and 120 min (see Note 17).

11. To measure, transfer the supernatants to the 4-mL cuvet placed inside the SPEX
Fluorolog spectrofluorometer, with the xenon arc lamp turned off.

12. Immediately add fresh coelenterazine to the extracts, to a final concentration of
1 µM, and mix well by gentle pipeting up and down with a pipetman.
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13. Detect the luminescence emission spectrum between wavelengths 440 and 580 nm,
in 2-nm steps with 1-s integrations (see Note 17).

14. Analyze the BRET signals as described in Subheading 3.5.

4. Notes
1. For measuring total luminescence, without regard to color, the FB12

Luminometer from Zylux Corporation is sensitive and convenient. The advan-
tage of the SPEX Fluorolog spectrofluorometer is that it can measure the full
spectrum of light emission, but it is not very sensitive to low levels of lumines-
cence. If the luminescence signal is too weak, the SPEX Fluorolog will not pro-
duce a clear spectrum. For measuring BRET ratios (light emission at 530 nm,
divided by light emission at 480 nm), we use a modified, custom-built
luminometer, which allows one to alternately interpose 480 and 530 nm interfer-
ence filters between the sample and photon-counting photomultiplier tube, with-
out disturbing the sample. The same operation could be performed manually with
the FB12 Luminometer, but it would necessitate a slight disturbance of the
sample, with every filter change. Two high-throughput, multi-sample appara-
tuses can be used for BRET assays: the Victor2 (Wallac) and the Fusion
(Packard). Both instruments have the dual luminescence mode necessary to per-
form BRET assays, and are capable of reading 96- or 384-well plates.

2. The substrate coelenterazine is sensitive to light and oxygen. We first dissolve
coelenterazine in ethanol, to prepare a stock solution (e.g., 250 µM), then small
volumes are aliquoted (e.g., 40 µL) to microcentrifuge tubes. The samples are
dried in the tubes with a Speed-Vac (Savant). To remove oxygen, each tube is
gently (to avoid the sample being blown out of the tube) gassed with either nitro-
gen or argon gas, then the tubes are sealed, and stored in a –80°C freezer in a
black box. Just before use, the coelenterazine sample is redissolved in a small
volume (e.g., 40 µL or less) of EtOH, then in BRET assay buffer to a final con-
centration of 100 µM. The coelenterazine solution tube should be wrapped with
aluminum foil, to protect it from light until it is used.

3. For BRET constructs, one candidate protein is genetically fused to the donor
RLUC or GLUC, and the other protein of interest is fused to the acceptor
fluorophore YFP. To make a construct for a fusion protein, the stop codon in the
coding region for the N-terminal partner should be removed, and the coding
region of the C-terminal partner should be in frame with that of the N-terminal
one. Considering the protein folding and orientation, sometimes a linker might
be useful between the two proteins. In addition, it is worthwhile to test various
combinations of protein fusions with LUC or YFP, such as N- vs, N-, N- vs, C-,
C- vs, N-, as well as C- vs C-terminal fusions, to discover which combination
allows the donor and acceptor to form into the optimal orientation/distance.
GLUC (19.9 kDa) is significantly smaller than RLUC (36 kDa) in size, and is
therefore less likely to cause a steric hindrance problem.

4. The LUC and YFP fusion partners are best expressed at roughly equal levels for
the BRET assay in living cells. Therefore, the co-transferred plasmids not only
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need to carry distinct selection markers, but also should be compatible (espe-
cially in terms of their origins of replication) in the transformed cells. For expres-
sion of LUC/EYFP fusion partners with the Kai proteins, we used a modified
pEGFP-N1 vector for kanamycin selection and a modified pRSET vector for
ampicillin selection (modifications are described in ref. 1). Promoter activity is
also an important factor that may affect the BRET. In the case of our studies with
E. coli, a weakly artifactual BRET signal, e.g., a small second peak at 530 nm in
the luminescence spectrum, will sometimes occur even in the negative-control
combinations if the fusion proteins are expressed at too high a level. Hence, it is
better not to use too strong a promoter to drive expression of BRET fusion con-
structs. In our case, we found that using the T7 promoter, but not inducing with
IPTG, gave enough expression to get good BRET ratios in the experimental combi-
nations, without causing an artifactual peak in the negative-control combinations.

5. The goal of using two plasmids in E. coli is to maintain an equal copy number for
each plasmid, so as to maintain roughly equivalent expression levels, but the
ratio of these two plasmids may fluctuate. If this causes a serious co-expression
problem, there are two alternative strategies that may help to maintain roughly
equal expression levels in E. coli. The first strategy is to put the two BRET fusion
proteins into a construct in which they are expressed from the same operon. For
construction of this expression operon, minimizing the length of the untranslated
sequence between the two fusion genes should help to reduce polar effects. In
other words, the untranslated sequence should be designed to include a ribosome-
binding sequence (Shine Dalgarno sequence) between the two fusion protein
sequences, and otherwise have the N-terminal end of the second fusion protein
sequence as close as possible to the C-terminal end of the first one. If using the
same Shine-Dalgarno sequence, the expression levels of the two fusion proteins
should be comparable. The second strategy is to put the two BRET transcription
units on the same plasmid. For example, the construct could be designed with
divergent promoters in the middle of the plasmid, so that the LUC fusion protein
is transcribed in one direction, while the YFP fusion protein is transcribed in the
other direction.

6. To confirm that a BRET signal can be obtained under the available experimental
conditions, it is best to use a positive BRET control. We have confirmed that
fusion of RLUC directly to EYFP (an enhanced YFP) through a linker of 11
amino acids yields a good BRET control, i.e., the luminescence profile of the
E. coli cells expressing the RLUC•EYFP fusion construct yielded a bimodal spec-
trum, with one peak centered at 480 nm (as for RLUC), and a new peak centered
at 530 nm (as for EYFP fluorescence) (1). To make this construct, the RLUC
coding region, without its stop codon TAA but with a T7 promoter, was ampli-
fied using Pwo DNA polymerase (Boehringer Mannheim), using pRL-null
(Promega) as the template. The amplified fragment with an NdeI and an ApaI
linker was then inserted into the NdeI/ApaI site of the vector pEGFP-N1
(Clontech), containing the EGFP, to give the plasmid, pT7/RLUC•EGFP. The
EGFP coding region in the pT7/RLUC•EGFP was replaced with the BamHI/NotI
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fragment containing the EYFP coding sequence from the vector pEYFP
(Clontech), to produce the plasmid, pT7/RLUC•EYFP, in which the EYFP open
reading frame is in frame with that of RLUC, and there are 11 codons between
RLUC and EYFP in this gene fusion (1).

7.  In BRET assays, two types of negative controls are important for evaluation of
the BRET signals. One control is to co-express LUC and YFP alone within a cell,
and the other one is to co-express a BRET donor fusion and an acceptor fusion
containing protein(s) that do not interact with each other. These controls allow
the experimenter to gage the maximal expression level from the T7 promoter,
which does not result in an artifactual second peak at 530 nm. In our assays, we
found that KaiB and KaiA did not interact, so KaiA fusion constructs were used
as the latter type of negative control.

8. To test BRET as a protein–protein assay, we first tried the N-terminal fusions of
KaiB to RLUC and to EYFP. The luminescence spectra of E. coli expressing
these fusions showed a second peak in the cells expressing both RLUC•KaiB and
EYFP•KaiB (Fig. 1). We then created various constructs for expression of other
KaiB BRET fusions, including KaiB•RLUC (i.e., C-terminal fusion),
EYFP•KaiB, and GLUC•KaiB, and further tested all other possible co-expres-
sions of KaiB fusions with RLUC, GLUC, or EYFP, such as GLUC•KaiB and
EYFP•KaiB, KaiB•RLUC and EYFP•KaiB, RLUC•KaiB and KaiB•EYFP, and
KaiB•RLUC and KaiB•EYFP. All of these combinations of the KaiB fusion pro-
teins showed BRET signals. Construction of pT7/RLUC•KaiB, pT7/EYFP•KaiB,
pT7/EYFP•KaiA, pT7/RLUC, and pT7/EYFP was described previously (1).

9. All BRET constructs are designed with either kanamycin or ampicillin resistance,
to allow co-transformations. The T7 promoter needs T7 RNA polymerase for
expression. E. coli BL21 (DE3) is used as an expression host strain, because it
contains a chromosomal copy for T7 RNA polymerase under the control of
lacUV5, whose expression can be induced by IPTG. In our laboratory, when this
strain was grown in LB medium, the expression levels of the BRET fusion pro-
teins were sufficient to achieve good BRET signals without IPTG expression
(probably the LB medium contains enough lactose to induce T7 expression to suf-
ficient levels). Adding IPTG to induce overexpression of the gene fusions some-
times caused an artifactual second peak in the negative controls (see Note 4).

10. This is a fast and easy way to confirm whether the RLUC or GLUC is expressed
in transformed strains. Using the FB12 Luminometer, we usually consider a read-
ing of 5 × 105 to 1 × 107 counts/s to be a strong signal. Alternatively, the lumines-
cence activity and/or spectrum can also be determined by using the SPEX
Fluorolog spectrofluorometer. With the SPEX Fluorolog, 5000 (or more) counts/
s/2 nm is a strong signal.

11. Because LB medium has some component(s) that is fluorescent, the E. coli cul-
tures are washed and resuspended in in vivo BRET assay buffer (M9 medium
salts) prior to luminescence and fluorescence assay.

12. YFP fluorescence is usually strong enough that it can be seen by eye, upon ultra-
violet (UV) illumination with a transilluminator. YFP-expressing cell cultures in
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M9 medium salts look yellow-green under UV illumination. UV radiation is dan-
gerous for the eyes, so the observer should wear UV-safety goggles, and mini-
mize the exposure time.

13. It is advisable to use carbenicillin for liquid cultures in place of ampicillin to
prevent overgrowth of cultures by cells that have lost the relevant plasmids. For
good aeration of shaken cultures, add no more than 20% of the total flask volume
with medium.

14. The luminescence reaction catalyzed by RLUC or GLUC requires oxygen and
coelenterazine. Gentle air-bubbling into the cuvet, with small polyethylene tub-
ing, can supply sufficient oxygen for the RLUC or GLUC reaction, and helps to
maintain a relatively stable luminescence signal. In the case of small volumes of
cells in a microwell plate, however, gas exchange is sufficient so that air bub-
bling is not essential.

15. It may be possible to image BRET signals using a microscope with interchange-
able 480- and 530-nm filters, but we have not yet tested this. Also, it should be
possible to develop an in vivo BRET system for screening libraries for protein–
protein interaction by designing a LUC-fusion expression “bait” vector with one
selection marker and a YFP-fusion “prey” expression library containing vector
with another selection marker; plates of transformed E. coli could be screened for
colonies whose 530 nm/480 nm ratio indicates BRET interaction (2).

16. The magnitude of BRET can be expressed in a number of ways, but it is impor-
tant to always correct the BRET signals of the experimental samples by
comparison with the negative-control samples. If two filters are used (e.g., one
interference filter centered on 480 nm and another filter centered on 530 nm), the
ratio of emission from the 530 nm filter can be compared with that from the 480 nm
filter for the experimental and control samples, as described previously (1):

BRET ratio = [Em530] / [Em480]

To correct the experimental samples for the control emission spectrum, the mag-
nitude of BRET (BRETmag) can be calculated as the emission ratio of the experi-
mental sample ([Em530]E / [Em480]E) minus the emission ratio of the control
sample ([Em530]C / [Em480]C), or:

BRETmag =  ([Em530]E / [Em480]E) – ([Em530]C / [Em480]C)

Angers et al. (3) define the magnitude of BRET by a similar calculation.
Another way to measure the BRET ratio is to use only one filter (e.g., the
440–500 nm filter), and compare the light emitted in that range with the total
spectrum of light emission (using no filter). This second method of calculation
has not been as extensively used, but it is probably accurate, and requires the use
of only one filter.

17. In in vitro experiments with extracts from E. coli, the overall luminescence of
the samples decreased with time of incubation, especially at higher temperatures
(e.g., 30–35°C). This effect may result from protein degradation within the
extracts. Therefore, we recommend incubating at room temperature. Fortunately,
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in the luciferase-containing cell extracts, the luminescent activity is so strong
that a much shorter integration (e.g., 1 s or less) could be used. Hence, air-bub-
bling was not required for the in vitro assay; in fact, air-bubbling of the extracts
can cause undesirable soap-like bubbles to form.
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Whole-Body Fluorescence Imaging
with Green Fluorescence Protein

Robert M. Hoffman

1. Introduction
1.1. Whole-Body Imaging
of Green Fluorescent Protein-Expressing Tumors

Current methods for external imaging of internally growing tumors include
X-rays, magnetic resonance imaging (MRI), and ultrasonography. Although
these methods are well suited for the noninvasive imaging of large-scale struc-
tures in the human body, they have limitations in the investigation of internal,
actively growing tumors. In particular, monitoring growth and metastatic dis-
semination by these methods is impractical, since they either use potentially
harmful irradiation, or require harsh contrast agents, and therefore cannot be
repeated on a frequent or real-time basis.

Previous attempts to endow tumors with specific, detectable spatial markers
have mostly met with mediocre success. These included labeling with mono-
clonal antibodies and other high-affinity vector molecules targeted against
tumor-associated markers (1–6). However, results were limited as a result of
achieving only a low tumor–background contrast, and because of the toxicity
of the procedures.

Intravital videomicroscopy is another approach to optical imaging of tumor
cells, which allows direct observation of cancer cells (7). Even in this limited
arena, intravital videomicroscopy does not lend itself to following tumor
growth, progression, and internal metastasis in a live intact animal.

A major conceptual advance in optical imaging was to make the tumor the
source of light. This renders the incident light scattering much less relevant.
One early attempt inserted the luciferase gene into tumors, so that they emit
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light (8). However, luciferase enzymes transferred to mammalian cells require
the exogenous delivery of their luciferin substrate, an essentially impractical
requirement in an intact animal. Also, it is not known whether luciferase genes
can function stably over significant time periods in tumors and in the metastases
derived from them.

A more practical approach to tumor luminance is to make the target tissue
selectively fluorescent. In one attempt, tumor-bearing animals were infused
with protease-activated, near-infrared fluorescent probes (9). Tumors with
appropriate proteases could activate the probes and be imaged externally.
However, the system proved to have severe restrictions. The selectivity was
limited, because many normal tissues have significant protease activity. In fact,
the normal activity in liver is so high as to preclude imaging in this most
important of metastatic sites. The short lifetime of the fluorescence probes
would appear to rule out growth and efficacy studies (9). The requirements of
appropriate tumor-specific protease activity, and of effective tumor delivery of
the probes, also limit this approach (9).

A new approach of whole-body external imaging makes use of green fluo-
rescent protein (GFP)-expressing tumors in intact animals. Stable GFP expres-
sion in cancer cells is an extremely effective marker (10–18). The fluorescence
illuminates tumor progression and allows visualization of tumor growth and
metastases by whole-body imaging (18). A major advantage of GFP-express-
ing tumor cells is that imaging requires no preparative procedures and are,
therefore, uniquely suited for visualizing in live tissue (10–18). Using stable
GFP-expressing tumor cells (10–18), external, noninvasive, whole-body, real-
time, fluorescence optical imaging, is possible of internally growing tumors
and metastases in transplanted animals (18).

1.2. Whole-Body Imaging of GFP Gene Expression

Studies of gene expression in whole living animals involve spatial, as well
as temporal and scalar, dimensions. The regional distribution of gene activity
is of fundamental importance, as is the timing of response to physiological
signals. Making such measurements in animals has been difficult. Every data
point required sacrificing and dissecting the experimental animal and measur-
ing the distribution of a reporter gene. Following a time-course in a single
subject was, of course, impossible.

New techniques can visualize transgene expression noninvasively in intact
animals, and promise a veritable revolution in genetic and physiological stud-
ies (19–24). The methods are a significant extension of the century-old, nonin-
vasive imaging of the internal tissues of intact animals. From Röntgen’s X-rays
to modern computed X-ray tomography and MRI, the static distribution of tis-
sue mass has been visualized with ever-increasing resolution. Recent develop-
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ments, such as MRI, have made possible visualizing dynamic processes. Now,
noninvasive imaging has been extended to imaging the spatial distribution of
transgene expression in living animals. Marker gene products have been visu-
alized by MRI (20,21), by emitted γ rays in micropositron emission tomogra-
phy (22), and single-photon emission computed tomography (23), or by
luciferin fluorescence (24). Unfortunately, the procedures require complex and
expensive apparatus, as well as the administration either of contrast agents or
of substrates that are radioactive or fluorescent. Also, the signals are generally
weak and so require long processing times, which limits detailed time-course
measurements.

We have found that GFP can be used to visualize gene expression in small
mammals (25). Such imaging requires only that the gene under study or its
promoter be coupled to GFP. The measurements are sufficiently rapid as to
allow video recording for real-time measurements (25).

2. Materials

2.1. Whole-Body Imaging Apparatus (see Note 1)

1. A Leica fluorescence stereo microscope, model LZ12, equipped with a 50 W
mercury lamp, was used for high-magnification imaging. Selective excitation of
GFP was produced through a D425/60 band-pass filter and 470 DCXR dichroic
mirror. Emitted fluorescence was collected through a long-pass filter GG475
(Chroma Technology, Brattleboro, VT) on a Hamamatsu C5810 three-chip,
thermoelectrically cooled, color charge-coupled device camera (Hamamatsu
Photonics, Bridgewater, NJ).

2. Images were processed for contrast and brightness, and analyzed with the use of
Image Pro Plus 3.1 software (Media Cybernetics, Silver Spring, MD).

3. Images of 1024 × 724 pixels were captured directly on an IBM PC, or continu-
ously through video output on a high-resolution Sony VCR model SLV-R1000
(Sony, Tokyo, Japan).

4. Imaging at lower magnification, which visualized the entire animal, was carried
out in a light box illuminated by blue light fiber optics (Lightools Research,
Encinitas, CA) and imaged using the charge-coupled device camera described in
Subheading 1.

2.2. Tumor Models and Gene Expression

1. 6-wk-old B57CL/6 or BALB/c nu/nu nude mice.
2. GFP-expressing tumor cells: Lewis lung carcinoma cells stably expressing GFP,

murine melanoma B16F0-GFP.
3. Trypsin.
4. Ice-cold, serum-free modified Eagle’s medium (MEM).
5. 1-mL latex-free syringe (Becton Dickinson, Franklin Lakes, NJ), 27- and

39-gauge needles.
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6. GFP-expressing colon tumor fragments (1 mm3).
7. 6-0, 7-0, and 8-0 surgical sutures.
8. Isoflurane anesthesia. Ketsel anesthesia.
9. 7X magnification microscope (Leica MZ6, Nussloch, Germany).

10. The adenovirus vector, AdCMV5GFPAE1/AE3 (vAd-GFP) (Quantum, Montreal,
Canada), expressing enhanced green fluorescent protein and the ampicillin resis-
tance gene.

11. Bone wax.
12. Sterile cotton

3. Methods
3.1. Tumor Models
3.1.1. Cell Injection

GFP-expressing cancer cells were made and isolated by growth in levels
of Geneticin (G418) up to 800 µg/mL, as previously described (15–18). The
selected cancer cells have a strikingly bright GFP fluorescence that remains
stable in the absence of selective agent after numerous passages. There is no
difference in the doubling times of parental cells and GFP-expressing cells, as
determined by comparison of proliferation in monolayer culture.

Metastasis in the brain, bone, liver, pancreas, lung and lymph nodes were
externally imaged by GFP expression in intact mice (18,31). External fluores-
cent images were acquired throughout the axial skeleton, including the skull,
scapula, femur, tibia, and pelvis. A series of external fluorescence images of a
tumor in the tibia were obtained from d-14 to d-25, after tail vein injection.

1. Harvest GFP-expressing tumor cells by trypsinization, using 0.25% trypsin for
3 min at 37°C.

2. Wash cells 3× with cold serum-free MEM.
3. Resuspend the cells in ~0.2 mL MEM.
4. Within 30 min of harvesting, inject 6-wk-old B57CL/6 or BALB/c nu/nu mice

with 106 GFP-expressing tumor cells into the lateral tail vein, in a total volume of
0.2 mL, using a 1-mL 27G2 latex-free syringe (Becton Dickinson). External
images from brain are shown in Fig. 1.

5. For liver expression (Fig. 2), cells can be injected directly into the portal vein.

3.1.2. Surgical Orthotopic Implantation
1. Perform all procedures of the operation under a 7× magnification microscope

(Leica MZ6, Nussloch, Germany).
2. GFP-expressing tumor fragments (1 mm3) are isolated by mincing tumor tissue

that was growing subcutaneously in nude mice.
3. After proper exposure of the target organ, implant three tumor fragments

per mouse.
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Fig. 1. External images of murine melanoma (B16F0-GFP) metastasis in brain (18).
Murine melanoma metastasis in the mouse brain were imaged by fluorescence micros-
copy using GFP expression, after injection of 106 B16F0-GFP cells in the tail vein. A
clear image of a metastatic lesion in the brain can be visualized through the scalp and
skull. (A) External image obtained of the tumor in the brain of nude mouse, d-14 after
GFP tumor-cell injection. Bar = 1280 m. (B) Same as A, d-19 after injection. Bar =
1280 m. (C) Same as A and B, d-25 after injection. Bar = 1280 m. (For optimal, color
representation please see accompanying CD-ROM.)
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4. Using an 8-0 surgical suture, penetrate the tumor fragment, and suture the frag-
ments onto the target organ.

5. Animals are kept in a barrier facility under high-efficiency particulate air filtra-
tion (26).

3.1.3. Angiogenesis Model (see Note 2)

1. Inject Lewis lung carcinoma cells, stably expressing GFP subcutaneously, into a
site of the footpad of 6-wk-old nude mice.

2. The relative transparency of the footpad reduces the scatter of green fluorescent
light emitted from the tumor, and the relatively few resident blood vessels in the
footpad makes it an excellent tumor transplantation site for tumor angiogenesis
imaging.

3. The strong tumor cell GFP fluorescence contrasts well with the vessels, which
are nonfluorescent, enabling their efficient imaging. The initiation of angiogen-
esis could be imaged externally when the tumor reaches approx 2 mm2 (31).

3.2. DNA Expression Models: Delivery of vAd-GFP
to Various Organs for Whole-body Imaging (see Notes 3 and 4)

GFP expression in intact mice in the brain, liver, pancreas, prostate, and
bone was externally imaged.

Fig. 2. External images of B16F0-GFP colonizing the liver (18). Metastatic lesions
of B16F0-GFP in the liver growing at a depth of 0.8 mm after portal vein injection.
External image through the abdominal wall of the intact nude mouse. (For optimal,
color representation please see accompanying CD-ROM.)
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3.2.1. Brain
1. The animals are kept under isofluorane anesthesia during surgery.
2. Following an upper midline scalp incision, expose the parietal bone of the skull.
3. Inject 20 µL recombinant adenovirus in phosphate-buffered saline (PBS), with

10% glycerol containing 8 × 1010 pfu/mL vAd-GFP/mouse, into the skull, using
a 27G1/2 needle on a 1-mL latex-free syringe (Becton Dickinson).

4. Plug the puncture hole in the skull with bone wax.
5. Close the incision in the scalp with a 7-0 surgical suture in one layer.
6. Images can be collected beginning ~7 h after gene delivery (Fig. 3).

3.2.2. Liver
1. Keep the animals under Ketsel anesthesia during surgery.
2. The portal vein is exposed following an upper midline abdominal incision.

Fig. 3. External whole-body image of vAd-GFP gene expression in the brain (25).
An external image of vAd-GFP gene expression in the brain acquired from a nude
mouse in the lightbox 24 h after gene delivery. Clear image of transgene expression in
the brain can be visualized through the scalp and skull. (For optimal, color representa-
tion please see accompanying CD-ROM.)
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3. Inject 100 µL PBS with 10% glycerol containing 8 × 1010 pfu/mL vAd-GFP/
mouse into the portal vein, using a 1-mL 39G1 latex-free syringe (Becton
Dickinson).

4. For hemostasis, press the puncture hole in the portal vein with sterile cotton
for ~10 s.

5. Close the incision in the abdominal wall with a 7-0 surgical suture in one layer.
6. All procedures of the operation described above were performed with a 7× mag-

nification stereo microscope (Leica MZ12).

3.2.3. Pancreas

1. Keep the animals under Ketsel anesthesia during surgery.
2. All procedures of the operation described below are performed with a 7× magni-

fication stereomicroscope.
3. Expose the pancreas following an upper midline abdominal incision.
4. Inject 100 µL PBS with 10% glycerol, containing 8 × 1010 pfu/mL vAd-GFP/

mouse, into the pancreas, using a 39G1 needle on a 1-mL latex-free syringe
(Becton Dickinson).

5. Press the puncture hole for ~10 s with sterile cotton for hemostasis.
6. Close the incision with a 7-0 surgical suture in one layer.

3.2.4. Prostate

1. Keep the animals under isoflurane anesthesia during surgery.
2. Expose the bladder and prostate, after making a lower midline abdominal incision.
3. Inject 30 µL PBS with 10% glycerol, containing 8 × 1010 pfu/mL vAd-GFP/

mouse, into the prostate, using a 1-mL 39G1 latex-free syringe (Becton
Dickinson).

4. Press the puncture hole in the prostate for ~10 s with sterile cotton for hemostasis.
5. Close the incision in the abdominal wall with a 6-0 surgical suture in one layer.
6. All procedures of the operation described above are performed with a 7× magni-

fication stereomicroscope.

3.2.5. Bone Marrow

1. Anesthetize the animals by inhalation of isofluorane.
2. Open the skin on the hind leg with a 1-cm incision to expose the tibia.
3. A 27-gage needle with a 1-mL latex-free syringe (Becton Dickinson) is then in-

serted into the bone marrow cavity. Inject a total volume of 20 µL PBS with 10%
glycerol (8 × 1010 pfu/mL) vAd-GFP/mouse into the bone marrow cavity.

4. Plug the puncture hole in the bone with bone wax and close the incision with a
6-0 surgical suture.
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3.3. Measuring the Intensity of GFP Expression:
Imaging Sensitivity and Resolution (see Note 5)

Estimating the intensity of GFP fluorescence is complicated by variations
in the exciting illumination with time, and across the imaging area. These
factors are corrected for by using the intrinsic red fluorescence of mouse skin
as a base line to correct the increase over intrinsic green fluorescence caused
by GFP (25). This can be done because there is little red luminance in the
GFP radiance. Consequently, the green fluorescence was calculated relative
to red, based on red and green channel composition in the skin images (25).

1. Produce a ratio (γ) of green to red channel emissions for each pixel in the images
of skin without and with GFP.

2. Values of γ for mouse skin throughout the image in the absence of GFP should
be fairly constant, varying between 0.7 and 1.0. The contribution of GFP fluo-
rescence from within the animal increases the green component, compared to
red, and is reflected in higher γ values.

3. Approximate the total amount of GFP fluorescence by multiplying the number
of pixels in which the γ value was higher than 1× by the γ value of that pixel.
Such a product roughly corresponds to the integral GFP fluorescence [I´GFP]
above the maximum value of γ for skin without GFP. The number of pixels in
mouse skin images with γ value >1.0 without GFP was less than 0.02%.

4. GFP-expressing primary and metastatic lesions were considered to be exter-
nally measurable if the average fluorescence of the GFP-expressing tumor was
at least 20% above the average fluorescence of the surrounding skin (18). The
level of background dorsal and abdominal skin fluorescence of nude mice was
in a range of 6–9% of the exposed tumor fluorescence. The intensity of GFP
fluorescence of a tumor (1 mm diameter) growing at a depth of ~0.8 mm was
approx ~25% that of the exposed tumor. The minimum tumor size that could
be imaged was a function of depth. The range of minimal size of GFP-
expressing tumors that have been externally imaged thus far was from ~59 µm in
diameter, at a depth of 0.5 mm, to ~1.86 mm in diameter, at a depth of 2.2 mm,
in various tissues.

5. GFP transgene expression in various organs and tissues was considered to be
externally measurable if the average fluorescence of the GFP-expressing
organs was at least 20% above the average fluorescence of the surrounding
skin (25). The fluorescence intensity at maximal level of expression GFP in
the liver exceeded more than 100× backdorsal and abdominal skin fluores-
cence. The intensity of GFP fluorescence of vAd-GFP expression in the
mouse liver at a depth of 0.8 mm under the skin was approx ~25% of that of
the exposed organ (25).
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3.4. Comparison of External Whole-Body Direct Images
of GFP-Expressing Brain Metastasis
3.4.1. Comparison of Tumor Metastasis

A comparison was made between an external and direct image of a brain
and metastasis of murine melanoma B16F0-GFP (18).

1. Using a C57BL/6 mouse, inject 106 GFP-expressing B16F0-GFP tumor cells in
0.2 mL serum-free MEM into the tail vein.

2. Allow 25 d for tumor development.
3. Obtain an external fluorescent image (5.5 mm diameter and 0.8 mm depth) of

B16F0-GFP cells through the scalp and skull of the mouse, on d 14, 19, and 25.
4. On d 25, after obtaining an external fluorescence image, dissect the animal, and

remove the scalp and skull.
5. Record fluorescent images of the exposed brain for comparison.
6. The externally acquired images closely matched the images acquired from the

open brain after the scalp and skull were removed. A series of external fluores-
cence images of the B16F0-GFP brain tumor in a single animal was obtained
from d-14 to -25 after tail vein injection of B16F0-GFP in a nude mouse.

7. As determined by external imaging, the size of the metastatic lesion grew
progressively with time (Fig. 1). The sizes of the tumors from external images at
d 14, 19, and 25 were ~1.2, 2.25, and 3.5 mm, respectively.

3.4.2. Comparison of Viral Gene Expression in Liver
External images of vAd-GFP fluorescence from labeled mouse organs in

living, intact animals were compared to the fluorescence of the organs viewed
directly after sacrifice and dissection (25). The fluorescence mapped the region
of gene expression in the brain, liver, pancreas, prostate, and bone. The images
made external to the animal appear similar to those of the exposed organs,
reproducing much of the detailed structure of the direct image.

1. The simplest and most rapid method of obtaining whole-body fluorescent images
of vAd-GFP gene expression is to place a freely moving mouse in a fluorescence
light box (Fig. 4).

2. This system suggests the feasibility of high-throughput screening of agents that
affect specific gene expression.

3.5. Real-Time Quantitative Whole-Body Imaging
of vAd-GFP Gene Expression

Another important advantage of the GFP fluorescence assay for gene expression
is its rapid data acquisition. Under the conditions used, images could be obtained at
video rates, i.e., with exposure times in the order of one-thirtieth of a second (25).
The fluorescence from vAd-GFP gene expression in the brain of a single animal
was visible within 6 h after local delivery of the vAd-GFP gene in a nude mouse,
and by 24 h was very bright (Fig. 3). Liver fluorescence first became detectable at
~7 h after the injection of vAd-GFP into the tail vein (25).
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4. Notes
1. The GFP-based fluorescent optical tumor imaging system presents many power-

ful features (18): Only the tumors and metastases contain the heritable GFP gene
and are therefore selectively imaged with high intrinsic contrast to other tissues.
GFP expression in the tumor cells is stable over long, indefinite time periods,
which is the key feature allowing the quantitative imaging of tumor growth and
metastasis formation, as well as their inhibition by agents of all types. The very
bright GFP fluorescence enables internal tumors and metastases to be externally
observed in critical organs such as colon, liver, bone, brain, pancreas, lymph
nodes, and presumably breast, prostate, and so on. Blue-light illumination is the
only requirement. No contrast agents, other chemical compounds, or additional
treatments need to be administered to the animals.

2. Simultaneous, real-time, visual imaging of angiogenesis and tumor growth in
intact animals is also enabled by establishment of human and rodent tumors that
stably express high levels of GFP (31). Vessels are highly visible by their natural
contrast to the GFP expression in the tumor cells. The GFP whole-body imaging
technology enables the quantitative imaging of the onset and development of
tumor angiogenesis, which can be applied to high-throughput, in vivo screening
of antiangiogenic agents.

3. vAd-GFP delivered to various organs was induced rapidly and was stable over
long time periods, allowing real-time quantitative imaging of transgene expres-
sion (25). These results indicate that gene induction and other kinetic studies can
be visualized by whole-body imaging. The high intensity of GFP fluorescence

Fig. 4. External whole-body image of vAd-GFP gene expression in the liver (25).
An external image of vAd-GFP gene expression accquired from a nude mouse in the
light box 72 h after gene delivery. Lateral, whole-body image of transgene expression
in the liver can be clearly visualized through the abdominal wall. (For optimal, color
representation please see accompanying CD-ROM.)
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makes transgene expression externally observable from internal organs, including
brain, liver, pancreas, prostate and bone and presumably in many other organs,
such as breast, lymph nodes, and so on. No contrast agents, radioactive sources,
or enzyme substrates need be administered to the animals; only blue-light
illumination is necessary. The images can be acquired in real time, because of the
strong GFP signal. The technology reported here can be applied to any gene or
promoter fused or operatively linked to GFP in any organ.

4. We chose vAd-GFP as a vector, since it can transduce many normal tissues
efficiently (25). It was found that vAd-GFP gene is stably expressed in the brain
and liver of nude mice at least for a number of months. Similar studies could be
performed in transgenic animals in which GFP or other fluorescent proteins were
fused or operatively linked to any gene or promoter.

5. Current sensitivity is limited, in part, by the nonoptimum spectrum of the GFP
fluorescence (520 nm). At this relatively short wavelength, the emitted radiation
is strongly scattered by surrounding tissue. However, powerful new techniques
of using ultrafast lasers (27), dual-photon imaging (28), and ballistic photon imag-
ing (29,30) may offer large gains in sensitivity, increased depth of detection, and
spatial resolution.
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Drug-Induced Translocation of Nucleolar Proteins
Fused to Green Fluorescent Protein

Benigno C. Valdez and Laszlo Perlaky

1. Introduction
Protein translocation in a cell is a dynamic process. Proteins move from one

part of the cell to another in a nonrandom fashion, which involves transport
receptors and adapters (1,2). Such protein movement is regulated during cell
growth, development, and apoptosis (1,3). Protein translocation may also occur
in response to drugs, viral infection, or abnormal cellular metabolisms.

Subcellular redistribution of proteins may be used as an assay for screening
and developing cytotoxic drugs. For example, topotecan, a drug used to treat
anaplastic astrocytoma, causes translocation of DNA topoisomerase I from the
nucleolus to the nucleoplasm (4). Cytotoxic drugs cause redistribution of other
nucleolar proteins including nucleophosmin/B23 (5), poly-adenosinediphosphate-
ribose polymerase (6), and RNA helicase II/Gu (7).

There is a need for an efficient, economical, and real-time assay to screen
for cytotoxic drugs that cause protein translocation. One approach is to tag a
protein that is known to redistribute and observe its localization in the presence
of a drug. We recently applied this methodology to tag RNA helicase II/Gu
with green fluorescent protein and monitor its translocation from the nucleolus
to the nucleoplasm in the presence of cytotoxic drugs (8). This procedure is
described below, and a similar method may be applied to other nucleolar pro-
teins, such as nucleophosmin/B23 (9) and nucleolin/C23 (10).

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
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2. Materials
2.1. Preparation of GFP-Expression Constructs

1. Expression vectors and cDNA:
a. pEGFP-C1 vector (Clontech, Palo Alto, CA).
b. cDNA encoding for nucleolar protein RNA helicase II/Gu, nucleolin/C23 (both

available from B. Valdez), or nucleophosmin/B23 (available from P. K. Chan,
Department of Pharmacology, Baylor College of Medicine, Houston, TX).

2. Polymerase chain reaction (PCR) primers:
a. To amplify RNA helicase II/Gu cDNA:

5'-ATTCGCGGCCATGGGATCCGCGGTTGAGAAGACCGGT-3' (GU-5' has
BamHI site).

5'-AACATCATTCTCGAGTTCTATATAAATCTTCT-3' (GU-3' has XhoI site).
b. To amplify nucleophosmin/B23 cDNA:

5'-CCGATGGAAGGATCCATGGACATGGACATGAGCCC-3' (B23-5' has BamHI site).
5'-TAACAAATTGTGTCGACTATTTTCTTAAAGAGACT-3' (B23-3' has SalI site).

c. To amplify nucleolin/C23 cDNA:
5'-GCCGCCATCAGATCTAAGCTCGCGAAGGCAGGTAAA-3' (C23-5' has BglII site).
5'-AGGGAAAGCAGGTCGACAGAAGCTATTCAAACTTC-3' (C23-3' has SalI site).

3. GeneAmp PCR kit (Perkin Elmer, Foster City, CA); GeneAmp DNA Thermal
Cycler 480 (Perkin Elmer).

4. Restriction enzymes and digest buffers: BamHI, BglII, XhoI, SalI (Invitrogen™
Life Technologies, Carlsbad, CA, or other companies).

5. T4 DNA ligase with 5X ligation buffer (Invitrogen™ Life Technologies).
6. Bacterial cell line: We routinely use subcloning efficiency competent DH5α

Escherichia coli cells (Invitrogen™ Life Technologies) for cloning purposes.
7. Selection media for bacteria: Premixed Luria-Bertani (LB) agar or LB broth base

(Invitrogen™ Life Technologies) sterilized, and kanamycin added to a final
concentration of 50 µg/mL.

8. DNA isolation: QIAprep Spin Miniprep kit from Qiagen, Valencia, CA (see Note 1).
9. 1% Agarose gel.

10. 10X TBE (1 L): 108 g Tris, 55 g boric acid, 9.3 g EDTA.
11. Agarose gel loading buffer: 38% sucrose, 0.1% bromophenol blue, 67 mM EDTA.
12. QIAquick gel extraction kit (Qiagen).

2.2. Transfection of Human Cell Line

1. The cell line we used was the human osteogenic sarcoma cell line (U-2 OS, HTB
96, American Type Culture Collection [ATCC], Rockville, MD) (see Note 2).

2. Complete cell culture media: McCoy’s 5A modified medium (Invitrogen™ Life
Technologies) complete with 10% fetal bovine serum (Sigma) and 1% penicillin-
streptomycin solution (Invitrogen™ Life Technologies) (see Note 3). The cul-
ture medium for selection of stable clones contains the complete cell culture
media, along with 500 µg/mL active geneticin (antibiotic G418, Invitrogen™
Life Technologies) (see Note 4).
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3. Kit for transfection: Lipofectin® Reagent from Invitrogen™ Life Technologies
(see Note 3); Lipofectin and DNA are diluted into phosphate buffered saline
(PBS) (1 L): 0.2 g KCl, 8.0 g NaCl, 0.2 g KH2PO4, 1.15 g Na2HPO4, pH 7.4.

4. 0.25% Trypsin-EDTA in Hank’s balanced salt solution (HBSS), without Ca2+

and Mg2+ (Invitrogen™ Life Technologies).
5. Opti-MEM-I Reduced Serum Medium (Invitrogen™ Life Technologies).

2.3. Drugs

1. Stock solution (1000×) of 0.2 mg/mL actinomycin D (Sigma) dissolved in abso-
lute ethyl alcohol and stored at 4°C in a dark container.

2. Stock solution (200×) of 10 mM toyocamycin dissolved in dimethyl sulfoxide,
and stored at 4°C in a dark container. Toyocamycin is available from the Drug
Synthesis Branch of the National Cancer Institute, Bethesda, MD.

2.4. Microscopic Analysis

1. Microscope: Nikon Diaphot TMD-EF2 inverted, reflected-light phase contrast,
fluorescence microscope (see Note 5).

2. Filters: Nikon B-2E that matches the microscope, and supplied by the manufac-
turer of the microscope (see Note 6).

3. Camera for digital fluorescence imaging: high-sensitivity charge-coupled device
(CCD) camera (COHU model no. 4915, San Diego, CA) with a frame storage
(Colorado Video model no. 440, Boulder, CO) and a LG-3 frame grabber (Scion,
Frederick, MD) (see Note 7).

4. Software for quantitative analysis of translocation: NIH Image Ver. 1.55 (NIH
Image was written by Wayne Rasband at the US National Institutes of Health and
is available on a floppy disk from National Technical Information Service, 5285
Port Royal Rd., Springfield, VA 22161; http://rsb.info.nih.gov/nih-image; see Note 8).

3. Methods
3.1. Preparation of GFP-Expression Constructs

1. Amplify RNA helicase II/Gu cDNA, using the GeneAmp kit, by mixing 20 µL
10X PCR buffer, 20 µL 25 mM MgCl2, 4 µL of each 10 mM deoxyribonucleoside
triphosphate, 200 pmol Gu-5' primer, 200 pmol of Gu-3' primer, and 10 ng pGEX-
Gu (11) template in a GeneAmp thin-walled reaction tube. Complete the volume
to 198 µL with water. Mix the contents of the tube. Briefly centrifuge the tube
and add 2 µL 5 U/µL AmpliTaq DNA polymerase. Mix the contents and briefly
centrifuge before adding two drops of mineral oil (see Note 9). After heating for
5 min at 95°C, perform the PCR amplification for 35 cycles in a GeneAmp DNA
Thermal Cycler as follows: 1 min at 95°C, 1.5 min at 50°C, and 2.5 min at 72°C.
Extend the polymerization during the last cycle to 10 min at 72°C, then soak the
reaction mixture at 4°C.

2. Analyze 10 µL of the PCR product on a 1 % agarose gel to check the amplifica-
tion of a 2400-bp DNA. Purify the remainder of PCR product using a QIAQuick

11/PT-Valdez/149-161/F[4.15/5 05/02/2002, 10:54 AM153



154 Valdez and Perlaky

PCR purification kit, and digest with BamHI and XhoI in reaction 2 buffer at
37°C for at least 2 h. Similarly, digest 5 µg pEGFP-C1 vector DNA with BglII
and SalI in reaction 2 buffer at 37°C for at least 2 h. BamHI and BglII produce
compatible cohesive ends; XhoI and SalI ends are also compatible.

3. Add loading buffer to the digestion mixtures and load them onto a 1% agarose
gel for electrophoresis.

4. Excise the proper DNA bands and purify with a QIAQuick gel extraction kit.
Elute the DNA from the column with water instead of TE or Tris-HCl buffer.
Determine the concentration of the DNA (see Note 10).

5. Incubate 50 ng linearized pEGFP-C1 DNA with 50 ng of the purified digested
RNA helicase II/Gu cDNA (1:2 molar ratio) in 10 µL ligation buffer in the pres-
ence of 1 U T4 DNA ligase overnight at 16°C. Transform 100 µL DH5α E. coli
cells with 3 µL ligation mixture on ice for 30 min. Heat at 42°C for 1 min, and
incubate on ice for 2 min. Add 1 mL LB and shake at 37°C for 1 h. Briefly
centrifuge to pellet the cells and decant the supernatant leaving approx 100 µL
LB. Resuspend the cells and spread them on LB-agar plates containing 50 µg/mL
kanamycin. Incubate the plates overnight at 37°C.

6. Pick a couple of colonies and grow them at 37°C in LB medium containing
50 µg/mL kanamycin overnight. Purify the constructed plasmid, using a QIAprep
Spin Miniprep kit, and digest the purified DNA with BglII and BamHI. Positive
clones should contain a 1.4-kb BglII-BamHI DNA fragment (see Note 11).

3.2. Stable Transfection of Human Cell Line

1. Grow a monolayer of human osteogenic sarcoma cells (U-2 OS 96-HTB) in com-
plete McCoy’s 5A modified medium, with 10% fetal bovine serum and antibiot-
ics, in a 75-cm2 Corning T75 vent-cap flask at 37°C, in a humidified
water-jacketed incubator containing 5% CO2 (see Note 12). The doubling time of
U-2 OS cells is 36 h, when grown as monolayer. Cells should be passed at a 1:5
dilution weekly.

2. 2 d prior to transfection, seed 1 × 106 U-2 OS cells in a 10 cm tissue culture dish.
Prepare three plates, one each for the negative control, the pEGFP-C1 vector, and
the pEGFP-Gu construct.

3. Grow the cells until they are 40–50% confluent, which usually takes 24–48 h.
The exact time will vary with cell type.

4. 2 h prior to transfection, change the medium with a fresh complete medium, and
continue incubating the cells.

5. Transfect the cells, using Lipofectin Reagent according to the protocol for
stable transfection of adherent cells supplied by Invitrogen™ Life Technolo-
gies (see Note 3).

6. Use polystyrene 6-well dish to prepare the DNA–Lipofectin Reagent complex.
7. For each transfection prepare A and B solutions in one well of a 6-well plate.

Solution A: Dilute 10 µg DNA into 50 µL PBS in one well of a 6-well plate.
Solution B: Dilute in another well, 50 µL Lipofectin Reagent in 50 µL PBS.
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8. For each transfection, transfer solution B into solution A and mix well by pipeting
up and down.

9. Incubate the mixture at slightly tilted position in a moist chamber at 37°C for
15 min, to form the DNA–Lipofectin Reagent (cationic lipid) complex.

10. While complexes are forming, take the cells out of the incubator, and aspirate the
complete medium. Wash the cells twice with 10 mL Opti-MEM-I (see Note 13).

11. Remove the polystyrene 6-well dish, containing the DNA- Lipofectin Reagent
complexes, from the moist chamber, and add 5 mL Opti-MEM-I for each com-
plex. Mix gently, and overlay onto the previously washed cells. Make sure the
transfection medium completely covers the cells.

12. Incubate the cells for 4 h at 37°C in a humidified CO2 incubator.
13. Aspirate the transfection medium, and replace with 10 mL complete culture

medium. Incubate the cells at 37°C in a humidified CO2 incubator for 48 h, before
selecting the transfected clones.

3.3. Geneticin Selection and Cloning of the Colonies

1. Check the cells for cell growth and for GFP fusion protein expression, under a
Diaphot TMD inverted fluorescence microscope (Nikon, Melville, NY) with an
HBO100 mercury short arc lamp and a filter B-2E with excitation wavelength of
450–490 nm and a barrier filter of 520–560 nm. The maximum emission wave-
length for GFP is 507 nm.

2. Prepare the selection culture medium, which is a complete cell culture medium
including 500 µg/mL active geneticin (see Note 4). Replace the complete medium
with 10 mL selection medium. Include a Lipofectin Reagent alone sham trans-
fected plate, as a negative control for the antibiotic selection process.

3. Incubate the cells at 37°C in a humidified CO2 incubator for approx 2 wk, but
feed the cells with 10 mL fresh selection medium every 3 d.

4. Look for the appearance of microcolonies (8–16 cells, 3–4 cell divisions) and
colonies (more than 32 cells, more than 5 cell divisions).

5. Examine the colonies for fluorescence of the GFP fusion protein and mark them.
Continue growing the cells at 37°C in a humidified CO2 incubator, until the posi-
tive fluorescent colonies reach a minimum of 128 cells.

6. Remove the selection medium, leaving just enough so the cells will not dry.
7. Dip the thicker edge of a 5-mm cloning cylinder (Scienceware, Pequannock, NJ)

into sterile silicone grease (see Note 14).
8. Apply the cloning cylinder around the selected clone by pressing it gently against

the Petri dish using sterile forceps. Select at least 12 colonies from each plate.
9. Place a couple of drops of serum-free medium into the cloning cylinder to wash

the colony, remove the medium, and add a drop or two of 0.25% Trypsin-EDTA
in HBSS, without Ca2+ and Mg2+, to each cloning cylinder.

10. Incubate the plate at 37°C for 5 min.
11. Add a few drops of complete medium into the cloning cylinders, suspend the

cells using a pipet, and transfer the cells into an 24-well cell culture dish. Trans-
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fer each colony into a separate well. Add 1 mL selection medium per well and
grow the cells at 37°C in a humidified CO2 incubator.

12. Change the selection medium every 3 d, and examine the cells for fluorescence
of the GFP fusion protein. Mark the clones that show a homogeneous fluores-
cence (i.e., nucleolar fluorescence for GFP-RNA helicase II/Gu, and cytoplasmic
fluorescence for GFP). Remove the medium and add 0.5 mL 0.25% trypsin into
the marked colonies and keep at room temperature for 30 s. Carefully remove the
trypsin solution without disturbing the cells. Incubate the trypsin-treated colonies
at 37°C for 3–4 min, or until the cells no longer adhere onto the dish. Resuspend
the cells in 3 mL selection medium and grow them in a 6-well dish. Expand the
cells later, using a similar procedure into 10-cm dishes. At this time, 0.5–1 × 106

cells may be frozen in 2.5% dimethyl sulfoxide + 40% fetal bovine serum con-
taining complete medium, and stored in liquid nitrogen. The remaining cells need
to be serially plated and checked for expression of GFP fusion protein.

3.4. Drug Treatment of Transfected Cells

1. Using a 6-well dish, seed 2–4 × 105 cells/well of logarithmically growing stable
clones.

2. Continue growing the cells until they are 50% confluent, which may take 1–2 d.
3. Change to a fresh medium 2 h prior to drug treatment.
4. Prepare a complete medium containing 0.2 µg/mL actinomycin D or 50 µM

toyocamycin.
5. Exchange the growth medium for a drug-containing medium, and incubate the

cells for 2 h at 37°C. Be sure to include cells not treated with drugs. At this time,
the cells can be observed for translocation of GFP-RNA helicase II/Gu fusion
protein from the nucleolus to the nucleoplasm as described below.

6. Cells may be allowed to recover by rinsing out the drug with a fresh complete
medium and incubating them at 37°C in 5% CO2 for 24–48 h. Examine the cells
and observe the relocalization of the GFP-RNA helicase II/Gu fusion protein
from the nucleoplasm to the nucleoli.

3.5. Microscopic Analysis

3.5.1. Qualitative Microscopic Analysis

Figure 1 shows examples of phase contrast images (A and C), nucleolar
fluorescence (B), and nucleoplasmic fluorescence induced by toyocamycin (D).

1. We normally use a Diaphot TMD inverted fluorescence microscope (Nikon), with
an HBO100 mercury short arc lamp and a filter B-2E with excitation wavelength
of 450–490 nm and a barrier filter of 520–560 nm for observation of the cells for
fluorescence distribution (see Notes 5–8). The maximum emission wavelength
for GFP is 507 nm.

2. Living cells, in tissue culture plates that are either untreated or drug-treated, are
viewed with long-working distance 40× or 64× phase contrast FL lenses. After
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obtaining sharp phase-contrast images, open the fluorescent shutter and switch
off the visible light to monitor GFP fusion protein distribution.

3. Examine the control plates for expression of GFP-RNA helicase II/Gu fusion
protein in the nucleoli and the drug-treated plates for translocation of the GFP-
fusion protein to the nucleoplasm.

4. Record the observations and capture 10–20 digital images of cells for objective
quantitative analysis.

3.5.2. Quantitative Microscopic Analysis

Figure 2 shows examples of three-dimensional plots for translocation of
GFP-RNA helicase II/Gu from the nucleolus to the nucleoplasm.

1. The captured and stored images for the drug-induced translocation or
relocalization of GFP-RNA helicase II/Gu fusion protein, may be quantitatively
analyzed according to the previous work of Dr. P. K. Chan (12), using the NIH
Image software. The full gray scale is 256 U; complete darkness at 0, to the
brightest at 255.

2. Measure the fluorescence intensity across a cell image, and generate a three-
dimensional plot on the computer screen, similar to Fig. 2.

Fig. 1. Subcellular localization of GFP-RNA helicase II/Gu. Untreated U-2 OS cells
expressed GFP-RNA helicase II/Gu fusion protein which localized to the nucleoli (A:
phase; B: fluorescence). Treatment of the cells with 50 µM toyocamycin for 2 h
resulted in translocation of the fusion protein to the nucleoplasm (C: phase; D:
fluorescence). (For optimal, color representation please see accompanying CD-ROM.)
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3. Measure the average fluorescence intensity in the nucleoli and in the nucleo-
plasm for each individual cell.

4. Calculate the ratio of nucleolar over nucleoplasmic fluorescence intensity. This
ratio is called the “localization index” (LI) (see Note 15). The localization index
for untreated control is between 9 and 11, which indicates that the GFP-RNA
helicase II/Gu fusion protein localizes to the nucleoli (Fig. 2A). The value of the
localization index decreases as nucleoplasmic fluorescence increases relative to
the nucleolar fluorescence (Fig. 2B). A localization index 1–5 shows a strong
nucleoplasmic translocation (Fig. 2C).

4. Notes
1. We have used miniprep kits from other companies to prepare plasmid DNA for

transfection of mammalian cells but the result was either cell death or low trans-
fection efficiency.

2. We used HeLa S3 (ATCC CCL 2.2, human epitheloid cervix carcinoma) cells
but got variable expression of the recombinant protein. Some selected, stable
HeLa clones maintained resistance to geneticin after several passages, but they
later lost expression of the recombinant protein.

3. We used Lipofectin Reagent in previous experiments. Since then, Lipofectamine
Plus (Invitrogen™ Life Technologies), Transfectace™ (Invitrogen™ Life Tech-
nologies) and SuperFect Transfection Reagent (Qiagen) have been used, all work
well for transient and stable transfection of adherent cells. However, the increased

Fig. 2. Three-dimensional plot of the fluorescence intensity showing the drug-
induced translocation of GFP-RNA helicase II/Gu in stably transfected U-2 OS cells.
(A) Before addition of drug, GFP-RNA helicase II/Gu fusion protein was in the
nucleoli as shown by the small peaks. (B) Cells were treated with 0.2 µg/mL
actinomycin D for 30 min, which resulted in a partial translocation; the nucleolar
fluorescence decreased and the nucleoplasmic fluorescence increased. (C) After 2 h,
the nucleoplasmic fluorescence became more intense and the nucleolar fluorescence
decreased. A residual fluorescence was visible at the periphery of the nucleoli. No,
nucleolus; Np, nucleoplasm. (Also on CD-ROM.)
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transfection efficiency sometimes results in increased cytotoxicity of the lipo-
somes. It is recommended testing the cytotoxicity of liposome using colony-form-
ing assay or another methods before large scale transfections. The optimized
nontoxic and effective concentration of Lipofectin Reagent for U-2 OS cells
is 10 µg/mL (10 µL 1 mg/mL stock solution added to 1 mL medium) in Opti-MEM-I
(Invitrogen™ Life Technologies) for 4 h at 37°C in a humidified CO2 incubator.

4. Geneticin (antibiotic G418) cytotoxicity differs among cell lines, e.g., the active
geneticin concentration for HeLa S3 cells is 900 µg/mL. The optimum active
geneticin concentration for 99% cell kill of untransfected U-2 OS cells is 500 µg/mL.
Always plate a liposome-only transfected control to test the cytotoxicity of geneticin.

5. We previously used a Nikon Diaphot TMD-EF2 reflected-light fluorescence
microscope. Since then we have used a Nikon Diaphot TE-300 inverted-phase
contrast fluorescence research microscope as well as other brands (Zeiss, Leica,
Olympus) with similar specifications. All work well for visualizing the green
fluorescent fusion protein expression and localization.

6. The Nikon Diaphot TMD-EF2 is equipped for fluorescence microscopy with a
Nikon epifluorescence filter block B-2E, with excitation wavelength of 450–490 nm,
a barrier filter of 520–560 nm, and a dichroic mirror of 510 nm.

7. Fluorescence images are best captured by a CCD camera (COHU model no.
4915), if quantitative analysis is to be performed. The authors’ camera is equipped
with frame storage (Colorado Video model 440A), and images are ported to a
Macintosh computer using an LG-3 frame grabber (Scion). We also used a Nikon
Diaphot TE-300 microscope equipped with Coolsnap (RS Photometrics, Tucson,
AZ) high-quality CCD, with 12-bit scientific digitizer, and low noise electronics,
to produce 36 bit, digital color images with > 1 megapixel resolution.

8. We have used NIH Image version 1.55. Image requires a Macintosh computer
with at least 16 MB memory, 24-bit color. Ours is supported with a large moni-
tor, flatbed scanner, film recorder, PostScript laser printer, photo typesetters, and
color dye sublimation color printer. We have also used Coolsnap camera equipped
with PCI card for Power Macintosh or PCI card for Windows-based Pentium III
computers. Photoshop (Adobe) can also be used to manipulate the images, and
analysis can also be performed using a SigmaScan Pro (Jandel) or comparable
software.

9. Keep all reagents on ice to prevent premature nonspecific amplification.
10. If the concentration of the DNA is less than 5 ng/µL, concentrate it using a Speed Vac

concentrator. This explains why we prefer to elute DNA from the column with water.
11. RNA helicase II/Gu cDNA has a BglII site at nucleotide 1038, and pEGFP-C1

vector has a BamHI site at nucleotide 1390. The constructs must be sequenced to
ensure that the insert is in frame with the GFP and no mutation is introduced by
the PCR. EGFP-N and EGFP-C sequencing primers, from Clontech, may be used
to sequence the N-terminal and C-terminal gene fusions, respectively. We usu-
ally request Seqwright (Houston, TX) to sequence our constructs.

12. All cell culture media and trypsin solution should be equilibrated at 37°C water
bath at least 30 min prior to use.
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13. The Opti-MEM-I is a serum-free medium. Do not use any serum-containing
medium during transfection. The serum reduces or blocks the transfection effi-
ciency. Different serum-free media or even PBS alone can also be used to wash
the cells.

14. Cloning cylinders and silicone grease may be put in glass beakers and autoclaved
at 15 psi for 20 min.

15. In order to reduce variability and to establish the same basis for fluorescent mea-
surements, take pictures using the same conditions for each experiment and cor-
rect the measured data accordingly, such as time of exposure to the excitation
light source, the gain setting in the camera, the numbers of frames collected, and
internal positive and negative controls.
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Light-Induced Nuclear Targeting
of PhytochromeB–sGreen Fluorescent
Protein in Plants

Akira Nagatani and Tomonao Matsushita

1. Introduction
Phytochrome is a ubiquitous plant photoreceptor, that regulates various

aspects of plant development (1). Phytochrome is a soluble chromoprotein of
~120 kDa, to which a linear tetrapyrrole chromophore is covalently attached.
The holoprotein undergoes photoreversible conversion between two spectrally
distinct forms, the far-red light-absorbing form (Pfr) and the red light-absorb-
ing form (Pr). Of these two forms, Pfr is biologically active. Red light induces
phototransformation of inactive Pr to active Pfr. Conversely, far-red light con-
verts Pfr back to Pr. In this way, phytochrome acts as a molecular switch.

Green Fluorescent Protein (GFP) is widely used as a cytological fusion tag
to study intracellular distribution of proteins of interest. Fusion GFPs have
been targeted successfully to practically every major organelle of plant cells
(2). More recently, random GFP::cDNA fusions have been expressed, to iden-
tify various subcellular structures in plants (3). The authors constructed a
cDNA library in which cDNAs were inserted at the 3' end of the GFP coding
sequence. Arabidopsis was transformed with this library in a large scale. The
resulting transgenic plants exhibited various subcellular localization patterns
of GFP at high frequency.

Because immunochemical analyses indicate that the major molecular spe-
cies of phytochrome reside in the cytoplasm in darkness, it had long been
thought that the phytochrome action takes place in the cytoplasm (4,5). How-
ever, fusion proteins consisting of β-glucuronidase and C-terminal fragments
of phytochrome have been found to reside in the nucleus (6). To confirm this,
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fusion proteins consisting of phytochromes and GFP were expressed in
transgenic plants (7,8).

A major molecular species of phytochrome, phyB, was fused to sGFP(S65T)
and expressed in the phyB-deficient mutant of Arabidopsis (7). Physiological
analysis of the resulting transgenic plants indicated that the introduced protein
is biologically active. Immunoblot analysis confirmed that a fusion protein of
the predicted size was accumulated. As expected, the phyB–sGFP fusion pro-
tein was detected in the nucleus in the light. The fluorescence exhibited a speck-
led distribution within the nucleus. In contrast, the fusion protein was evenly
distributed throughout the cell in darkness. Hence, it is suggested that phyB
translocates to specific sites within the nucleus upon photoreceptor activation.
A similar approach has been taken to elucidate the intracellular distribution of
phyB and another molecular species, phytochrome A (phyA), in transgenic
tobacco (8,9). The results indicate that not only phyB but also phyA accumu-
late in the nucleus under certain light conditions. Hence, the nucleus is high-
lighted as the site of phytochrome action.

In the above experiments, transgenic plants were prepared to examine intra-
cellular distribution of phy–sGFP. However, preparation of transgenic plants
is time-consuming and laborious. One alternative approach is transient expres-
sion of the fusion protein. A particle-delivery system, in which plant cells are
bombarded with micro-particles coated with DNA, is widely used for this pur-
pose. The expression of introduced protein can be observed as early as 2–24 h
after the bombardment. Using this method, the authors have successfully
expressed phyB-sGFP in onion and Arabidopsis epidermal cells (unpublished).
We herein describe detailed methods for the expression and observation of the
phyB–sGFP fusion protein in plant cells.

2. Materials
1. Details of construction of the phyB–sGFP fusion gene is described elsewhere

(7). The phyB–sGFP chimeric cassette was inserted between the constitutive cau-
liflower mosaic virus 35S promoter (10) and the Nos terminator of an Agro-
bacterium transformation vector. This vector was used both for the stable
transformation and transient expression. An oligoamino acid sequence
(GGGGIDKLDP) was inserted between the phyB and sGFP sequences to avoid
possible interference between the two proteins. However, this appears to be
unnecessary because other groups have reported that phyA and phyB directly
fused to the GFP sequence are biologically active (8,9).

2. Escherichia coli DH5α containing the phyB–sGFP plasmid DNA.
3. Onion bulbs for transient expression were purchased from a local market. Bulbs

freshly harvested gave higher expression. The bulbs, once purchased, can be
stored in a dry, cool, and dark place for at least a few weeks.

4. 1.5% agar plates containing Murashige-Skoog salt mixture without sucrose.
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5. Particle delivery system Biolistic PDS-1000/He (Bio-Rad, Hercules, CA).
6. Tungsten particles of ~1.1 µm diameter (Tungsten M17; Bio-Rad).
7. Gold particles of ~1.0 µm diameter (1.0 Micron Gold, Bio-Rad).
8. QIAfilter Plasmid Maxi or Midi Kit (Qiagen, Hilden, Germany).
9. Rupture disks 1350 (Bio-Rad).

10. Arabidopsis thaliana. For transient expression of phyB-sGFP in hypocotyl cells,
seeds of A. thaliana were sown on 1.5% agar plates containing Murashige-Skoog
salt mixture without sucrose. Seeds were sown along a circle of ~3 cm diameter
at the center of a 9 cm plate (Fig. 1). The transformation efficiency is highest at
this position. After the cold treatment of 3–4 d at 4°C, plates were placed
vertically under light from white fluorescent tubes in a growth chamber at 23°C
(Fig. 1). This arrangement allows the seedlings to grow along the surface of the
plate. Seeds were grown for 2 d then subjected to treatment with a particle
delivery system (see Note 1).

11. Fixative solution: 3.7% formaldehyde in 0.1 M PIPES, 5 mM EGTA, 5 mM
MgCl2, and 1 M sorbitol.

12. Olympus BX60 microscope (Olympus, Tokyo) equipped with X20, X40, and
X100 objectives, differential interference contrast (DIC) optics and a 100-W
mercury arc light source. Ultraviolet (U-MWU) or fluorescein isothiocyanate
(U-MNIBA) filter sets were used (Olympus).

13. Inverted laser-scanning confocal microscope (Model LSM410 invert, Carl Zeiss
Jena, Jena,Switzerland) equipped with X40 and X63 objectives was used for
confocal microscopy. The laser scan images were obtained with a combination
of 488 nm laser excitation and 515-nm long pass emission filter (LP515, Carl
Zeiss Jena).

14. 5% Low-melting-point agarose (Seaplaque, FML BioProducts, Rockland, ME).
15. Vibrating blade microtome (Microslicer DTK-1000, Dousaka EM, Kyoto, Japan).

3. Methods

Preparation of transgenic Arabidopsis expressing phyB–sGFP fusion
proteins by Agrobacterium-mediated method is described elsewhere (7, see
Note 2). Transient transfection of onion epidermal cells and Arabidopsis with
a particle delivery system are described below.

3.1. Transient Expression in Onion Cells (see Note 3)

1. Purify the DNA plasmid encoding for phyB-sGFP from Escherichia coli cells
using Qiafilter Plasmid Maxi or Midi Kit (Qiagen), according to manufacturer’s
instructions (see Note 4).

2. Coat tungsten particles of ~1.1 µm diameter with plasmid DNA, by reacting 5 µg
purified phyB–sGFP plasmid DNA with 1.5 mg tungsten particles according to
the manufacturer’s instruction.

3. Load the tungsten particles onto a macrocarrier, and place it in the Biolistic equip-
ment for a bombardment (see Note 5).
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4. Peel an onion scale from a bulb and place it on a 9-cm agar plate with the inside
surface upwards.

5. Place the plate into the chamber of PDS-1000/HE. Evacuate the chamber to 27 in
of mercury.

6. Bombard the scales at 1350 psi using Rupture Disks 1350.
7. After the bombardment, put lids on the plates and seal them with tape.
8. Incubate the plates in a plant-growth chamber (23°C) for 24 h (see Note 6). Keep

some plates in total darkness and others under white light.

3.2. Transient Expression in Arabidopsis Hypocotyl Cells

1. Epidermal cells of Arabidopsis hypocotyls are bombarded with a particle delivery
system as described for onion cells, unless otherwise stated.

2. We use gold particles of ~1.0 µm diameter instead of tungsten particles.
3. Place the seedlings on agar plates into the chamber of PDS-1000/HE and

bombarded at 1550 psi instead of 1350 psi (Fig. 1).
4. Incubate the seedlings, either in darkness or under white light for 24 h at 23°C. It

is important here that the plates are placed in the vertical position. Otherwise,
hypocotyls bend upwards and are detached from the agar surface, and this
complicates microscopic observation.

3.3. Observation of GFP Fusion Proteins
in Onion Epidermal Cells (see Note 7)

1. Detach the epidermis from the onion scales using forceps. Mount the peel, which
consists of one layer of epidermal cells, on a glass slide with water.

2. In case of photoreceptors such as phytochrome, the intracellular distribution
pattern may be altered by exposure to excitation light for fluorescence
observation. Hence, it is recommended to fix the tissue in darkness before
observation.

3. For this purpose, soak the peels in 3.7% formaldehyde fixative solution for 1–2 h
in the dark at room temperature.

4. After fixing, wash the peels twice with water.
5. Observe the specimens by DIC and fluorescence microscopy. We used an

Olympus BX60 microscope equipped with DIC optics and a 100 W mercury arc
light source. Fluorescence can be observed using ultraviolet or fluorescein
isothiocyanate filter sets.

6. Typically, transiently transformed onion epidermal cells grown in the presence
of white light, have a speckled nuclear distribution of the fusion protein; those
grown in darkness have the majority of the fluorescence signal in the cytoplasm
(Fig. 2A).

7. Alternatively, an inverted laser-scanning confocal microscope can be used
for confocal microscopy. Obtain the laser-scan images with a combination of
488 nm laser-excitation and 515 nm long-pass emission filter.
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3.4. Observation of GFP Fusion Proteins Expressed in
Arabidopsis (see Notes 7–9)

1. Place the hypocotyls on glass slides with water and press gently for the observation.
2. As is the case with onion cells, Arabidopsis hypocotyls can be fixed before

observation. The hypocotyls were soaked in the fixing solution described
previously, and are vacuum-infiltrated. The hypocotyls were then incubated over-
night at room temperature in the fixing solution, and washed twice with water.

3. Microscopic observation was performed as described previously (Fig. 2B).
4. As seen in onion and in transgenic cells, the phyB–sGFP fusion protein is essen-

tially all translocated to the nucleus when grown in the presence of white light,
but remains in the cytoplasm when grown in darkness.

4. Notes
1. Various Arabidopsis mutants are known. Seeds of those mutants can be obtained

from the Arabidopsis Biological Resource Center (http://www.biosci.ohio-
state.edu/~plantbio/plantbio.html) or Nottingham Arabidopsis Stock Centre
(http://nasc.life.nott.ac.uk/home.html).

2. Epidermal and cortex cells can be observed easily in transgenic Arabidopsis seed-
lings; trichome and stomata cells are also easily observed. Mesophyll cells are
relatively difficult, because of background fluorescence from chloroplasts, inner
tissues, such as vascular bundles are most difficult to observe. For those tissues,
sections should be prepared.

Fig. 1. Growth of Arabidopsis seedlings for transient expression. About 100 seeds/
plate were sown on 9-cm agar plates (left). Plates were positioned vertically during the
growth period (center). Plates were placed in the chamber of a particle delivery system
and subjected to bombardment (right).
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3. Although the transient expression is advantageous in many respects, attention
should be paid to its limitations. The expression levels of introduced proteins are
very difficult to control. Levels deviated substantially in individual cells in one
experiment. It is also difficult to confirm that the fusion protein is not fragmented
in the cell. Hence, it is recommended to confirm important results by stable trans-
formation.

4. Several GFP variants are available for plants (11,12). Among them, mGFP4 (13)
and sGFP(S65T) (14) have been widely used. A cryptic Arabidopsis intron
sequence is removed in both mGFP4 and sGFP(S65T). Codon usage is adapted
for plants in sGFP.

5. Both gold and tungsten particles worked well for the expression of phyB–GFP in
onion cells. However, we found that gold particles give much better results than
tungsten ones for Arabidopsis seedlings. Hence, the conditions of bombardment

Fig. 2. Intracellular distribution of phyB–sGFP protein transiently expressed in
onion (A) and Arabidopsis (B) cells. The introduced proteins were expressed either
under white light (W) or in darkness (D). Epidermal cells were observed using an
Olympus BX60 microscope as described in the text. Arrows indicate positions of the
nuclei. As shown, Distribution patterns of phyB–sGFP are different under different
light conditions.
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(types and sizes of the particles, bombardment pressure and so on) should be
optimized for different plant materials.

6. It is also important to choose appropriate time and temperature for the expression
of introduced proteins. Some GFP fusion proteins accumulate in the cell within a
few hours; others take much longer (e.g., 24 h for phyB–sGFP). Some fusion
GFPs exhibit aggregation (probably caused by overaccumulation) in the cyto-
plasm, when expressed transiently in plant cells. In some cases, decreasing the
incubation temperature solves this problem.

7. Evaluating the nuclear localization signal (NLS) activity in relatively small pro-
teins is difficult, for at least two reasons. First, molecules smaller than the size-
exclusion limit of ~40–60 kDa can enter the nucleus by passive diffusion through
the nuclear pore complex (NPC) (15). A good example is GFP itself. GFP
expressed in plant cells is detected both in the cytoplasm and nucleus. Hence,
small GFP fusion proteins may enter the nucleus passively, even if they do not
contain NLS. Second, small GFP fusion proteins, whose molecular mass is less
than 50 kDa may diffuse from the nucleus through NPC, even if they have NLS
(16). Hence, we recommend fusing a larger protein (e.g., B-glucuronidase is suit-
able for this purpose), in addition to GFP, when NLS activity is examined for
small proteins (or small fragments of proteins).

When GFP-fused proteins, larger than the size exclusion limit of NPC, show
the signal in both cytoplasm and nucleoplasm, we speculate that the protein con-
tains both NLS and nuclear export signal. Such proteins shuttle actively between
the two compartments through NPC. However, there are some exceptional cases,
in which GFP-fused proteins that appear to be larger than the exclusion limit
diffuse passively through NPC (17,18).

8. Since Arabidopsis seedlings are small (~5 mm height), a whole seedling can be
mounted on a glass slide. However, detach organs of interest from the seedlings
before observation. The specimens (whole seedlings or detached organs) were
placed on glass slides with water and pressed gently. The seedlings may be fixed
before the observation as described previously.

9. Some tissues cannot be observed easily in a whole organ specimen. In such cases,
sections should be prepared. Fresh seedlings (or organs) were embedded in 5%
low-melting-point agarose (Seaplaque, FML BioProducts) made in water. Speci-
mens of ~50 µm thickness were sectioned with a vibrating blade microtome
(Microslicer DTK-1000, Dousaka). The specimens were mounted on glass slides
with water and subjected to the observation.
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Mechanisms of Protein Trafficking

Two Different Signal Sequences Fused to Green Fluorescent
Protein to Study Mitochondrial Import

Henry Weiner

1. Introduction
Soon after cDNAs were obtainable, it became apparent that proteins found

in the mitochondrial matrix space were coded by nuclear genes and synthe-
sized as precursor proteins. That is, they have an extension of amino acids at
their N-terminal end. This extension is removed after import by the action of a
specific protease. Thus, when a mitochondrial protein was isolated, the exten-
sion, called a leader sequence, was missing from most, but not all, matrix space
proteins. During the past two decades, much work was done to learn how the
leader helped bring the protein through the membranes and into the matrix
space. Initial studies were focused on trying to learn what features were com-
mon among the leaders since all those investigated were found to have differ-
ent primary sequences. A good general review covering most aspects of
mitochondrial protein import can be found in ref 1.

Inspection of the sequences led investigators to postulate that the leaders
could form amphilphatic helices. Leaders all have a net positive charge,
because to the presence of many arginine residues. Initially, circular dichroism
was used to show that the peptides that corresponded to the leader could form
a helix in a buffer containing a co-solvent, such as trichloroethanol. Eventu-
ally, nuclear magnetic resonance techniques were employed to identify the
portions of the leader peptide that were actually in the helix (2–4).

Investigators tried to determine if the entire leader was necessary for it to
function. Some of the studies involved in vivo work. Using the tools of molec-
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ular biology, leaders were fused to a carrier protein, such as β-galactosidase or
dihydrofolate reductase. Typically, yeast was employed for these were easy to
transform and grow. Investigators truncated or altered the sequence and
structure of the leaders. In general, it was found that the crucial segment was
the most N-terminal end of the leader. This was the portion that typically
possessed a helix and had at least one excess positive charge. Most import
experiments, however, were performed using an in vitro import system. For
these, the mRNA coding for the precursor protein was translated in a rabbit
reticulocyte lysate in the presence of 35[S]-methionine. Proteins were visual-
ized after import by first separating them by sodium dodecylsulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE), then visualizing them using
autoradiography. For the import assay, mitochondria, isolated from either rat
liver or yeast, were incubated with the newly synthesized protein. After a period
of time, typically 30 min, the mitochondria were separated from the mixture by
centrifugation. Protease K was added to the mitochondria to digest any of the
proteins that were bound to the surface. Finally, the mitochondria were lysed
with SDS and the protein mixture subjected to electrophoresis (5). Results from
a typical assay are shown in Fig. 1. For the in vitro experiments, both fusion
proteins and naturally occurring precursor proteins were employed.

Investigators found that it was necessary to have some components from the
reticulocyte lysate cell free synthesis system present in an in vitro import sys-
tem. Many of the components were characterized and found to be proteins that
helped keep the precursor in an unfolded state (6). Consistent with this were
reports that urea would increase the rate of import of precursor proteins (7).
Thus, to be imported, a protein must have a leader and be unfolded. Because
the in vitro import was done after the proteins were synthesized, it became
obvious that import could be a posttranslational event, i.e., the precursor pro-
tein is completely synthesized prior to its import. This is in contrast to import
into the endoplasmic reticulum (ER), where in some cases a docking system
exists so that the protein, while being synthesized, is bound to the organelle
and is being imported as synthesis continues.

The discovery of the green fluorescent protein (GFP) has allowed investiga-
tors to study many in vivo cellular events. Only a few studies have been pub-
lished concerning mitochondrial import. One of the earliest publications
showing that GFP can be used to study mitochondrial import was from Mori’s
laboratory (8). They used a fusion protein to actually visualize mitochondria
from patients with different diseases. They went on to perform microinjections
of cDNA and measure incorporation of protein in mitochondria as a function
of time (9), and finally showed that they could use chimeric proteins to study
the role of mitochondrial receptor proteins in COS cells (10).
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My laboratory used GFP to address a mechanistic question (11). In vitro
mitochondrial protein import occurs as a posttranslational event, i.e., the pre-
cursor protein is made then is subsequently imported into mitochondria. When
doing in vitro import we, like others, have observed that large portions of the
newly synthesized precursors actually become import-incompetent, most likely
because of them becoming folded. We argued that it is possible that import
could be a co-translational in vivo event since precursor proteins are not found
in the cytosol. Cotranslation implies that the protein is never free in the cytosol
because it might be imported while being made or is at least brought to the
mitochondrial membrane during its synthesis. This means that the N-terminal
segment might be bringing the protein into the mitochondria before the C-termi-
nal end is made. Data supporting the notion that import could be a cotrans-
lational event includes finding that the leader is susceptible to proteolysis in a
cytosol extract, and that many mitochondrial proteins appear to have a long half-
life. Further, it has been reported that there are between, perhaps, 100 and 1000
receptor complexes on the mitochondrial outer membrane (12). These facts imply
that, because of the low rate of synthesis and low copy number of receptor com-
plexes, the probability of a precursor finding the mitochondrial translocation
apparatus prior to improper folding or proteolysis would be low. Other investi-
gators, as reviewed in the paper from this laboratory (11), have argued that
import could be a cotranslational event, but definitive data was lacking.

Fig. 1. Example of protein import data. Lane 1 shows the precursor that was synthe-
sized by the in vitro system in the presence of 35[S]-methionine. After synthesis, the
sample is subjected to SDS-PAGE and the radioactivity visualized by
audoradiography. Lane 2 shows the labeled protein in intact mitochondria after import.
Some of the precursor protein is bound to the surface; some protein is imported and
processed to the size of the mature protein. Lane 3 shows the mitochondria after
treatment with Protease K, a nonspecific endoprotease that destroys all proteins not
protected by the mitochondrial membranes. Thus, all that remains is the imported
mature protein. (p, precursor; m, mature.)
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GFP allowed convenient investigation of the nontraditional concept of
cotranslation. To do so, we attached two different signals to GFP. One would
direct the protein to the mitochondria, the other would lead it to the ER. These
constructs are illustrated in Fig. 2. Photographs of the fluorescent data are pre-
sented as figures in the supplemental CD-ROM that accompanies the book or
can be seen in the original publication (11). The mitochondrial signal used was
found at the N-terminus (3), while the ER signal was located at the C-terminus
(13). The results were as follows. If HeLa cells were transformed with just
GFP, protein would be found in the entire cell. If only the mitochondrial leader
were attached, protein would be found in the mitochondria and lastly, if only
the ER signal was present protein was found in that organelle. The crucial
experiment was with the double-labeled GFP. If both signals were available,
the protein should have been distributed between the two organelles, if a
postranslational event were occurring. If co-translation were occurring, then
the C-terminal ER-targeting signal would not be available and all the protein
would be found in mitochondria. This is what was found. The most logical

Fig. 2. The three major constructs used in the study. “pALDH” refers to the
N-terminal mitochondrial leader from rat liver aldehyde dehydrogenase. The first
19 residues are the leader; the ones in italics are from the mature portion of the
protein. Constructs are also used in which the leader is fused directly to one of the
enhanced green fluorescent proteins, EGFP (11). ER refers to the C-terminal 35
amino acid signal from a rat microsomal aldehyde dehydrogenase that targets that
protein to the outer membrane of the endoplasmic reticulum. pALDH-EGFP is found
only in the mitochondria, after the HeLa cells are transfected. The EGFP-ER is found
only in the mircosomes; pALDH-EGFP-ER is found only to be associated with the
mitochondria.
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interpretation of finding all the protein in the mitochondria is that the precursor
protein never was completely free in the cytosol, so the C-terminal ER target-
ing peptide was not available. A co-translational import model could logically
be used to explain the data.

The approach we employed would not be applicable to study all cellular
protein trafficking. What is necessary is that the signals must be associated
with different parts of the carrier protein. One could envision addressing a ques-
tion related to membrane anchoring of a protein. For example, if one had a
membrane-spanning domain for a protein destined for one organelle located at
the N-terminal end of the natural protein, one would then need a membrane-
spanning domain from a different protein be located at the C-terminal end of
that protein. Both these domains could be fused to GFP to determine if the
chimeric protein was now found associated with one or two organelles. Finding
it located in just the one organelle governed by the domain fused to the N-termi-
nus would show that the protein was associating with the organelle as it was
being synthesized. Analogous to the import experiments, the only way to find
the protein associated with two different organelles would be to have the
protein synthesized completely prior to it being associated with the organelle
targeted by the C-terminal signal.

In addition to investigating co- and posttranslational import questions, one
can use a dually labeled GFP for other types of studies. These would be
approachable only if the import occurred in a posttranslational manner. For
example, one could investigate an ion or pH effect on import. Similarly, a drug
effect on two different transport systems could be studied simultaneously. The
role of selected chaperones or heat shock proteins could be investigated by
monitoring for a different distribution of trafficking if one of the components
was missing.

2. Materials
Recombinant plasmids were created using standard molecular biology

techniques (11; see Chapters 1–5 of this volume). Furthermore, the specific
cloning strategy must change, depending upon the targeting sequences
employed and their sources. Cell transformation efficiency will differ for
each cell type used.

1. Recombinant GFP plasmids without targeting sequence (TS): pEGFP-N1
(Clontech), with N-terminal mitochondrial TS, with C-terminal ER TS, and with
both mitochondrial and ER TS (Fig. 2).

2. HeLa cells transfected and expressing the above constructs (see Note 1).
3. HeLa cell growth medium: Dulbecco’s modified Eagle’s medium (DMEM) (Life

Technologies) containing 10% calf serum, 100 µg/mL streptomycin, 100 U/mL
penicillin, and 0.25 µg/mL amphotericin B.
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4. SuperFect Transfection Reagent (Qiagen).
5. In vitro transcription-coupled translation kits (Promega).
6. Protease K.
7. Phenylmethanylsulfonyl fluoride.
8. Phosphate-buffered saline (PBS) (1 L): 0.2 g KCl, 8.0 g NaCl, 0.2 g KH2PO4,

1.15 g Na2HPO4 pH 7.4.
9. 4% Paraformaldehyde in PBS.

10. Isolated yeast or rat liver mitochondria.
11. SDS-PAGE apparatus, gels, and Coomassie blue for gel staining.
12. Autoradiographic film.
13. Six-well plates, 60-mm culture dish, and cover slips for HeLa culture and

microscopy.
14. Olympus BX60 Fluorescent Microscope or equivalent.
15. Modified medium for observation of fluorescence containing 10 mL glycerol,

10 mL PBS, and 0.1 g propyl gallate. The pH is adjusted to 8.5 with 1 N NaOH.

3. Methods
3.1. In Vitro Import of Proteins into Mitochondria

1. Prior to transforming the HeLa or other cell, an in vitro import assay should be
performed. Use a commercial kit, such as the Promega TNT kit to make the
protein, labeled with an amino acid such as 35[S] methionine.

2. Use the TNT kit essentially as described by the manufacturer. After a 60–90 min
time period to allow for the translation of the protein, subject an aliquot of the
solution to SDS-PAGE to verify that a protein of the expected molecular weight
was synthesized in vitro.

3. To check for import, add 6 µL of either yeast or liver mitochondria (7 mg protein/mL)
to 3 µL of the expression system, in a total volume of 100 µL, and allow import
to proceed for 30 min at 30°C. Divide the incubation solution into two portions.
Additional descriptions can be found in refs. 11, 14, and 15.

4. After import, add 4 µL protease K (2 mg/mL) to one portion to destroy proteins
not imported or that are just bound to the outer membrane of the mitochondria. It
should take 15 min on ice to digest the proteins. Terminate the reaction by adding
2 µL phenylmethylsulfonyl fluoride (stock solution is 200 mM). This is a fast
reaction, requiring less than 1 min. Pellet both the protease K-treated and
untreated portions, by subjecting the samples to centrifugation. Since no other
organelles are present the velocity is not important. Wash the mitochondria by
gently stirring them with buffer to resuspend them; again isolate the organelles
by subjecting the suspension to centrifugation. Next lyse the pellet in SDS and
subject an aliquot to SDS-PAGE.

5. Follow SDS-PAGE separation by autoradiography. The protease K-treated
sample contains protein that is imported into mitochondria. The nontreated
sample will contain any protein that is just bound the outer membrane as well as
those imported.
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6. There is much variation between batches of mitochondria isolated from different
animals. Qualitatively, similar results are obtained with mitochondria isolated
from rats or yeast. The advantage of using mitochondria from yeast is that the
organelles can be stored (16); those from rats must be prepared fresh each time
they are needed.

3.2. In Vivo Visualization of Targeted GFP
by Fluorescence Microscopy

The author’s laboratory has had no previous experience in using micros-
copy to study a cellular event. Thus, special expertise was not required to do
this study. The department’s Olympus BX60 Fluorescent Microscope was used,
and the images were recorded on 35 mm film, which is acceptable, but the
more modern digital camera is more desirable.

1. One day prior to transient transfection, seed 2–8 × 105 Hela cells on cover slips in
6-well plates, or simply in a cell culture dish, and grow in 3 mL growth medium
(DMEM plus 10% calf serum and antibiotics), incubated at 37°C under an atmo-
sphere of 5% CO2 and 95% air. The cell number seeded should produce 40–80%
confluent on the day of transfection (see Note 1).

2. Dilute 5 µg of DNA (minimum concentration 0.1 µg/mL) dissolved in 10 mM
Tris-chloride buffer containing 1 mM EDTA with cell growth medium contain-
ing no serum, protein, or antibiotics. The final volume should be 150 µL.

3. Transfect the cells with 2.5 µg plasmid at 37°C, by adding 30 µL SuperFect
Transfection Reagent from Qiagen, essentially as described by the manufacturer.

4. Incubate the samples for 5–10 min at room temperature.
5. Add 1 mL growth medium containing serum and antibiotics. Mix by pipeting a

few times, and transfer the total volume to the cells.
6. Remove the medium by aspiration, and wash the cells with 4 mL PBS.
7. Next, replace the transfection medium with fresh growth medium.
8. Between 48 and 72 h after transfection, wash the cells twice with PBS.
9. For fixation, incubate the cells on the cover slips with 1 mL 4% parafor-

maldehyde in PBS, 37°C for 15–30 min, then wash the cells twice using PBS
(see Note 2).

10. Place 20 µL of modified medium on a microscope slide and place the cover slide
on it, cell-side down.

11. Observe the GFP fluorescence from the cells on the cover slips with an Olympus
BX60 Fluorescence Microscope or equivalent.

4. Notes
1. Use of the two-signal approach has been applied to investigate a limited number

of systems. HeLa cells were the only cell line used, but there is no reason that
yeast or other mammalian cell lines could not be used. Mori has used COS cells
for a different study (10). For each signal sequence employed, it would be useful
to determine whether or not the signals were stable to the cytosolic environment
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of the cell line to be studied. After the precursor is translated in the in vitro system
mentioned previously, some cytosol lysate from the cell line should be added to
it. Over the next 30 min, aliquots should be removed and analyzed by SDS-PAGE,
to determine whether or not the signals are proteolyzed by actions of nonspecific
proteases that were present in the cytosol. If the signal fused to the N-terminal
end of GFP were destroyed, then the only way the protein could come to the
organelle in vivo would be by a co-translational event. If the signal fused to the
C-terminal end of GFP were unstable, then it would not be possible for the carrier
protein to become associated with that organelle. One could not use a negative
finding to prove co-translation, unless it was shown that the signal at the C-termi-
nal end was stable. If the signal at the N-terminal was very stable to the cytosolic
environment, then it could be possible that import occurred in a posttranslational
manner. To prove that a co-translational trafficking event took place, one would
have to show that the signal located at the N-terminal was less efficient than was
the other. Thus, finding GFP only in the organelle that used the N-terminal signal
could only occur if import occurred before the C-terminal signal was available.

2. Observing whether 100% of the cellular events occurred in an identical manner is
simple, but it is not easy to tell by visual observation, if, for example, 80% of the
protein were in one organelle and 20% in another. Isolation of subcellular
organelles is often advisable just to verify that the presence of fluorescence was
not artifactual. Isolating the various subcellular organelles and Western blotting,
or similar techniques can be used to identify the GFP carrier protein in the isolated
fractions.

Supplemental Material
Four color photographs showing the actual subcellular localization in HeLa

cells are presented on the CD-ROM.
EGFP is a photograph of a HeLa cell transformed with just EGFP. SP1-EGFP

corresponds to the transfection with a mitochondria leader fused to N-terminal
of EGFP. EGFP-ER corresponds to the transfection with an endoplasmic
reticulum signal fused to the C-terminal of EGFP. SP-EGFP-ER refers to the
construct with both signals on GFP. The subcellular organelles were verified
by isolation and analyzing for markers proteins. The data reveal that EGFP is
found throughout the cell. When the mitochondrial leader is attached, all the
fluorescence is found associated with the mitochondria. When the ER signal is
attached, the fluorescence is found to be associated with the endoplasmic
reticulum. When both signals were fused to EGFP, the fluorescence was found
only to be associated with the mitochondria, consistent with import being a
co-translational event. See also Ni, L., Heard, T. S., and Weiner, H. (1999) In vivo
mitochondrial import: a comparison of leader sequence charge and structural
relationships with the in vitro model resulting in evidence for co-translational
import. J. Biol. Chem. 274, 12,685–12,691.
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Analysis of Nucleocytoplasmic Transport
Using Green Fluorescent Protein

Roland H. Stauber

1. Introduction
A hallmark of eukaryotic cells is their spatial and functional separation into

the nucleus and the cytoplasm by the nuclear envelope. Although this separa-
tion introduces a potent and sophisticated level of regulation, it also requires
highly effective and selective transport machinery. All known transport
between the nucleus and the cytoplasm occurs through the nuclear pore com-
plex (1–3). Theoretically, proteins <40 kDa can enter and leave the nucleus by
passive diffusion. However, even most of the smaller proteins and nucleic acids
appear to be transported by signal-mediated pathways, probably because sig-
nal-mediated transport is more efficient and more amenable to specific regula-
tion than diffusion. Nuclear import is mediated by short stretches of basic
amino acids, called “nuclear localization signals” (NLS), which interact with
the importin α/β-axis, or directly with alternative import receptors (Fig. 1A).
Following transfer through the NPC binding of Ran-guanosine triphosphate
(GTP) to the import complex, causes cargo release (Fig. 1B; 4–9). Nuclear export
of proteins, on the other hand, is mediated by nuclear export signals (NES),
mostly characterized by clusters of leucines, as identified in a variety of cellu-
lar and viral proteins (4,5,9). Recent studies indicate that individual import and
export signals differ in their activity, and that this may represent a level of
regulation for the biological activity of shuttle proteins (10, Stauber, unpub-
lished observations). NESs interact with the export receptor, CRM1, in the
presence of Ran-GTP and the trimeric complex of cargo, CRM1, and Ran-GTP
is subsequently translocated to the cytoplasm (Fig. 1C). Ran-GTP hydrolysis
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triggers the dissociation of the complex that is induced by the cytoplasmic
Ran-GTPase-activating protein and its accessory Ran-binding protein 1
(Fig. 1D; 6,11,12). The Ran-GTPase cycle creates, therefore, a Ran-GTP
gradient that determines transport directionality by regulating the stability of
the transport receptor–cargo complexes (13).

Since the controlled transport of molecules between the cytoplasm and the
nucleus is critical for cellular homeostasis, there is great emphasis on the
identification of shuttle proteins and the characterization of specific transport
signals and pathways. To date, several experimental in vitro and in vivo sys-
tems have been established to study the requirements for nucleocytoplasmic
trafficking. Autofluorescent proteins (AFPs) are ideal tools to investigate these
dynamic processes because AFPs, in contrast to other bioluminescent mol-
ecules, operate independently of cofactors and can be detected in living cells.
This chapter focuses on several AFP applications to investigate nucleocyto-
plasmic transport and to characterize transport signals.

2. Materials
2.1. Microscopy, Cell Transfection, and Drug Treatment

1. Green fluorescent protein (GFP) signals were observed using an inverted fluo-
rescence microscope, e.g., Axiovert®135 Inverted Fluorescence Microscope (Carl

Fig. 1. Nucleocytoplasmic transport. (A) Import receptors bind to NLS containing
substrates and mediate their transport into the nucleus. (B) Binding of Ran-GTP to the
import complex causes cargo release. (C) NES-containing macromolecules interact
with the export receptor, CRM1, promoted by Ran-GTP. (D) Following transfer
through the nuclear pore, the export complex is disassembled via GTP hydrolysis.
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Zeiss, Thornwood, NY) equipped with a fluorescein isothiocyanate-fluorescence
filter set (Zeiss O9, excitation, 450–490 nm; beam splitter, 510 nm; emission
filter, >520 nm; Carl Zeiss). Blue fluorescent protein (BFP) signals were obtained
using a broad band DAPI-filterset (Zeiss 02, excitation maximum, 365 nm; beam
splitter, 460 nm; emission filter, >470 nm).

2. The use of a charge-coupled device camera (e.g., MicroMax, Princeton Instru-
ments, Stanford, CA) to record images of the same cell at different time-points.
Image analysis and presentation was performed using the IPLab 3.1.1c software
package (Scanalytics, Vienna, VI).

3. For direct microscopic observation, cells were seeded into 35-mm glass bottom
dishes (no. P35G-C-R, MatTek, Ashland, MA).

4. Plasmids encoding AFP-fusions. For fusions to the N-terminus of GFP/BFP,
the coding regions of the specific genes were inserted into the unique NheI-site in
the plasmids pCMV-GFPsg25 or pCMV-BFPsg50 (14). To generate fusions to
the C-terminus of GFP, plasmid pF25GFP-Hyg was used (14). However, com-
mercially available AFP vectors (e.g., pQBI 25/50, Quantum Appligene Biotech.,
PQ) can be used as well (see Note 1).

5. HeLa, Vero or NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum.

6. Transfections were performed using the ProFection® Calcium Phosphate Trans-
fection Kit (Promega, Madison, WI).

7. Prepare a stock solution of 1 µM leptomycin B (LMB) (Sigma) in dimethyl
sulfoxide (DMSO), and store aliquots at –20°C.

8. Prepare a stock solution of 1 mg/mL actinomycin D (ActD), or 10 mg/mL 5,6-
dichlororibofuranosylbenzimidazole (DRB) (Sigma) in 70% EtOH, and store
aliquots at –20°C.

2.2. Polyethylene Glycol-Induced Cell Fusion Assays

1. Polyethylene glycol-1500 (PEG) (Roche, Mannheim, Germany).
2. Prepare a stock solution of 1 mg/mL cycloheximide (Sigma) in 70% EtOH and

store aliquots at –20°C.
3. Hoechst 33258 (Molecular Probes) (stock solution: 1 mg/mL in DMSO) for

nuclear stain.
4. Phosphate-buffered saline (PBS), pH 7.3: 137 mM NaCl, 2.68 mM KCl, 7.3 mM

Na2HPO4, 1.47 mM KH2PO4, 0.91 mM CaCl2, 0.49 mM MgCl2.

2.3. Preparation and Microinjection
of Recombinant GFP Fusion Proteins

A detailed description of the individual apparatus and techniques necessary
for computer-assisted microinjection would exceed this chapter (for specific
details, see ref. 26 and references therein). The described experiments were
performed using a CompiC INJECT computer-assisted injection system
(Cellbiology, Hamburg, Germany) and a horizontal pipet puller (Sutter,
Novato, USA).
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1. Escherichia coli (strain BL21) containing the appropriate (GST)-AFP expres-
sion plasmid.

2. Luria-Bertani medium (LB)-ampicillin: LB medium containing 50 µg/mL ampi-
cillin.

3. Isopropyl β-D-thiogalactooside (IPTG), freshly prepared in H2O.
4. 96-well plates (Costar® Opaque Black Solid 96 well plate, Corning, Corning, NY).
5. Victor® 1420 Multilabel Fluorescence Plate Reader (Wallace Oy, Turku, Finland).
6. Injection medium: Cell culture medium without serum, buffered with 25 mM

HEPES (1 M stock solution, sterile-filtered, stored at room temperature.
7. Prepare a 100X protease inhibitor stock solution: 200 mM phenylmethylsulfonyl

fluoride, 5 mg/mL pepstatin, 10 mg/mL chymostatin (Sigma). Dissolve in DMSO,
and store aliquots at –70°C.

8. Hen egg lysozyme (Sigma): 10 mg/mL stock solution in water.
9. Dnase I grade II (Roche): 1 mg/mL stock solution in 20 mM Tris-HCl, pH 7.5,

1 mM MgCl2; store aliquots at –20°C.
10. 1 M MnCl2.
11. 1 M MgCl2.
12. Branson Sonifier 450 with a microtip probe (Schwäbisch Gmünd, Germany).
13. 20% Triton X-100 (Sigma).
14. 5 M NaCl.
15. Glutathione-Separose® 4B (Pharmacia Biotech., Freiburg, Germany).
16. Elution buffer (freshly prepared): 50 mM Tris-base, 150 mM NaCl, 15 mM

reduced glutathione (Sigma).
17. Slide-A-Lyzer® 10K Dialysis Cassette (Pierce, Rockford, IL).
18. Sodium dodecylsulfate-polyacrylamide gel electrophoreses (SDS-PAGE) gels

and Coomassie Blue stain.
19. Poly Prep Chromatography Column (Bio-Rad, Munich, Germany).

3. Methods
3.1. Visualizing Nucleocytoplasmic Trafficking
by Drug Treatment

The first step in studying the requirements of nuclear export for a given
protein is to demonstrate that the protein is indeed capable of nucleocytoplas-
mic shuttling. A simple approach is the use of chemical compounds that cause
a change in the steady-state localization of the protein under investigation.
Before and after drug treatment, the protein is visualized by indirect immunof-
luorescence or, in living cells, by using fusions to autofluorescent proteins (e.g.,
GFP, BFP, red fluorescent [RFP]) (14–16). Many fusion proteins with GFP
and BFP have been studied and in general, AFP fusions assume the localiza-
tion and functional properties of the fusion partner (14). A variety of eukary-
otic expression vectors have been developed and are also commercially
available (Clontech, Palo Alto, CA; Quantum Appligene). As an example,
Fig. 2 illustrates the expression vector, pER1 (Stauber, unpublished observa-
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tions), which permits expression of the gene of interest as a N- or C-terminal
fusion to GFP. Cloning is performed by standard recombinant DNA techniques
(17), and expression of the hybrid protein is usually confirmed by microscopic
observation in living cells following transient transfection.

For shuttle proteins displaying a predominantly nuclear localization, tran-
scription inhibitors have been used to demonstrate export. As reported, ActD
or DRB appear to block nuclear import of hnRNPA1 (18) or the HIV-1 Rev
protein (19,20; Fig. 3A,B). Alternatively, for shuttle proteins displaying a pre-
dominantly cytoplasmic localization, the use of export inhibitors (e.g., LMB)

Fig. 2. Schematic representation of a plasmid for the expression of AFP fusion
proteins in mammalian cells. Fusions to the N- or C-terminus of GFP/BFP can be
constructed by inserting the coding regions of the specific genes into appropriate
unique restriction sites. In the resulting plasmids, the expression of the hybrid gene is
under the control of the cytomegalovirus immediate-early promoter and the HIV-1 tat
gene translation initiation sequence and contains the bovine growth hormone
polyadenylation signal and the aminoglycosyl phosphotransferase gene (Neo) as a
selection marker.
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Fig. 3. Drug treatment to detect nucleocytoplasmic trafficking. Cells transfected
with the indicated plasmids were analyzed by fluorescence microscopy 16 h later. In
living HeLa cells, the nucleolar HIV-1 Rev-GFP protein (A) accumulated in the
cytoplasm following treatment with ActD (B). The adenovirus type 5 E1B 55K-GFP
hybrid localized predominantly to the cytoplasm (C), and accumulated in the nucleus
following LMB treatment (D), which blocks nuclear export. (For optimal, color repre-
sentation please see accompanying CD-ROM.)

will result in nuclear accumulation (Fig. 3 C,D; 21–24). LMB binds and irre-
versibly inactivates the CRM1 export receptor, thereby blocking the nuclear
export of proteins containing a leucine-rich NES (25).

3.1.1. Expression of GFP-Tagged Proteins in Eukaryotic Cells

To verify expression of the GFP-tagged protein, transient expression is
straightforward. In addition to electroporation, several transfection methods,
including calcium phosphate, diethylaminoethyls-dextran, and liposome-based
transfections, have been developed and are commercially available from sev-
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eral companies along with their recommended protocols (Clontech, Palo Alto,
CA; Gibco-BRL, Bethesada, MD; Promega). However, it is advisable to opti-
mize and compare different transfection protocols for the individual cell lines
and applications.

1. Seed HeLa cells in the appropriate cell culture dishes in DMEM containing 10%
fetal bovine serum.

2. 24 h later, wash cells with fresh medium 2 h prior to transfection with calcium
phosphate-DNA precipitates.

3. Transfections were performed using the ProFection Calcium Phosphate Trans-
fection kit, according to the manufacturer’s instructions. In standard transfection
reactions, 5 µg plasmid DNA, encoding AFP fusions, was used. AFP signals
were usually observed 16 h posttransfection.

3.1.2. Treatment with LMB or Transcription Inhibitors

1. Transfect cells with plasmids expressing the AFP-hybrid proteins (see Subhead-
ing 3.1.1, step 1.).

2. Treat cells 16 h after transfection with LMB (10 nM final concentration) for up to
6 h and directly monitor the effect on the localization of the tagged protein by
fluorescence microscopy, after various time-points (see Note 2).

3. Alternatively, incubate transiently transfected cells for 1–4 h with medium con-
taining either 2–10 µg/mL ActD or 50–200 µg/mL DR, and observe the effect on
the localization of the tagged protein, by fluorescence microscopy (see Note 2).

3.2. Cell Fusion Assay
to Investigate Nucleocytoplasmic Shuttling

For nuclear proteins not responding to drug treatment the heterokaryon
fusion assay represents an efficient in vivo approach (27,28). In a standard
fusion assay, cells expressing the protein of interest (e.g., stable cell lines or by
transient expression) are mixed with nonexpressing cells. After PEG treatment,
the plasma membranes of the individual cells start to fuse, resulting in a multi-
nuclear syncytium. If the protein of interest is constantly exported from and
imported into the donor nucleus, it will be imported also into the acceptor nuclei
over time (Fig. 4A,B). The use of AFP-tagged proteins allows monitoring of
shuttling in living cells and comparison of transport kinetics between different
proteins. However, fusion assays represent a mixture of nuclear export (from
the donor nucleus) and nuclear import (into the donor and acceptor nucleus).
To facilitate the discrimination of donor and acceptor nuclei, mouse cells are
often used as acceptor cells, because the nuclei of human and mouse cells can
easily be distinguished by staining with Hoechst dye, which produces a more
punctate staining of mouse nuclei compared to HeLa nuclei (29,30). Because
prolonged or extensive treatment with PEG can also cause the disruption of
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Fig. 4. Cell fusion assay to analyze nucleocytoplasmic transport. Cells transfected
with the indicated plasmids were fused 16 h later with PEG and analyzed by fluores-
cence microscopy. Rev-GFP was efficiently exported and accumulated in the nuclei of
the acceptor cells, but Rev∆NES-GFP harboring an inactive NES remained in the
nucleus of the donor cells. (A and B) Rev-GFP prior to or 15 min postfusion, respec-
tively. (C) Rev∆NES-GFP 30 min postfusion. (D) Staining of surrounding nuclei in
(C) with Hoechst dye, to visualize the presence of acceptor nuclei. Arrows indicate
donor nuclei. Asterisks mark the Rev∆NES-GFP-expressing cell in (C) and (D). (For
optimal, color representation please see accompanying CD-ROM.)

the nuclear envelope, the experimental conditions have to be controlled by
including a nonshuttling protein as a negative control (Fig. 4C,D). In addition,
new protein synthesis might flaw the results. Therefore, appropriate inhibitors
should be present during the experiment.

1. Transfect cells with the specific expression plasmid, as done in Subheading 3.1.1.
2. To block new protein synthesis, cycloheximide (50 µg/mL) should be added

30 min before fusion and should be present during the experiment. Additionally,
all solutions should be prewarmed to 37°C prior to use.
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3. 16 h posttransfection seed cells with a five-fold excess of untransfected cells
(e.g., HeLa or mouse NIH3T3 cells).

4. The following day, wash the cells with 2 mL PBS, and add 1 mL PEG for 2 min.
5. Wash the cells 3× with 3 mL PBS, add 2 mL of the appropriate cell culture

medium and continue further incubation at 37°C.
6. Immediately after fusion, cells should be observed under phase contrast and fluo-

rescent illumination and scanned for fusion events involving one donor cell and
surrounding acceptor cells. Ideally, the same fusion event should be recorded
over time (Fig. 4; see Note 3).

7. Because the degree of fusion may vary, depending on the PEG preparation and
the cell lines used, it is advisable to optimize the experimental parameters in pilot
experiments.

8. For Hoechst staining, the cells are incubated with Hoechst 33258 (final concen-
tration 1 µg/mL in PBS) for 15 min and the dye removed by several washes with
PBS prior to microscopic observation.

3.3. Microinjection of Recombinant Proteins
to Characterize Transport Signals

The previously described assays indicate whether the proteins of interest are
capable of nucleocytoplasmic transport. However, the identification of trans-
port signals is essential, in order to characterize and understand specific trans-
port pathways and the regulation thereof. Capillary microinjection of
recombinant proteins has been proven an efficient approach to directly investi-
gate nuclear export independent of import or vice versa. A limitation is often
the efficient expression and purification of large or toxic proteins in sufficient
amounts to study transport of the full-length proteins. Thus, this technique has
been mostly used to identify and characterize in detail nuclear export or import
signals (31,32). NLS/NESs are either expressed as a fusion with a heterolo-
gous protein (e.g., GST) or NLS/NES-peptides are conjugated to bulky in vitro
fluorescently labeled carrier proteins (e.g., bovine serum albumin), to avoid
passive intracellular diffusion. Subsequently, the substrates are injected into
the nuclei of somatic cells to study export or into the cytoplasm to investigate
nuclear import, respectively. Microinjection also allows one to introduce spe-
cific inhibitors (e.g., antibodies, drugs, fluorescent lectins, and so on), together
with the transport substrates in order to analyze their effects on individual
pathways (33–35). The localization of fusion proteins is monitored by
immunostaining or by direct fluorescence. An elegant and stringent approach
represents the use of transport signals linked to a chimeric protein composed of
GST fused to GFP or BFP (see Fig. 5), respectively, which allows recording of
real-time kinetics of transport (35,36). Transport of the stable and highly
fluorescent substrates can be observed directly by fluorescence microscopy
in living cells following microinjection. In addition, the size of GST-AFP
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Fig. 5. Schematic representation of the plasmid used for the bacterial expression of
GST-AFP fusion proteins. Expression of the GST-GFP/BFP hybrid proteins is under
the control of the IPTG-inducible tac-promotor/lac-operator system. The indicated
unique BamHI- and NheI-restriction sites were used for cloning of the NLS/NES
sequences. Xa indicates the sequence recognized by the factor Xa-protease, in order to
cleave off the GST part.

(~54 kDa, as a monomer) prevents intracellular passive diffusion. Strictly
speaking, transient expression of a GFP-NLS fusion will only indicate if the
tested signal can mediate nuclear retention, since GFP is able to enter the
nucleus by itself. Thus, microinjection of the GST-NLS/NES-AFP fusions is a
highly stringent approach to investigate whether the signal under investigation
is capable of mediating nuclear entry or export, respectively. In addition, micro-
injection allows one to compare and quantify the activities of different import
and export signals, which may be important for the biological function of the
protein of interest.

The combination of GST–AFP-tagging also allows efficiently control of
protein expression and monitoring of protein purification, amenable especially
for toxic or weakly expressed proteins. In addition, a variety of parameters
essential for the expression of the recombinant protein in E. coli can be tested
rapidly by quantifying the GFP- signal in bacterial suspensions using a multi-
well fluorescence plate reader (37). The attempt to include the newly discov-
ered RFP from Anthozoa (16) in this system failed, because since a GST–RFP
hybrid displayed extensive aggregation and could not be used in microinjec-
tion (Stauber, unpublished observations).

The recombinant GST-AFP proteins containing import/export signals can
also be used to study the interaction with in vitro translated import/export
receptors in pull-down experiments (Stauber, unpublished observations).

As outlined in Fig. 6 the following section focuses on the production and
microinjection of recombinant chimeric GST-AFP proteins containing specific
transport signals (see Note 9).

3.3.1. Induction of Recombinant Protein Expression

1. Inoculate a single colony of E. coli (strain BL21), containing the expression plas-
mid, into 50 mL LB/ampicillin (50 µg/mL ampicillin), and grow 12–15 h at 37°C
in a shaking incubator.
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2. Add 450 mL LB/ampicillin, and grow until an OD600 of 0.5. Add IPTG, (freshly
prepared in water) to a final concentration of 0.2 mM, and continue incubation
for additional 3–4 h.

3. Harvest the bacterial cells by centrifugation at 5000g for 20 min at 4°C and
discard the supernatant. The pellet can be stored at –70°C.

3.3.2. Optimization of Expression Conditions (see Note 3)

By optimizing growth conditions, the yield of fusion protein may be greatly
improved. Investigate the effects of delaying the addition of IPTG, various
IPTG concentrations, and of altering the induction period and growth
temperature.

1. Inoculate 30 mL LB with a single colony of E. coli BL21 containing the expres-
sion plasmid.

2. Grow overnight at 37°C in a shaking incubator.
3. Add 5 mL of the culture to 45 mL LB, and grow until a OD600 of 0.5 at 20, 27, or

37°C. Add IPTG (freshly prepared in water) to a final concentration of 0.05, 0.2,
or 0.6 mM. Continue incubation for the desired time-points (e.g., 4, 8, 16 h).

4. Following induction, harvest aliquots of the cultures at the desired time-points,
and adjust to a OD600 of 0.4 with LB. Transfer 100 µL of the suspensions to a
96-well plate, and measure the GFP signal in a fluorescence plate reader. Quan-
tification of the GFP signal will immediately reveal the optimal expression con-
ditions as illustrated in Fig. 7.

Fig. 6. Purification scheme for recombinant GST-AFP fusion proteins from bacteria.
(For optimal, color representation please see accompanying CD-ROM.)
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3.3.3. Lysis of E. coli

1. Resuspend the bacterial cell pellet (500 mL culture) in 10 mL cold PBS contain-
ing 1X protease inhibitor mix. Add lysozyme to a concentration of 250 µg/mL,
26 µL MnCl2 (1 M stock solution), and 260 µL MgCl2 (1 M stock solution),
DNase to a concentration of 100 µg/mL. Incubate for 20 min at 4°C.

2. Lyse cells using a probe sonicator with a 5-mm-diameter probe. For a Branson
Sonifier 450, sonify for 3 × 10 s. The output frequency should be set to the
microtip limit noted on the dial.

3. Add 1 mL 5 M NaCl + 0.5 mL 20% Triton X-100 and incubate for 15 min at 4°C.
4. Centrifuge the suspension at 10,000g for 20 min at 4°C to remove insoluble mate-

rial and intact cells. Usually, the supernatant is green if the protein is soluble and
well-expressed (Fig. 6, no. 2).

Fig. 7. Quantitation of recombinant AFP production under various growth
conditions. The GFP signal in bacterial suspensions expressing a GST-SV40NLS-GFP
or GST-M9-GFP (37), respectively, was recorded in a Victor 1420 Multilabel Counter
using the F485 nm excitation and the F510 nm emission filter with a lamp energy
setting at 10,000 and a measure time of 0.2 s. Inducing the expression of a GST-
SV40NLS-GFP hybrid protein, with 0.2 mM IPTG, resulted in a linear increase of the
GFP signal over time; induction with 1 mM IPTG caused a drop of the GFP signal
after 3 h, possibly because toxic side effects of IPTG. Induction at 27 or 37°C, respec-
tively, resulted in similar expression yields of the GST-M9-GFP fusion protein.
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3.3.4. Affinity Chromatography of GST-GFP Fusion Protein

1. Wash 250–750 µL glutathione-Sepharose 4B 3X with 10 mL PBS.
2. Remove PBS, add the bacterial lysate, and incubate for 2 h on a rotator shaker at

4°C. The capacity of glutathione-Sepharose 4B is ~6 mg protein/mL beads.
3. Spin down the sepharose at 1000g for 5 min at 4°C, remove supernatant, and add

10 mL PBS containing 1% Triton X-100. The sepharose pellet should be green,
because of the bound GFP-hybrid protein. BFP will only be visible under UV
illumination using, e.g., a UV-light box.

4. Spin down the sepharose at 1000g for 5 min at 4°C, remove supernatant, and
perform two additional washing steps in 10 mL PBS–1%Triton X-100, followed
by two additional washing steps with PBS.

5. Resuspend beads in 5 mL PBS, and transfer to a Poly Prep Chromatography Col-
umn (see Note 5).

6. Let the column run dry, add 1–2 mL of freshly prepared elution buffer and incu-
bate for 10–20 min at room temperature with gentle agitation.

7. Collect the eluted protein fractions. Additional elution steps can be performed
and fractions controlled by quantitation of the GFP signal.

8. Transfer the eluted protein to a Slide-A-Lyzer 10K Dialysis Cassette and dialyze
extensively against PBS overnight at 4°C.

9. Freeze aliquots of the purified GST-GFP hybrid protein in liquid nitrogen and
store at –70°C.

10. The integrity and concentration of the purified proteins should be analyzed by
SDS-PAGE, using Coomassie blue stain.

3.3.5. Microinjection and Observation of the GST-AFP Fusion Protein

1. Seed cells into 35-mm glass bottom dishes and let them grow for 16 h (see Notes
6 and 7).

2. Spin down the recombinant protein (concentration ~2 mg/mL) for 30 min in a
tabletop centrifuge at 13,000 rpm, 4°C for 30 min to remove any debris that might
clog the injection needle.

3. Exchange the cell culture medium for injection medium, perform microinjection,
and continue incubation in regular cell culture medium. If desired, co-inject
immunoglobulinG (concentration ~1 mg/mL) as a microinjection control, which
can be detected by appropriate rhodamine-conjugated secondary antibodies fol-
lowing fixation of the cells in 4% paraformaldehyde/PBS for 20 min.

4. Observe injected cells immediately after injection, at the desired time-points or
after fixation (Fig. 8). Fixed cells should be stored in PBS at 4°C and the GFP
signal is usually stable for several days (see Note 8).

4. Notes
1. Working with BFP: BFP-hybrid proteins have been used in practical applications

(e.g., transient transfection, recombinant protein production [21,35]). However,
one has to keep in mind that the BFP signal is generally weaker, compared to
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GFP, is more affected by bleaching and harder to detect because of the higher
background fluorescence caused by the short-wavelength UV illumination nec-
essary for BFP excitation.

2. For prolonged or high-dose treatment, the cytotoxic side effects of LMB should
be taken into consideration. ActD or DRB are also cytotoxic drugs, especially
when used in high doses. Since the activity of different LMB preparations appears
to vary, the LMB preparations should be tested prior to use. Treatment of cells
expressing the HTLV-1 Rex-GFP (22) or the E1B-55K-GFP protein (23) for
30 min should result in nuclear accumulation of the GFP-hybrid proteins
(Fig. 3C,D).

3. The transport and accumulation of the AFP-tagged proteins into the acceptor
nuclei may vary from minutes to hours, depending on the size of the tagged pro-
tein and its shuttling activity (Fig. 40; 18,30).

4. Proteins containing sequences rich in basic amino acids have a tendency to be
insoluble (see Fig. 6, no. 3). Lowering the growth temperature, and the concen-
tration of IPTG, and extending the induction time, can increase the percentage of
soluble protein in the supernatant. Such fusion proteins also tend to aggregate
and precipitate during dialysis. Therefore, it is advisable to elute and dialyze the
less-concentrated recombinant proteins. In order to achieve the protein concen-
tration necessary for detection, the protein solution can be concentrated using
microconcentration spin columns (e.g., 30K spin columns, Pall Filtron
Nanosep™ Micro-concentrations, Dreieich, Germany) immediately prior to
microinjection. In addition, storage of highly concentrated protein solutions can
result in aggregation and precipitation over time.

5. The GST part of the GST-AFP fusion protein can be removed by treatment with
the factor Xa-protease (Roche). Cleavage can be performed “on the beads” in the
buffer specified by the manufacturer. However, in contrast to GST-AFPs, GFP/
BFP distributes equally between the nucleus and the cytoplasm following micro-
injection because of its size and compact structure.

Fig. 8. (opposite page) Real-time observation of nucleocytoplasmic transport in
living cells. Purified import or export substrates were injected into the cytoplasm or
nucleus of Vero cells, respectively, and transport was monitored directly by
fluorescence microscopy. Microinjected GST-ICP22NLS-GFP (36) was imported into
the nucleus in 10 min (A and B). Nuclear export of a GST-RevNES-GFP hybrid protein
(35) was completed after 30 min (C and D). Simultaneous observation of nuclear
import and export. Vero cells were microinjected into the cytoplasm with an import
substrate (GST-SV40NLS-BFP) (F) and, subsequently, an export substrate (GST-
E1BNES-GFP) (G) was injected into the nucleus of the same cells. Nuclear import (F)
and export (H) occurred simultaneously and could be observed independently using
the appropriate filters to detect BFP (E and F) or GFP (G and H), respectively. To
prevent the onset of export in-between microinjections, cells were kept in ice-cold
medium. (For optimal, color representation please see accompanying CD-ROM.)
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6. The success of microinjection experiments not only depends on the quality of the
protein preparation, but also on the conditions of the cells used for the experi-
ments. Thus, care should be taken in cultivating cells (i.e., high-quality cell cul-
ture medium and good cell culture techniques).

7. Instead of using glass-bottomed dishes, cells can also be seeded on glass cover
slips for microinjection, and can also be observed after fixation with 4% parafor-
maldehyde/PBS. However, the author prefers “live recording,” since a loss of the
AFP signal intensity was experienced following fixation.

8. If transport occurs to fast to be monitored at room temperature, the use of cooled
microinjection stages or of cold injection medium will slow down transport pro-
cesses.

9. In vivo export assays are important for the identification and characterization of
export signals and pathways. To further dissect the molecular mechanism of trans-
port, in vitro assays are required to reconstitute export/import from biochemi-
cally defined components. Mostly, digitonin-permeabilized cells serve as an in
vitro assay to investigate the nucleocytoplasmic transport of fluorescent-labeled
substrates. The described GST–AFP fusions are, however, not well-suited for
digitonin-permeabilized cells, since the recombinant substrates tend to adhere to
unknown structures in the cytoplasm. The reader is therefore advised to refer to
the original publications for experimental details and to choose the most adequate
assay system to address specific questions (38–41).
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Transgenic Bovine Embryo Selection
Using Green Fluorescent Protein

Anthony W. S. Chan, Kowit-Yu Chong, and Gerald Schatten

1. Introduction
Transgenic animals currently play an important role in biological research

and commercial developments. Pronuclear microinjection (PI), viral infection,
receptor mediated gene transfer, sperm vector, the combination of sperm vec-
tor and intracytoplasmic sperm injection and nuclear transplantation have been
successfully used to produce transgenic animals (1–8). However, low effi-
ciency and high mosaic rates are still major problems for most gene delivery
methods (9–10). The selection of transgenic embryos, before transfer into
recipient females is believed to be one solution for high production costs caused
by low transgenic rate (11). Several methods have been suggested for trans-
genic embryo selection, including the detection of transgene in embryos prior
to implantation (preimplantation) using polymerase chain reaction, fluorescent
in-situ hybridization, and the expression of a reporter gene (12–19). However,
the presence of nonintegrated exogenous DNA in polymerase chain reaction
analysis and the technically complicated process of fluorescent in-situ hybrid-
ization have limited their application (11).

Expression of firefly luciferase, β-galactosidase (lacZ), secreted placental
alkaline phosphate, and green fluorescent protein (GFP) has been demonstrated
in mammalian embryos (8,17,19–21). Among these transgenic reporters, GFP
is the most commonly used reporter because of the visibility by conventional
fluorescent microscopy, its autoactivation, and the fact that it is nondetrimental
to embryo and fetal development (8,17,22,23). Several reports demonstrate the
use of GFP as a marker for the selection of transgenic embryos prior to implan-
tation (8,17,24,25). Despite the advantages of using GFP as a transgenic
marker, a suitable mechanism of regulating expression must also be available

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
Edited by: B. W. Hicks © Humana Press Inc., Totowa, NJ
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for accurate selection. As a transgenic reporter, constitutive expression is not
necessary throughout development but merely at a specific stage and time, or
in a controllable manner (11,24). Stage specific promoters such as Oct/4
promoter, and inducible promoter systems such as tetracycline switch, will be
an alternative regulatory mechanism for transgenic selection using GFP. Here
we present a protocol for the application of GFP as a transgenic reporter
in bovine embryos prior to implantation (preimplantation selection).

2. Materials
1. Maturation medium (26): TC-199 medium (GIBCO) supplemented with 10% heat

inactivated fetal bovine serum, 0.2 mM sodium pyruvate, 5 µg/mL ovine-
leuteinizing hormone, 25 µg/mL gentamycin sulfate, and 1 µg/mL estradiol-17β.

2. Modified Tyrode’s-lactate medium (TL-stock/fertilization medium) (27): 114 mM
NaCl, 3.2 mM KCl, 25 mM NaHCO3, 0.4 mM NaH2PO4, 10 mM Na-lactate (60%
syrup), 2 mM CaCl2, 0.5 mM MgCl2, 100 IU/mL penicillin, 50 µg/mL phenol
red, 6 mg/mL bovine serum albumin (BSA) (fatty-acid-free [FAF]), 0.2 mM pyru-
vate, and 25 µg/mL gentamycin sulfate (mOsm 280–300).

3. Sperm-tyrodes-lactate (Sp-TL) (28): 100 mM NaCl, 3.1 mM KCl, 25 mM
NaHCO3, 0.29 mM NaH2PO4, 21.6 mM Na-lactate (60% syrup), 2.1 mM CaCl2,
0.4 mM MgCl2, 10 mM HEPES, 50 µg/mL phenol red, 6 mg/mL BSA-fraction V,
1.0 mM pyruvate, and 25 µg/mL gentamycin sulfate (pH 7.4; mOsm 290–300).

4. Percoll gradient (28): 90% percoll was prepared by mixing one part 10X Percoll
salt solution and nine parts Percoll solution. 45% Percoll was prepared by mixing
one part of 90% Percoll and one part Sp-TL. 2 mL 45% Percoll solution was laid
on top of 2 mL 90% Percoll solution in a 15-mL conical tube and pre-equilibrated
at 39°C with 5% CO2 for at least 2 h. 10X Percoll salt: 32 mM KCl, 2.9 mM
NaHPO4, 800 mM NaCl, and 100 mM HEPES. 90% Percoll: Add one part 10X
Percoll salt with 9 parts Percoll and supplement with 2.1 mM CaCl2, 0.4 mM
MgCl2, 10 mM Na-lactate (60% syrup), and 25 mM NaHCO3.

5. CR1-aa embryo culture medium (29): 114 mM NaCl, 3.2 mM KCl, 25 mM NaHCO3,
0.4 mM NaH2PO4, 10 mM Na-lactate (60% syrup), 2 mM CaCl2, 0.5 mM MgCl2,
6 mg/mL BSA-FAF, 0.2 mM pyruvate, 5 mM hemicalcium lactate, 1 mM L-glut-
amine, and 25 µg/mL gentamycin sulfate (pH 7.4; mOsm 270–280).

6. TL-HEPES (27): 114 mM NaCl, 3.2 mM KCl, 2.0 mM NaHCO3, 0.4 mM
NaH2PO4, 10 mM Na-lactate (60% syrup), 2 mM CaCl2, 0.5 mM MgCl2, 10 mM
HEPES, 100 IU/mL penicillin, 50 µg/mL phenol red, 1 mg/mL BSA-fractionV,
0.2 mM pyruvate, and 25 µg/mL gentamycin sulfate (pH 7.4; mOsm 255–270).

7. PHE (30): 0.5 mM penicillamine, 0.25 mM hypotaurine, 25 mM epinephrine.
Hypotaurine (1 mM) and penicillamine (2 mM) stocks are prepared in 0.9% NaCl,
aliquoted, and kept frozen. For 250 mM epinephine stock: 50 mL double-dis-
tilled water with 165 mg Na-lactate (60% syrup) and 50 mg sodium metabisulfite,
pH 7.4, is prepared, and epinephrine (1.83 mg) is added to 40 mL of this solution.
PHE is prepared by addition of 2.5 parts of hypotaurine (1 mM) and 2.5 parts
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penicillamine (2 mM) stocks, 1 part 250 mM epinephine stock, and 4 parts of
0.9% NaCl. The mixture was filtered, aliquoted, and kept frozen at –20°C.

8. pEGFP expression vector (Clontech, Palo Alto, CA). 1% agarose gel containing
1 µg/mL ethidium bromide.

9. 10X TBE (1 L): 108 g Tris, 55 g boric acid, 9.3 g EDTA.
10. TE: 5–10 mM Tris, pH 7.4, 0.1–0.25 mM EDTA.
11. Gel purification kit (Qiagen™). DNA can also be visualized, using DNA stain,

such as Syber Green, rather than ethidium bromide.
12. Inverted fluorescent microscope (e.g., Nikon TEM-300) equipped with fluores-

cein isothiocyanate filter set and Hoffmann Modulation Contrast optics. Inverted
microscope, equipped with optics such as differential interference contrast, could
also be used.

13. Narishigi micromanipulator.
14. Micropipet puller Model P-97 (Sutter, Novato, CA). Borosilicate micropipet with

filament (OD 1.0 mm, ID 0.75 mm) (Sutter).
15. Micro-forge MF-1 (Technical Products, St. Louis, MO).
16. Microsyringe (Stoeling, Wood Dale, IL).
17. Eppendorf transjector 5246: The parameters for the transjector were set with an

injection pressure of 300–500 hpa, compensation pressure of 15–25 hpa, and the
time of injection was adjusted by observing the swelling of the pronuclei
(Eppendorf, Westbury, NY).

18. Waterjacketed CO2 incubator (Forma Scientific).
19. Hamilton microsyringe: 500 µL.
20. Heparin (2 µg/mL).
21. All chemicals were purchased from Sigma unless otherwise noted. All buffers

and media are sterilized using 0.2-µm filter. Oocytes and embryos are handled in
a warm room (30–32°C) or on a warm plate setting at 37–39°C, to minimize
temperature fluctuation.

3. Methods

3.1. Oocyte Maturation, Fertilization, and Culture (26,31)

3.1.1. In Vitro Maturation (IVM) of Oocytes

1. Bovine ovaries are collected from a slaughterhouse and transported in normal
saline at ~34–37°C in a thermos.

2. Ovaries are washed with running warm water and kept at 39°C in a water bath.
3. Follicles (2–6 mm in diameter) are aspirated with an 18 G needle and 10 mL

syringe. Aspirate the follicles underneath the surface (cortex) by maintaining
negative pressure in the syringe while the needle is passed through the cortex.
20–30 oocytes could be able to recover from each ovary, which depend on the
age of the donor animals.

4. Transfer the oocytes into a 50-mL conical tube and keep at 39°C in a water bath.
5. After aspiration, allow the oocytes to settle down at the bottom of the conical tube.
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6. Transfer the oocytes from the bottom of the tube using a 9-inch sterile Pasteur
pipet into a 10-cm Petri dish containing 10 mL TL-HEPES.

7. Allow the oocytes to settle at the bottom of the dish.
8. Examine the oocytes under a dissecting microscope, and only those with multiple

layers of compact cumulus cells (cumulus oocytes complex [COC]) and evenly
granulated cytoplasm are selected for in vitro maturation.

9. Pick up COC surrounded by more than 2–3 layers of cumulus cells and transfer
them into a 35-mm Petri dish with 4 mL TL-HEPES. A 500-µL Hamilton gas
tight syringe, attached with a glass capillary, is used for oocyte transfer.

10. Wash the oocytes 3×, using fresh TL-HEPES, in a 35-mm Petri dish.
11. Transfer 10 COCs per group into a 50-µL drop of maturation medium pre-equili-

brated at 39°C in a 60-mm Petri dish and covered with mineral oil.
12. Culture the oocytes at 39°C with 5% CO2 for 24 h before insemination. One of

the signs of maturation is the expansion of the cumulus cells (Fig. 1).

3.1.2. In Vitro Fertilization (IVF) of Oocytes

1. Mature oocytes (24–26 h post-in vitro maturation) are washed twice with
2–3 mL Sp-TL in a 35-mm Petri dish.

2. 10 oocytes per group are transferred into 44–µL drops of fertilization medium
and returned to 39°C with 5% CO2.

3. A straw of frozen semen is taken from liquid nitrogen, and plunged into a
37°C water bath for ~1 min, or until completely thawed.

4. Cut one end of the straw with scissors and place the open end into a 1.5-mL
vial before cutting the other end.

5. Transfer the semen onto the top of a 45/90% Percoll gradient in a 15-mL
conical tube.

6. Centrifuge at 700g using conventional benchtop serological centrifuge for
10–15 min.

7. Remove and discard the supernatant, taking care to avoid disturbing the pellet.
8. Determine sperm concentration in the pellet by hemocytometer and adjustd to

25,000 sperm/1 µL, using Sp-TL.
9. Transfer 2 µL sperm into the fertilization drop with oocytes followed by 2 µL

heparin (2 µg/mL) and 2 µL PHE. Final concentration of sperm in a 50-µL
fertilization drop is 1 × 106/mL.

10. Verify the sperm motility then return the oocytes to the incubator. One of the
signs of sperm motility is the attachment of sperm on oocyte surface and the
rotation of oocyte (Fig. 2A). Pronuclei are well-expanded at 18 h postinsemi-
nation (Fig. 2B).

11. The day of in vitro fertilization is d 0 of embryo development.

3.1.3. In Vitro Culture (IVC)

1. Cumulus cells are removed at 20–24 h postinsemination by vortexing for 3 min
in a 1.5-mL Eppendorf vial with 50 µL TL-HEPES.

2. Flush the vial with 1–2 mL TL-HEPES and transfer the contents to a 35-mm Petri dish.
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3. Pick up the oocytes and wash them 3× in CR1-aa culture medium by transferring
from drop to drop (50 µL drop of CR1-aa medium in a 60-mm dish covered with
mineral oil and pre-equilibrated at 39°C with 5% CO2).

4. 20–25 oocytes are transferred into a 50-µL drop of CR1-aa in a different 60-mm
Petri dish. Be sure to pre-equilibrate the drop at 39°C with 5% CO2 for at least 2 h.

5. On d 4, a fresh CR1-aa medium is prepared with 10% fetal bovine serum, to
replace BSA-FAF. The culture plates are prepared as described, and pre-equili-
brated before used for embryo culture.

6. The first cleavage takes place at ~32 h postinsemination (hpi), the second cleav-
age occurs at ~46 hpi, and the third cleavage at ~66 hpi (32; Fig. 3).

Fig. 1. Bovine oocyte maturation. (A) Oocyte freshly retrieved from ovary
surrounded by compacted cumulus cells. (B) 24 h after culturing in maturation
medium, cumulus cells were expanded and became fluffy. (Also on CD-ROM.)

Fig. 2. Bovine oocyte fertilization. (A) Bovine oocyte bound with sperm on the
surface at 16 h post-insemination. (B) Bovine zygote fixed in 1:3 (Glacial acetic acid:
ethanol) at 18 h postinsemination. (Also on CD-ROM.)
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3.2. EGFP Expression Vector

1. Expression vector pEGFP-N1 (Clontech) encodes for the EGFP under the control
of a human cytomegaloviral promoter (hCMV) (see Note 3).

2. The pEGFP-N1 expression vector was digested by ApaLI and DraIII. A DNA
fragment (~2.25 kb in length), which contains the CMV promoter and entire GFP
coding region, is separated by gel electrophoresis on a 1% agarose gel in TBE.
The DNA fragment with the appropriate size is excised from the gel and the
DNA is purified using the gel purification kit.

3. The DNA fragment is diluted to 4 ng/µL in TE. The DNA solution can be divided
into aliquots and kept frozen until pronuclear microinjection.

3.3. Pronuclear Microinjection (33,34)

1. After removing the cumulus cells from the oocytes at 16–18 h postinsemination
(as described previously), 20–30 cumulus-free oocytes are transferred into a
1.5-mL vial with 50 µL TL-HEPES wash buffer, and centrifuged at 12,000g for
6 min at room temperature before proceeding with microinjection.

2. Remove the supernatant carefully and resuspend the oocyte pellet with 0.5–1 mL
of TL-HEPES.

3. Transfer the oocytes into a 35-mm Petri dish with TL-HEPES.
4. 20–30 oocytes are placed at the bottom of a 100-µL drop of TL-HEPES in a

100-mm Petri dish covered with mineral oil, and placed on an inverted micro-
scope for injection.

5. The rest of the oocytes are transferred into CR1aa-culture medium in the
incubator, until pronuclear injection.

6. An injection needle with an internal filament and tip opening of less than 1 µm,
was back-filled with DNA solution to the tip by capillary action. DNA solution
can be loaded by placing the end of the needle into an Eppendorf vial with 5–10 µL
DNA solution or place a small drop (~1 µL) of DNA solution at the opening end

Fig. 3. Preimplantation stage bovine embryos. (A) 2-cell stage, (B) 4-cell stage;
and (C) 8-cell stage bovine embryos. Two of the blastomeres of the 8-cell stage
embryos are out of the focal plane. (Also on CD-ROM.)
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of the needle while the pipet is placed horizontally. The opening of the tip can be
tested by placing an oocyte in front of the needle and expelling solution toward
the oocyte. The movement of the oocyte indicates the opening of the tip. If the
injection tip is not open, blockage may be eliminated by carefully sliding the tip
of the injection needle over the end of the holding pipet.

7. The injection needle is connected with tygon tubing to a 50-mL glass syringe or
automatic injector.

8. Oocytes are held in place by a holding pipet with an internal diameter of 30–40 µm
and connected to a microsyringe filled with mineral oil. The holding pipet is back-
filled with fluorinet, an inert solution that acts as a barrier to prevent the mixture of
mineral oil and the buffer in the manipulation drop. A 1-mL syringe connected
with a tygon tube (ID 1 mm) can be used for fluorinet filling.

9. The DNA solution is injected into the pronucleus, and the amount of DNA solu-
tion injected into the promuclei is determined by the size of the swollen pronuclei
(Fig. 4; see Note 4).

10. After injection, zygotes are transferred to CR1-aa culture medium and cultured
at 39°C with 5% CO2, until analysis.

3.4. Analysis for Embryos Expressing GFP
1. Day 3–4 bovine embryos (8–16 cells) are placed individually in a 10-µL drop of

TL-HEPES in a 100 mm Petri dish covered with mineral oil (Fig. 5).
2. Embryos are examined individually by fluorescence microscopy. A brief expo-

sure (5–10 s) to excitation light is applied to visualize the green fluorescent (see
Notes 5 and 6).

3. The total number of blastomeres expressing GFP in each embryo is counted and
the ratio of GFP-expressing blastomeres to negative blastomeres is calculated in
order to determine the mosaic rate of GFP expression.

4. Notes
1. Infection of oocytes before fertilization by injecting retroviral vector into the

perivitelline space has been demonstrated as a powerful tool to create transgenic

Fig. 4. Pronucleus microinjection. Bovine oocyte at 18 h postinsemination was cen-
trifuged at 12,000g for 6 min to expose the pronuclei. DNA solution was injected into
one of the nuclei, and the amount of injected DNA was determined by the size of the
swollen pronucleus. (Also on CD-ROM.)

15/PT-Chan/199-214/F[4.15.2] 05/02/2002, 11:16 AM207



208 Chan, Chong, and Schatten

cattle (7). Retroviral RNA encapsulated in viral core, is delivered into the cyto-
plasm followed by reverse transcription, transported into the nucleus, and inserted
in the host cell genome. The expression of transgene is more likely to be derived
from integrated transgene, rather than transient expression from free-form DNA.
Therefore, GFP could be a reliable selection marker in retroviral-vector-produced
embryos. However, the interpretation of GFP expression after perivitelline space
injection needs to be done carefully because GFP-contained viral particles remain
on the surface of blastomeres and inside the perivitelline space. The expression
of GFP from inside the blastomeres can be determined with the aid of confocal
microscopy (Fig. 6).

2. TransgenICSI is a newly developed gene transfer method with the combination
of intracytoplasmic sperm injection (ICSI) and sperm as a DNA carrier (sperm
vector). Rhesus embryos produced by ICSI using sperm bound with exogenous
DNA have demonstrated the successful delivery of exogenous DNA into oocytes.
The majority of the embryos express GFP at an early stage (1–4 cells); in some
embryos, GFP expression seems to be related to maternal embryonic transition
(MET), and expression is only initiated after the third division (unpublished data;
Fig. 7). This suggests that GFP expression at a later stage may indicate gene
integration if the expression is initiated after MET. Nevertheless, further studies
need to be done to confirm this phenomenon. A similar procedure has been suc-
cessfully used to produce transgenic mice (8). Sperm after freeze–thaw, or treated
with detergent followed by incubation with DNA solution are used for ICSI.
Although most of the preimplantation embryo express GFP, only about 21% of
the newborn were transgenic, which indicates a high transient expression rate in
preimplantation embryos, and perhaps high mosaic rate in the pups. This phe-
nomenon is similar to that of PI.

3. Promoter selection is critical for transgenic reporters. Several promoters have
been successfully used to express GFP in early-stage embryos. Some of the stud-

Fig. 5. Bovine embryos expressing GFP after PI at 18 h post-insemination. (A) One
of the blastomeres in a two-cell stage embryo expressing the GFP. (B) Three of the blas-
tomeres in a four-cell stage embryo expressing GFP. (C) GFP was expressed at the inner
cell mass of a blastocyst. (For optimal, color representation please see CD-ROM.)
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Fig. 6. Confocal microscopy of bovine morula-stage embryo, after infection by
vesicular stomatitis virus envelope glycoprotein-G (VSV-G) pseudotyped retroviral
vector before fertilization. Most of the blastomeres express GFP in the nucleus and the
cytoplasm. It is very distinctive between GFP- positive and -negative cells in indi-
vidual embryo. (For optimal, color representation please see CD-ROM.)

Fig. 7. Rhesus embryos expressing GFP after intracytoplasmic sperm injection using
sperm bound with GFP encoded DNA construct. (A) Four-cell-stage embryo with one
of the blastomeres expressing GFP. (B) Blastocyst stage embryo expressing GFP in
all of the blastomeres. (C) Confocal microscopy of a blastocyst expressing GFP. (For
optimal, color representation please see CD-ROM.)
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ies indicated that a reliable selection is also related to the promoter that regulates
the expression of GFP in preimplantation-stage embryos. The polypeptide chain
elongation factor 1α (EF-1α) promoter expresses ubiquitously. In EF-wt-GFP
transgenic mice, a very weak expression was found in the liver (23). Transgenic
mice that carried EGFP gene under the control of a combination of cytomegalo-
virus immediate-early enhancer chicken beta-actin promoter, and 3' splice
sequence derived from the rabit beta-globin gene (CAG) have shown expression
in all tissues except erythrocytes and hair. The expression of CAG-EGFP was
first detected in preimplantation stage-embryos and throughout pregnancy (39).
Stage-specific promoters such as Oct4 are highly active in undifferentiated cells
and preimplantation-stage embryos (37). In Oct4/GFP transgenic mice, the
expression of GFP in primordial germ cells was first detected at d 8 postcoitum,
and subsequently found in both male and female germ cells during development
(24). The CMV promoter expresses constitutively but lacks specificity (25).
However, CMV is one of the strongest viral promoters that express in a wide
range of cell types. It does have advantages over the other promoters in most
preliminary studies. However, the concerns of viral promoters in undifferentiated
cell types need to be considered (7,11).

4. The timing of the injection is critical to the expression pattern of GFP after
pronuclear injection (PI) at the zygotic stage (19). High mosaic rates have been
demonstrated in bovine. In bovine, DNA replication begins at ~10 h post-insemi-
nation, and ends at ~20–24 h (35,36). However, PI in bovine mostly takes place
at 18–22 h postinsemination, because pronuclei are fully expanded, which allows
easier penetration, compared to earlier stages; pronuclei are small and less tur-
gid, and it is at the end of replication. Therefore, exogenous DNA integration
mostly takes place after DNA replication at the first cell cycle and mosaic em-
bryo is produced. Therefore, uneven distribution of transgene and expression
pattern is predictable (19). Only if DNA integration occurred before DNA
replication, at the first cell cycle, will nonmosaic embryos be produced (Table
1). On the other hand, the presence of nonintegrated exogenous DNA in
preimplantation embryo indicates the possibility of subsequent integration of the
transgene during embryonic development (Table 1; 19).

5. Transient expression of exogenous DNA after PI is one of the major barriers for
transgenic reporter application. The expression of reporter does not indicate suc-
cessful integration of the transgene. The use of stage-specific promoters such as
Oct4 promoter has demonstrated a regulated expression pattern of GFP gene and
is believed to be a reliable regulator for transgenic embryo selection (24,37).
However, further experiments need to be done to confirm this phenomenon.

6. High success rate in transgenic embryo selection, using GFP, has been
demonstrated in mice. Approximately 77% of pups born from uniformly
expressing embryos were transgenic and approx 21% of pups born from mosaic
expressing embryos were transgenic (38). However, similar results may not hold
for bovine, since the progression of the cell cycle is different and the timing of
gene integration may be altered. PI in mouse is at the peak of DNA replication
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compared with bovine, which is at the end of replication (11). Therefore, high
mosaic rate is expected in bovine embryos based on the assumption of subse-
quent integration in the previous subheading.
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Development of Glycosylphosphatidylinositol-
Anchored Enhanced Green Fluorescent Protein
One-Step Visualization of GPI Fate in Global Tissues
and Ubiquitous Cell Surface Marking

Gen Kondoh

1. Introduction
This chapter describes the development of enhanced green fluorescent pro-

tein-glycosylphosphatidylinositol (EGFP-GPI), an EGFP version specifically
targeted to the cell surface, which contains a GPI anchor. Many membranous
proteins in eukaryotes are transported and attached to the plasma membrane
via a GPI anchor (1). In mammals, such proteins are highly tissue-specific, and
seem to play critical roles in situ (2). The distribution and kinetics of formation
of the GPI anchor are still under investigation. To elucidate the fate and timing
of GPI anchor expression in the whole body, the author took a transgenic
approach. Because many GPI-anchored proteins are highly tissue-specific, and
turnover of GPI-anchored proteins would be extremely difficult to evaluate
equally among all tissues in an organism using endogenous proteins, the use of
GFP in transgenic animals was considered. The GFP and its more efficient
mutant, EGFP, have been used widely as a marker in many organisms (3),
because GFP requires no additional reagents for its operation, is harmless to
many living organisms, and is easily detectable.

Generally, GPI-anchored proteins are synthesized as precursors that contain
two signal sequences: an N-terminal signal sequence for membrane transloca-
tion into the endoplasmic reticulum (ER), and a C-terminal GPI-anchor signal
polypeptide. Both signal peptides are cleaved soon after translocation into
the ER lumen. The C-terminus of the protein is then covalently modified with
the GPI anchor that is presynthesized en bloc in the ER. In the use of cell

From: Methods in Molecular Biology, vol. 183: Green Fluorescent Protein: Applications and Protocols
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Fig. 1. (A) Structure of EGFP-GPI fusion gene. (B) Putative scheme of EGFP-GPI
processing. (For optimal, color representation please see accompanying CD-ROM.)
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surface marking, EGFP-GPI is applicable to many eukaryote systems, includ-
ing primitive protozoa and yeast, because it is processed and targeted to the
membrane via a ubiquitous GPI anchoring system.

Transgenic mice expressing EGFP-GPI had normal birth weights, no
morphological abnormalities through at least the first 2 yr after birth, remain

Fig. 2. (A) Cellular distribution of EGFP-GPI by Western blotting. (B) Accumula-
tion of EGFP-GPI on the Golgi complex. (For optimal, color representation please see
accompanying CD-ROM.)
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fertile, and display a broad expression of the transgene. Histologically,
localization of EGFP-GPI protein displays tissue-to-tissue variations, with two
major classifications. It is distributed in either a polarized and localized fashion,
or in a homogeneous and nonpolarized fashion (4). This evidence demonstrates
that the EGFP-GPI efficiently labels the surface of culture cells in transgenic
mice, and that these mice are effective for investigating the fate of GPI in vivo.

One noteworthy benefit of EGFP-GPI is that it is fully exposed to the cell
surface. Usually, GPI-anchored proteins are more stable than transmembrane
proteins, which means that EGFP-GPI could be used as an immunotarget for
antibody-mediated collection or elimination of cells of interest. Possibly EGFP-
GPI could be used as a tool for cancer gene therapy. Because GFP is originally
a jellyfish protein, it should be antigenic in mammals. If EGFP-GPI expression
could be virally delivered specifically to tumor lesions, some degree of inflam-
mation might occur and induce a series of tumor-rejecting reactions.

Fig. 3. Appearance of EGFP-GPI in GPI-positive (JY25) and GPI-negative (JY5)
cells. Lower panel, phase contrast view. (For optimal, color representation please see
accompanying CD-ROM.)
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Fig. 4. Localization of EGFP-GPI in polarized and nonpolarized cells of trans-
genic mice. (For optimal, color representation please see accompanying CD-ROM.)

Table 1
Category of EGFP-GPI Localization in the Transgenic Mice

1. Cells showing polarization/localization of EGFP-GPI:
Apical polarization

Epithelial cells
Specific localization

Neuron Nerve fiber
Liver parenchymal cells bile canaliculi

2. Cells showing non-polarized localization of EGFP-GPI:
Mesenchymal cells
Muscle cells
Hematopoietic cells
Vascular endothelialcells
Endocrine cells
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2. Materials
1. pEGFP: the cDNA vector containing EGFP (Clontech, Palo Alto, CA).
2. Plasmid DNA with the EGFP fused to the mouse acrosin signal sequence was a

generous gift from Dr. M. Okabe, Osaka University, Japan (5).
3. Plasmid DNA, pThy-1(N), with the mouse Thy-1 GPI anchor signal sequence

(with a cysteine-to-asparagine mutation at the ω site of mouse Thy-1 GPI anchor-
ing sequence), was a generous gift from Dr. K. Ohishi and Dr. T. Kinoshita,
Osaka University (6).

4. A pBluescriptII plasmid containing the CAAG promoter and rabbit β-globin
poly(A) signal were generous gifts from Dr. J. Miyazaki, Osaka University (7).

5. pCRII vector (Invitrogen, Carlsbad, CA).
6. Restriction endonucleases and buffers: XhoI, KpnI, NotI, EcoRI, SalI, and HindIII

(Takara shuzo, Shiga, Japan).
7. Expand high-fidelity polymerase chain reaction (PCR) system (Boehringer

Mannheim, Mannheim, Germany).
8. PCR primers:

5-prime primer: 5'-TTAGGGCAGGAGTATGGTAGAGATGC-3' and,
3-prime primer: 5'-CTCGAGT TTGTATAGTTCATCCATGC-3'.

9. TA-cloning kit (Invitrogen, CA).
10. DNA ligation kit ver. 1 (Takara shuzo).
11. DNA blunting kit (Takara shuzo).
12. Complete™ protease-inhibitor (Boehringer Mannheim): 1 tablet in 10 mL solution.
13. Polytron homogenizer.
14. TNE solution: 10 mM Tris-HCl, pH 7.8, 150 mM NaCl, 1 mM EDTA.
15. Triton-X-114–TNE solution: 1% (v/v) Triton-X-114 in TNE.
16. TBS-T solution: 20 mM Tris-HCl, pH 7.6, 138 mM NaCl, 0.05% Tween-20.
17. Blocking solution: Boehringer Mannheim 10% (v/v) in TBS-T.
18. Rabbit polyclonal antibody against GFP (MBL, Nagoya, Japan).
19. Enhanced chemuluminescence (ECL)-system (Amersham Pharmacia Biotech,

Buckinghamshire, UK).
20. Fix solution: 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS).
21. Fluorescence microscope with GFP-specified filters (Olimpus, Tokyo, Japan).
22. Phenol–chloroform.
23. Ethanol.
24. Low-melting-temperature agarose gels and agarose gel apparatus.
25. 15% Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

gels and electrophoresis apparatus.
26. Nitrocellulose membranes and electrophoretic transfer apparatus.
27. Anesthetics, 10% Nembutal (Dainihon-seiyaku, Osaka, Japan)
28. PBS containing 20% sucrose.
29. Cryostat.
30. Tissue-Tek O. C. T. compound (Sakura Finetek, Torrance, CA).
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3. Methods
3.1. Generation of EGFP-GPI Fusion Gene (see Note 1)

The EGFP was fused with the membrane translocation signal sequence of
acrosin at N-terminal as described (5). This plasmid was the generous gift of
Dr. M. Okabe.

1. Amplify the plasmid containing the acrosin-EGFP construct with PCR primers to
generate XhoI sequence on the 3' end.

2. PCR reagents: 1 µL of 10 ng/µL template DNA, 5 µL of 10X enzyme-attached
reaction buffer, 1.25 µL 10 mM dNTP, 28.75 µL sterile water, 2 µL 20 µM
5-prime PCR primer, 2 µL 20 µM 3-prime PCR primer, 0.5 µL PCR enzyme.
PCR condition: 93°C for 30 s, 60°C for 60 s, 68°C for 120 s, for 30 cycles.

3. The acrosin-EGFP encoding fragment was isolated by agarose gel electrophoresis.
4. Clone the acrosin-EGFP fragment into the pCRII vector by TA-cloning kit

according to the manufacturer’s procedure.
5. The resulting pCRII vector containing acrosin-EGFP was isolated by agarose gel

electrophoresis and sequenced.
6. Digest the pCRII vector with KpnI and XhoI to make the EGFP insert. Purify the

fragment by agarose gel electrophoresis using low-melting-temperature agarose
and isolate the fragment.

7. Digest the pThy-1(N) vector (6) with KpnI and XhoI using buffer and directions
supplied by the manufacturer. Purify the fragment by agarose gel electrophoresis
using low-melting-temperature agarose and isolate the fragment.

8. Ligate the EGFP insert into the Thy-1 vector by DNA ligation kit according to
the manufacturer’s procedure.

9. Digest the plasmid containing the acrosin-EGFP-Thy-1(N) fusion gene with
KpnI- NotI. Separate the digest by agarose gel electrophoresis using low-melt-
ing-temperature agarose and isolate the 0.9-kb fragment.

10. Blunt the ends of the isolated fragment by DNA blunting kit according to the
manufacturer’s directions.

11. Digest the pBluescriptII vector containing CAAG promoter and rabbit β-globin
poly(A) signal with EcoRI using buffer and directions supplied by the
manufacturer.

12. Ligate the blunt-ended EGFP-Thy1(N) insert into the EcoRI-digested pBluescript
vector.

13. Isolate the product by gel electrophoresis and sequence to verify that the construct
is correct. This construct is designated as “pCAAG-EGFP-GPI” (see Note 2).

3.2. Transgenic Mouse Production (see Note 2)

1. Digest the pCAAG-EGFP-GPI plasmid with SalI and HindIII to remove the
vector sequence.
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2. Separate the digest by agarose gel electrophoresis using low-melting-tempera-
ture agarose and isolate a 3.2-kb transgene fragment.

3. Purify the fragment by serial phenol–chloroform extractions, and precipitate with
ethanol.

4. Resuspend the DNA in sterile saline.
5. Inject DNA into one-cell embryos of B6C3F1 mice.
6. Transplant DNA-injected embryos into a pseudopregnant ICR mouse.

3.3. Western Blotting for EGFP-GPI (see Note 3)

1. Homogenize cells and tissues using a polytron homogenizer for 1 min in ice-cold
TNE solution containing complete protease inhibitor.

2. Centrifuge the homogenates for 30 min at 100,000g at 4°C.
3. Collected the supernatants and store at –20°C (the water-soluble fraction).
4. Wash the pellets with plenty of TNE buffer and centrifuge at 10,000g.
5. Homogenize the pellet in 1% Triton-X-114–TNE solution containing complete

protease inhibitor and centrifuge at 100,000g for 30 min at 4°C. Collect the
supernatants and store at –20°C (the detergent soluble fraction).

6. Subject 10 µg samples of water-soluble and detergent-soluble fractions to 15%
SDS-PAGE.

7. Electrophoretically transfer the proteins from the gel to a nitrocellulose membrane.
8. Immerse the membrane in blocking solution for 1 h at room temperature with

rocking.
9. Probe the membrane with anti-GFP antibody diluted 200-fold into TBS-T,

wash the blot, and detect with the ECL-system according to the manufacturer’s
procedures.

3.4. Fluorescence Histology (see Notes 4, 5)

1. Deeply anesthetize the mice by 10% Nembutal injection and fix by perfusing the
fix solution into the left ventricle of the heart.

2. Excise tissues, and place them in the fix solution.
3. Incubate fixed tissue in PBS containing 20% sucrose for 48 h at 4°C.
4. Embed pieces of tissue in cryostat compound.
5. Quickly freeze embedded tissue with dry ice and make 5–10-µm-thick sections,

using a cryostat.
6. Examine sections under a fluorescence microscope with GFP-specified or

fluorescein isothiocyanate-matched filters.

4. Notes
1. Figure 1A indicates the structure of the DNA containing the EGFP-GPI fragment.

The acrosin signal sequence and mutant Thy-1 GPI-anchoring signal sequence
were fused to the coding region of EGFP at N-terminus and C-terminus,
respectively. The amino acid sequences of both boundaries were indicated. The
ω residue asparagine was underlined. In Fig. 1B (see page 216), putative EGFP-
GPI processing was schematized. Both signal sequences were serially cleaved
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off, and EGFP with additional amino acids was finally connected to the phospho-
ethanolamine residue of GPI anchor via an amide bond.

2. The plasmid DNA construct and the transgenic mice expressing EGFP-GPI are
both available from the author upon request.

3. The subcellular localization of EGFP-GPI was examined by Western blotting.
The lysates of EGFP-GPI-transfected COS7 cells were fractionated by sucrose
density-gradient centrifugation and transferred to nitrocellulose for Western
blots. As shown in Fig. 2A, EGFP-GPI was strictly fractionated to the membrane
and microsomal fraction where GPI-anchored proteins harbor. EGFP-GPI was
also detected on an intracellular structure in all kinds of cells examined, as well
as on the plasma membrane. Double staining with rhodamine-conjugated wheat
germ agglutinin, a marker for Golgi complex (9), was performed, and the
intracelluar fluorescence of EGFP-GPI was precisely co-localized to the wheat
germ agglutinin staining, indicating that EGFP-GPI is highly accumulated in the
Golgi complex (notice yellow signal of Merge picture of Fig. 2B). (See page 217.)

4. Figure 3 (see page 218) shows appearances of EGFP-GPI when pCAAC-EGFP-
GPI was transfected into culture cells. To elucidate whether membranous and
intracellular expressions of EGFP-GPI depend on GPI biosynthesis, the fusion
gene was introduced to GPI-anchor-deficient JY5 cell, compared with parental
GPI-anchor-positive JY25 cells (8). Remarkable membranous and intracellular
fluorescence were observed in EGFP-GPI-transfected JY25 cells; only weak fluo-
rescence was detected in the cytoplasmic region of JY5 transfectants.

5. Results from a histological survey of EGFP-GPI transgenic mice are summarized
in Table 1 (see page 219.) Localization of EGFP-GPI protein was different among
polarized and nonpolarized cells. Generally, epithelial cells have shown apical/
luminal polarization of EGFP-GPI, as expected for endogenous GPI-anchored
proteins (Fig. 4, upper) (see page 219.) The EGFP-GPI was also localized to
nerve fibers in the nervous system. The expression pattern in the forebrain and
cerebellum was similar to that of Thy-1, a GPI-anchored protein expressed in the
brain (10). In the liver parenchym, EGFP-GPI was localized along the network of
bile canaliculi. The pattern of expression was similar to that of alkaline phos-
phatase, a well-known GPI-anchored protein distributed on bile canaliculi of the
liver (11). Tissues of mesodermal origin, such as mesenchymal cells, muscle
cells, vascular endothelial cells, and hematopoietic cells, could be categorized as
homogeneous/nonpolarized types (Fig. 4, lower).
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Transgenic Zebrafish Expressing
Green Fluorescent Protein

Ebrahim Shafizadeh, Haigen Huang, and Shuo Lin

1. Introduction
The zebrafish has recently emerged as a powerful model for study of the

genetics and molecular biology of vertebrate development. Zebrafish reach
sexual maturity in ~2–3 mo, and produce hundreds of embryos in weekly inter-
vals. The embryos develop rapidly and organogenesis occurs within the first
2 d of development in transparent bodies. The availability of thousands of
chemically induced mutations (1,2), as well as the results of insertional muta-
genesis studies (3–6), provide valuable resources to study genetics of verte-
brate development.

Another factor that has made zebrafish a powerful model is the ability to
utilize transgenic technology to introduce foreign genes into the zebrafish
embryos (7–9). Experiments have shown that germline transmission of a for-
eign gene in zebrafish results in a stable expression of the gene in subsequent
generations (10–13). Transgenic technology has been extensively used in
zebrafish to study developmental processes. It has been used to rescue mutant
phenotypes, by injecting the candidate genes that have been mapped to the
critical region during positional cloning experiments (14). Transgenic tech-
niques are used in insertional mutagenesis experiments to disrupt endogenous
genes. Promoter analysis to study cis-acting elements responsible for tissue-
specific gene regulation (15,16), cell lineage analysis (17), and transplantation
experiments, is also among the many applications of transgenic technology
that have been used in zebrafish.

In order for transgenic techniques to be useful in studying promoter func-
tion, cell lineage tracing and transplantation, a reporter gene is required.
Although transgene expression can be detected by in situ hybridization or his-
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tochemical analysis, it would be useful to have a reporter gene to monitor gene
expression in living embryos in real time. The expression of lacZ reporter gene
under control of the promoter and enhancer of the Xenopus elongation factor1a
gene has been used as such a marker; however, this technique requires sub-
strates and often has high background (18).

Introduction of the green fluorescent protein (GFP) as a marker of gene
expression (19) has profoundly improved transgenic zebrafish technology
(20–24). In transparent zebrafish embryos, GFP appears highly stable, shows
very little photobleaching, and its fluorescence can be easily detected by various
microscopic techniques. Transgenic techniques using GFP as a reporter gene
have been instrumental in studying mechanisms of development, gene regula-
tion, cell migrations, and lineage. This chapter describes protocols for generat-
ing and analyzing transgenic zebrafish expressing GFP as a reporter gene.

2. Materials
2.1. Equipment

1. Micropipet puller: Model P-91, Sutter.
2. Microinjection capillaries with 1-mm outside diameter.
3. Micromanipulator with stand and tubing (see Note 1): model MN-151, Narishige,

Japan.
4. Microscopes: SV6 or SV11 stereomicroscope; Axioplan 2 microscope with

FITC filter set 09 (excitation BP 450–490, beamsplitter FT510, emission LP520);
AttoArc microscope illuminator with HBO100w; Achoplan X40/0,75W, X63/
0,90W, plan-Neofluor X10/0,30, X20/0,50; Color video camera: ZVS-3C75DE,
Carl Zeiss; Zeiss Axioplan-2 mot upright microscope equipped with a Zeiss 510
NLO scan head for multiple photon microscopic analysis.

5. Mouse cage (24 × 14 × 13 cm, cat. no. 6601177, Nalgene). Breeding traps and
dividers (CD-203) (Aquaculture, Dade City, FL).

6. Glass slides with depression wells.
7. Microinjection plates (see Note 2).
8. Petri dishes: 100 × 200 mm and 60 × 15 mm.

2.2. Reagents

1. Holtfreter’s solution (freshly prepared before each injection): 3.5 g/L NaCl,
0.2 g/L sodium bicarbonate, 0.1 g/L CaCl2, 0.05 g/L KCl; adjust the pH to 6.5–7.0
with HCl.

2. Pronase (Sigma): 30 mg/mL in water. Self-digest at 37°C for 1 h. Aliquot, and
store at –20°C.

3. 1 M KCl: Autoclave, store 1-mL aliquots at –20°C, and use as 10X stock.
4. DNA extraction buffer: 10 mM Tris-HCl, pH 8.2, 10 mM EDTA, 200 mM NaCl,

0.5% sodium dodecyl sulfate, 200 mg/mL pronase.
5. Tricaine (3-aminobenzoic acid ethyl ester)(Sigma): Stock solution is 0.16% in

water (should have a pH of 7.6). Store at 4°C.
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6. Light mineral oil (Fisher).
7. Plasmid DNA preparation kit (Qiagen).
8. Geneclean II kit (Bio101).
9. Plasmid constructs containing GFP reporter gene.

10. Restriction enzymes to excise GFP from plasmid.
11. Taq polymerase, 10X polymerase chasin reaction (PCR) buffer: 100 mM Tris

HCl, pH 8.3, 500 mM KCl, 15 mM MgCl2, 0.01% (w/v) gelatin. Deoxyribonucle-
oside triphosphate mix (Promega): 200 mM each of deoxycytidine, deoxyadeno-
sine, deoxyguanosine, and deoxythymidine triphosphophates.

12. Agarose and gel apparatus.
13. TE: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA.
14. 70% Ethanol and 100% ethanol.
15. 1% Methyl cellulose in Holtfreter’s solution.
16. Primers:

a. GFP (sense) 5'-AATGTATCAATCATGGCAGAC-3'
b. GFP (antisense) 5'-TGTATAGTTCATCCATGCCATGTG-3'
c. Elongation Factor-1α (EF1α) (sense) 5'-TACGCCTGGGTGTTGGACAAA-3'
d. EF1α (antisense) 5'-TCTTCTTGATGTATCCGCTGAC-3'

3. Methods
3.1. Preparation of Plasmid DNA (see Note 3)

1. Use a Qiagen or other plasmid DNA preparation kit to prepare plasmid DNA.
2. Linearize the plasmid with appropriate restriction enzyme (see Note 4).
3. Run the digested plasmid on an agarose gel. Excise and purify the desired frag-

ment using a Geneclean II kit.
4. Dissolve the purified DNA in 1X TE at a concentration of 200–500 µg/mL (see

Note 5).
5. Dilute the DNA in 0.1 M KCl to 50–100 µg/mL. Store at –20°C.

3.2. Collection of Eggs (see Note 6)

1. Select 20–50 healthy adult zebrafish (4–12 mo old) and keep males and females
in separate tanks as mating stocks.

2. Feed these mating stocks with an extra meal of food daily to assure healthy
condition and only use them for mating once a week.

3. Set up male and female fish in the afternoon before injection. Transfer a male and
1–2 females to the mating cage, situated in a mouse cage. Separate them by
placing a divider between the females and the male.

4. On the morning of injection, join the fish together. They usually lay eggs within
10 min.

5. Collect eggs in a small beaker ~10 min after being laid.
6. Dechorionate eggs by replacing the water in the beaker with 1 mg/mL pronase in

Holtfreter’s solution. Place the beaker at room temperature for several min.
7. As soon as several chorions drop off the embryos and start to float, wash the eggs

5–10× with Holtfreter’s solution (see Note 7).
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3.3. Preparation and Loading the Microinjection Needles

1. Using a micropipet puller, prepare microinjection needles (see Note 7).
2. Under a stereoscope, open the needle by breaking off the tip with a sharp blade or

forceps. The opening of the needle should be 0.05–0.15 mm in diameter. An
opening that is too large or too small will result in damaging the embryos or
difficulty loading the DNA.

3. Attach the needle to the needle holder.
4. Spin the DNA in 0.1 M KCl solution at high speed for 2–5 min to precipitate any

debris that may clog the needle.
5. Depending on how many embryos are to be injected, transfer 2–5 µL DNA into

the well of a clean depression glass slide. Cover the solution with a couple of
drops of light mineral oil to prevent evaporation during the loading of the needle.

6. Place the tip of the needle into the DNA solution and draw the DNA into the
needle (see Note 8).

3.4. Microinjection

1. Fill the injection ramp with Holtfreter’s solution.
2. Transfer 100–200 dechorionated eggs into the microinjection plates so that they

line up in the groove.
3. Using the micromanipulator, position the needle so that it penetrates the

cytoplasm of the single cell embryo from the top. Moving the eggs around is
often required, to be able to position them correctly for injection.

4. Microinject the DNA into the cytoplasm of the one-cell-stage embryos. The
volume of injected DNA can be seen under the stereoscope and should be about
one-fifth of the volume of the cytoplasm (see Note 9).

5. After all embryos are injected, very gently transfer them into 100 × 200 mm Petri
dishes containing Holtfreter’s solution. Incubate at 28–30°C.

6. After ~6 h, remove unfertilized and deformed eggs. Continue the incubation overnight.
7. Next day, remove any dead embryos. Transfer healthy embryos into 0.5X

Holtfreter’s solution. At 48 h postinjection, transfer the embryos into regular
fish water.

8. Grow the injected embryos into mature transgenic fish. This usually requires ~3 mo.

3.5. Identification of Germline Transgenic Founder Fish
(see Note 10)

1. Set up injected adult fish for mating as described above. Collect the embryos and
grow them at 28–30°C for 24 h. Keep the injected fish in a separate labeled tank.

2. Dechorionate the F1 embryos. Transfer 100–200 embryos from each pair into a
labeled tube.

3. Add 1 mL DNA extraction buffer. Vortex briefly and incubate at 55°C for 2–4 h,
with constant rocking (or vortex every h).

4. Spin at maximum speed in a microcentrifuge for 10 min at room temperature.
Collect the supernatants and transfer to a clean tube.
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5. Precipitate DNA with 3 vol 95% ethanol. Spin and wash the pellet with 70%
ethanol. Resuspend the pellet in 100 µL 1X TE.

6. Set up PCR reactions with GFP and EF1α primers as internal control. Each
50 µL PCR reaction contains 1 µL DNA template, 400 µM dNTP, 1 µM GFP
primers, 0.5 µM EF1α primers, 5 µL 10X buffer, and 1 U Taq DNA polymerase.
After an initial 2-min denaturation at 94°C, perform 30 cycles at 94°C for 30 s, at
50°C for 30 s, and at 72°C for 30 s. Finish with a 5-min step at 72°C. Positive and
negative PCR controls should be included (see Note 11).

7. Run 10–15 µL of PCR products on a 2% agarose gel. GFP primers produce a
267-bp product and the PCR product of EF1α primers is 450 bp.

8. A positive pool is indicative of transgenic founder fish.

3.6. Fluorescence Microscopic Analysis of GFP Expression

1. Embryos that are older than 20 somites are dechorionated as described in the
previous subheading, and anesthetized in Holtfreter’s solution containing 0.003%
tricaine.

2. Several embryos are transferred onto a chamber slide containing 1% methyl
cellulose dissolved in Holtfreter’s/tricaine solution and are oriented under a
dissection microscope using a small needle to obtain a desirable position.

3. The slide is then immediately placed on a Zeiss AxioPlan 2 fluorescence
microscope and examined under an FITC filter. A color video camera or a digital
camera is used to take images of fluorescent embryos. In order to obtain an
optimum GFP signal, a Plan-NeoFluor lens with a high numerical aperture is
preferred.

4. Confocal microscopy allows one to observe three-dimensional structures of GFP
expression patterns. Two-photon excitation microscopy appears to have many
advantages, compared to the conventional confocal microscope, when analyzing
GFP expression in living transgenic embryos. The authors have used a Zeiss
Axioplan-2 mot upright microscope equipped with a Zeiss 510 NLO scan head.
Live zebrafish embryos are anesthetized and imaged, using a 40× IR (NA 0.8) or
a 63× (NA 1.2) enhanced water-immersion objective. GFP fluorescence is excited
using ultrashort (~100 fs) pulses of 850 nm light generated by directly coupling a
Coherent Ti-sapphire laser (Mira) that is pumped with a 10 W solid-state laser
(Verdi). The intensity of the excitation beam is regulated by an acousto-optic
modulator, and set to the minimum power required to generate two-photon
fluorescence (typically under 15 mW). The acousto-optic modulator is also used
to minimize infrared exposure by blocking the beam during the back-scan. GFP
emission is collected through a 500–550-nm band pass filter. Multiphoton
fluorescence can be confirmed by the disappearance of the fluorescence image
when mode-locking of the Ti-sapphire laser is disconnected.

5. Adobe PhotoShop software is often used to process digital images acquired using
a Zeiss AxioPlan 2 fluorescence microscope or a two-photon excitation micro-
scope. Sample images of transgenic zebrafish embryos are shown in Fig. 1.
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Fig. 1. Transgenic zebrafish embryos expressing GFP in specific tissues. (A) GFP
expression in hematopoietic progenitor cells driven by the GATA-1 promoter. (B)
GFP expression in T-cells located in thymus driven by the Rag-1 promoter. (C) GFP
expression in central nervous system driven by the neuron-specific enhancer of
the GATA-2 gene. (D) GFP expression in pancreatic β cells driven by the insulin
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4. Notes
1. There are many different ways to set up a microinjection system, depending on

the budget of the lab. A typical microinjection system includes a pipet holder,
Teflon tubing, a magnetic stand and a micromanipulator to hold the pipet holder,
and a microinjector that works either with oil or air. The authors use a 10-mL
glass syringe filled with 3–4 mL light mineral oil, to load the needle and inject
the DNA. A complete system can be very expensive, but is not required for a
successful injection.

2. The authors prepare injection plates by using the lid of a 60-mm Petri dish (12).
Prepare 15 mL 1% agarose in water, and pour it into the lid. Place a wide glass
slide (5 × 7 cm) onto the agarose at 10–20 degree angle. Removing the glass slide
after the agarose is set will leave a ramp ending in a groove. Clean the ramp after
injection with ethanol and store them at 4°C, covered in plastic wrap.

3. For RNA injection, in vitro transcribed mRNA should be prepared, using com-
mercially available kits. Capped mRNA with a poly(A)tail should be designed.

4. The authors isolate the DNA insert from the vector when possible.
5. The quality and purity of the DNA is one the most important factors in a successful

injection. Run 1–2 µL DNA on an agarose gel to make sure of the integrity of the
DNA. Spin the stock solution of the DNA before transferring it to KCl solution.

6. Another important factor that assures a good post-injection survival rate is the
quality of the eggs. To obtain good eggs, the authors have dedicated “for injec-
tion only” male and female fish that are mated once a week. If not mated on a
regular basis, fish will give bad eggs.

7. It is possible to inject eggs in their chorions. However, the needles must be pulled
so that instead of having a long, fine tip, they have a thick stem that quickly
tapers to a narrow tip. This way, the needle can penetrate the chorion.

8. Depending on what apparatus is used for microinjection, loading procedures may
vary. The authors use a syringe filled with 3–4 mL mineral oil, and pulling the
plunger creates enough suction to draw the DNA into the needle. Filling the
needle is also possible by using a microloader tip (Eppendorf).

9. A solution containing mRNA can be injected in the yolk or the cytoplasm of the
egg. When working with RNA, keep all reagents and materials free from RNase
contamination.

10. Expression of GFP reporter gene can be used to identify the founder fish too.
Using a fluorescent microscope, screen the embryos of injected fish mated to a
wild. Because of the mosaic nature of transmission of the transgene to the F1
generation, at least 100 embryos should be screened.

11. PCR reaction should be sensitive enough to detect one transgenic GFP-express-
ing embryo in 300 nontransgenic embryos. To make a positive control, add one

(Fig. 1. continued) promoter. (e–i) Reconstruction of pancreatic structure from d 1–d
5 of zebrafish embryonic development using two-photon excitation microscopy. All
promoter sequences are from zebrafish. Anterior is to the left and dorsal is to the top.
(For optimal, color representation please see accompanying CD-ROM.)
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GFP-positive embryo to 300 nontransgenic embryos. Extract DNA and use it as
template for positive control. If no transgenic embryo is available, dilute the GFP-
containing transgene with embryonic DNA at an appropriate ratio and use this as
a positive control.
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Transgenic Insects

Expressing Green Fluorescent Protein–Silk Fibroin Light Chain
Fusion Protein in Transgenic Silkworms

Hajime Mori

1. Introduction
Lepidopteran insects and their cells are very useful as hosts for the produc-

tion of heterologous proteins by baculovirus expression vectors (1,2). How-
ever, the gene expression is transient because the infected cells ultimately die
from viral infection. Furthermore, the polyhedrin promoter is expressed only
during the very late phase of infection.

In order to create stable transgenesis in the silkworm, Bombyx mori, using
baculovirus, the author performed gene targeting by homologous recombina-
tion (3). The B. mori fibroin light (L)-chain gene was cloned and a green fluo-
rescent protein (GFP) gene was inserted into exon 7 of the L-chain gene. The
L-chain–GFP chimeric gene was used to replace the polyhedrin gene of
Autographa californica nucleopolyhedrovirus (AcNPV). This recombinant
virus was used to target the L-chain–GFP gene to the endogenous L-chain
region of the silkworm genome. Female moths were infected with the recombi-
nant virus, then mated with normal male moths. Genomic DNA from their
progeny was screened for the desired targeting event. The chimeric gene inte-
grated into the L-chain gene on the genome by homologous recombination and
stably transmitted over multiple generations. Homologous recombination was
expected to occur between the long- and short-arm sequences common to both
the chimeric L-chain gene in the recombinant AcNPV and the L-chain gene in
the B. mori genome. The chimeric gene was expressed as an L-chain–GFP
fusion protein under the control of the endogenous L-chain promoter. The open
reading frame of the chimeric gene terminates with the stop codon (TAG) of
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the GFP gene. The chimeric gene was expressed only in the posterior silk gland
where the endogenous L-chain promoter is active, and the gene product is spun
into the silk of the cocoon layer.

2. Materials
1. Polymerase chain reaction (PCR) primers:

a. For PCR amplification of long-arm DNA fragment:
1. Forward primer: 5'-AATTAGCTCTAGATGAGCTCCCGGCGTACC-3'.
2. Reverse primer: 5'-CAACTAAGGGATCCGCGTCATTACCGTTGC-3'.
In the reverse primer, the AAGCCGGTCGCG sequence included in exon 7
of L-chain gene is converted into AAGGGATCCGCG, creating a BamHI site.

b. For PCR amplification of the short-arm DNA fragment:
3. Forward primer: 5'-TACCCACTGTCCAATCCACCG-3'.
4. Reverse primer: 5'-CCGGCTTAGTTGCTAATGCTC-3'.

c. Primers for screening recombinant virons:
5. 5'-GGAGAAGAACTTTTCACTGGAG-3' and
6. 5'-ATCCATGCCATGTGTAATCCC-3' to screen for the GFP gene.
7. 5'-ACTACAAGACACGTGCTG-3' in the GFP gene and
8. 5'-AGCATGACAACAGTACCG-3' in the intron of downstream sequence
from exon 7 are used for screening of the targeting event (see Fig. 1).

2. Genomic DNA extraction kit (Stratagene).
3. LA PCR kit ver.2 (TaKaRa) for PCR amplification of the long arm. PCR mixture

contains: 2.5 U LA Taq, 10X LA PCR buffer (supplied by kit), 400 mM
deoxyribonucleoside triphosphate (dNTP) each, 2 mM MgCl2 in 50 µL.

4. DNA polymerase for PCR amplification of the short arm: KOD-Plus*- (Toyobo).
PCR mixture contains 1 U KOD-Plus-, 5 µL 10X PCR buffer (supplied by kit),
200 µM dNTP each, 2 mM MgCl2, 15 pmol of each primer in 50 µL.

5. DNA polymerase for screening: rTaq (Toyobo). PCR mixture contains 1 U rTaq,
10 mM Tris-HCl (pH 8.3), 200 µM dNTP each, 1.5 mM MgCl2, 50 mM KCl,
15 pmol of each primer in 50 µL.

6. MicroAmp reaction vials (PE Applied Biosystems). Gene AmpPCR System 2400
Thermocycler (PE Applied Biosystems).

7. Restriction enzymes (New England Biolabs).
8. Baculovirus transfer vector pVL1392 (PharMingen).
9. Lipofectin Reagent (Gibco-BRL).

10. pGFP vector (Clontech).
11. Linear AcNPV DNA (Baculogold Baculovirus DNA, BD PharMingen).
12. TE: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA.
13. Spodoptera frugiperda IPLB-SF21-AE cell line (Sf21 cells) maintained in TC-100

(Gibco-BRL) with 10% fetal bovine serum.

* “KOD-plus-” was a trade name of a high fidelity DNA polymerase for PCR by a Japanese
company. But “KOD” (not “KOD-plus-”)  or other DNA polymerase with a high fidelity is also
useable in this experiment.
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Fig. 1. Homologous recombination between the targeting vector and endogenous DNA. Targeting vector (top), intron and
exon of L-chain gene (middle), and a product of the targeting event by homologous recombination (bottom). Reprinted with
permission (3).
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14. Ecdysteroid hormone: 1 mg 20-hydroxyecdysone (Sigma) are dissolved in 2.5 mL
of 10% ethanol (0.4 mg/mL), and stored at –20°C.

15. 70% Lithium thiocyanate (LiSCN).
16. Denaturation buffer: 62.5 mM Tris-HCl buffer (pH 6.8) containing 2% sodium

dodecyl sulfate (SDS) and 5% 2-mercaptoethanol. 12.5% resolving SDS-poly-
acrylamide gel electrophoresis (PAGE) gel.

17. Polyclonal rabbit anti-GFP antibody (Clontech). Goat antirabbit immunoglobu-
lin (H+L) horseradish peroxidase conjugate (Bio-Rad).

18. TBS: 20 mM Tris-HCl, 500 mM NaCl (pH 7.5).
19. Blocking solution: 3% gelatin in TBS.
20. Antibody buffer: 1% gelatin in TBS.
21. Enhanced Chemiluminescence (ECL) Plus Western blotting detection reagents

(Amersham Pharmacia Biotech).

3. Methods
3.1. Construction of Targeting Vector

1. Prepare two primers for PCR amplification of the 5.0-kbp long arm and the
0.5-kbp short-arm DNA fragments according to the published sequence data for
the L-chain gene (4; Fig. 1). Use LA Taq and KOD-Plus- for PCR amplification
of the long arm and the short arm, respectively.

2. Extract the genomic DNA of fifth instar larvae from hemocytes using a genomic
DNA extraction kit.

3. Amplify the long-arm DNA fragment (see Note 2). PCR amplification is carried
out in PCR reaction mixture with 0.4 mM of primers 1 and 2, 200 ng of the
genomic DNA as template, and 2.5 U LA Taq DNA polymerase. After heating
the reaction mixture (50 µL) in MicroAmp reaction vials at 94°C for 1 min in a
Gene AmpPCR System 2400, 30 cycles of amplification are performed using
20 s at 98°C, followed by 15 min at 68°C. A final 10 min step at 72°C is
performed at the completion of these cycles.

4. The long arm is cut out with XbaI and BamHI, and the fragment is inserted into
baculovirus transfer vector, pVL1392, at the XbaI and BamHI site, to obtain
pVLFL-5K (see Note 1).

5. Amplify the short-arm DNA fragment. PCR amplification is carried out in PCR
reaction mixture with 0.4 mM of primers 3 and 4, 200 ng of the genomic DNA as
template, and 1 U KOD-Plus- DNA polymerase. After heating the reaction
mixture at 94°C for 2 min in a Gene AmpPCR System 2400, perform 35 cycles of
(denaturation) 1 min at 94°C, (annealing) 1 min at 55°C, and (extension) 2 min at
72°C. Perform a final 7 min step at 72°C at the completion of the 35 cycles.
Excise the short arm with EcoRI, and insert it into the GFP plasmid at the
dephosphorylated EcoRI site to construct pGFP-0.5K. Separate BamHI and StuI
fragments from pGFP-0.5K, and ligate with a BamHI adaptor at the StuI site. The
resulting 1.2-kbp BamHI fragment, composed of the GFP gene and short-arm
DNA fragment is inserted into pVLFL-5K at the dephosphorylated BamHI site,
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and the recombinant baculovirus transfer vector, pAcFLGFP, is constructed
(Fig. 1). The nucleotide sequence of the intron–exon boundary of the L-chain
gene should also be determined by dideoxy termination sequencing (see Note 1).

6. Transfect Sf21 cells in a 60-mm culture plate with 5 µg recombinant transfer
vector and 0.5 µg linearized Baculogold AcNPV DNA as described in the
manufacturer’s literature (see Note 3) using Lipofectin Reagent (Gibco-BRL).

7. Plaque purify the recombinant AcNPV that is rescued by the transfer vector.

3.2. Screening of Silkworm by PCR

To confirm that the targeting event occurs, PCR amplifications are performed.

1. Inject 1-d-old, fifth-instar, female and male larvae (F0) with 50 µL TC-100
medium containing 5 × 105 plaque-forming unit (pfu) of the recombinant virus
by a hypodermic injection (Fig. 2). Approximately 50 insects are inoculated in
each experiment. Although normal larval-pupal ecdysis is observed, pupal-adult
metamorphosis is arrested (see Note 4). However, metamorphosis will resume
after administration of ecdysteroid hormone (5).

2. Mate virus-inoculated female and male moths with a normal moth.
3. Extract the genomic DNA from 100 embryos, and use it as the template for a

PCR, using primers 5 and 6 to screen for the presence of the GFP gene. Use the
rTaq polymerase for GFP gene screening. Rear the larvae from the PCR-positive
siblings, and discard PCR-negative siblings.

4. At F1, collect 100–150 individuals. Separately harvest hemocytes from each fifth
instar larva. Genomic DNA is extracted from the hemocytes, and screened by
PCR analysis, using primers 5 and 6 to screen for the presence of the GFP gene.

5. Mate male or female moths containing GFP gene with normal moths, and their
progenies (F2) are reared. About 150 offspring are produced from each cross and
hemocytes are harvested separately from each larvae in fifth instar.

6. Assay genomic DNA from the hemocytes for transgenesis using a PCR screen
that specifically detects a novel DNA junction created by the targeting event.
Only homologous recombination can juxtapose the two sequences that create this
junction, one from the GFP gene in the targeting vector, and the other within the
downstream sequence beyond the end of the targeting vector. The PCR reaction
with genomic DNA using primers 7 and 8, amplifies a 0.9-kbp DNA fragment, and
verifies that the targeting vector has correctly recombined with the genomic DNA.

3.3. Screening of Silkworm by Western Blot

Western blot analysis for chimeric protein expression is performed on silk
proteins from the cocoon layer (Fig. 3).

1. Add 150 mL 70% LiSCN to 5 mg of the cocoon layer, to dissolve the silk protein.
2. Add 40 mL denaturation buffer to 10 mL dissolved silk protein.
3, Analyze 20 µL of the denatured silk protein by SDS-PAGE on a 12.5% resolving gel.
4. Transfer the proteins to nitrocellulose.
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Fig. 2. Scheme of the screening method for analysis of gene targeting. Reprinted
with permission (3).
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Fig. 3. Screening for gene targeting. (A) Emission of green fluorescence from the larval intersegmental membrane. (B) Green fluorescence under
the irradiation of long-wavelength UV light. Silk glands were dissected (left) and exposed to long-wavelength UV light (right). Silk glands from
control animal and the GFP gene-targeted animal are shown as control and GFP, respectively. (C) SDS-PAGE (left) and Western blot analysis (right)
of silk protein. Lane 1, normal cocoon layer; lane 2, cocoon layer from the GFP gene-inserted animal. Antibody used in the Western blot analysis was
specific for GFP. The size (kDa) of protein markers is shown at the left. (For optimal, color representation please see accompanying CD-ROM.).
Reprinted with permission (3).
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5. Detect the recombinant silk protein by Western blotting. The nitrocellulose blot
is placed in blocking solution for 1 h, and the blots are incubated overnight with
antibody buffer containing rabbit anti-GFP antibody at 1:1000 dilution. Wash the
blots 3 × 15 min in TBS. Incubate the blot with goat antirabbit immunoglobulin
(H+L) horseradish peroxidase conjugate (Bio-Rad) at 1:3000 dilution for 1 h.
Wash the blots 3 × 15 min in TBS, and detect presence of GFP by ECL Plus HRP
Detection Reagents.

3.4. Screening of Silkworm by Green Fluorescence

Emission of the green fluorescence is very useful for screening of
transgenesis in the silkworm (Fig. 3).

1. Irradiate the suspected transgenic silkworms with a long-wavelength ultraviolet
(UV) light. Green fluorescence can be observed from the larval intersegmental
membrane because the intersegmental membrane forms flexible, translucent
joints.

2. Dissect and excise the silk gland. Under the exposure of long-wavelength UV
light, emission of green fluorescence will be observed from the GFP gene-targeted
silkworm larvae, and no green fluorescence will be observed from control larvae.
Two subunits of fibroin (H- and L-chains) are synthesized in the posterior silk
gland. The gland is located in the posterior abdomen and the chimeric L-chain/
GFP gene is expressed in the posterior silk gland of the transgenics.

4. Notes
1. The nucleotide sequence of the PCR products of the L-chain gene should be

determined by the dideoxy termination method carried out with an automatic
DNA sequencer. This is necessary to ensure that PCR did not introduce mutations
into exons of the long arm, the short arm, or the ligated final product in the
completed transfer vector.

2. PCR products for the long arm and the short arm are electrophoresed on the
agarose gel and cut out from the gel.

3. BD Pharmingen supplies a 108-page instruction manual on the use and production
of recombinant baculovirus using their linear Baculogold AcNPV DNA.

4. The average duration of the larval and pupal stages in the uninfected animals are
10 and 15 d, respectively, but duration of the pupal stage of infected animals is a
few days longer than in the uninfected animals. This phenomenon suggests that
the ecdysteroid UDP-glucosyltransferase (EGT) gene of AcNPV is expressed,
and that the secreted EGT altered growth of the infected animals (6).

5. Female and male of the silkworm can be divided by the detection of Ishiwata imagi-
nal disk for female sexual organ and Herold imaginal disk for male sexual organ.

6. After making a hole to the abdominal leg by using a needle, hemolymph is col-
lected and the hemocytes are recovered by centrifugation in the microtube at
1000 rpm for 5 min.
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Green Fluorescent Protein in Transgenic Plants

Brassica Transformation

C. Neal Stewart, Jr., Matthew D. Halfhill, and Reginald J. Millwood

1. Introduction
Until the heterologous expression of Aequorea victoria green fluorescent

protein (GFP) was demonstrated, scientists working with transgenic organisms
had no good alternative to using destructive visible genetic markers. Genes
coding luciferase (1) and β-glucuronidase (2) are the most popular destructive
marker genes that have been successfully used in transgenic plants. Although
these markers code for sensitive enzymes that have linear dose responses, they
require expensive substrates, and are limited to laboratory uses. Most of all,
they cannot be used to assay living tissue directly.

GFP offers the possibility to assay vital cellular functions, to determine the
transgenic status of plants, and to monitor plant transgene expression in real
time, in live cells or intact plants. This chapter focuses on the use of GFP as an
enabling biotechnology in the production of transgenic plants, especially Bras-
sicas. GFP offers the plant biotechnologist the tool to produce plants in the
absence of, or in conjunction with, antibiotic or herbicide markers for selec-
tion. It also offers a mechanism to quickly identify transgenic plants in mixed
populations. GFP will prove to be an important tool for the making and moni-
toring of transgenic crops and trees, in the future (3,4).

Several GFPs have been shown to be useful in plants. The earliest useful
variant was mGFP4, a near-wild-type version that had an altered plant-recog-
nized cryptic intron (5). Unfortunately, this GFP was neither bright nor very
stable. Improved versions of mGFP4 (mGFP5 and mGFP5-ER) have wild-type
chromophores, but have the following mutations: V163A, S175G, and I167T
(5,6). These mutations confer increased folding at warm temperatures, equal
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and dual excitation peaks at 395 and 475 nm, and an emission peak at 509 nm
(6). The endoplasmic reticulum version has a signal sequence and HDEL reten-
tion signal for targeting GFP to the endoplasmic reticulum. Human codon-
optimized S65T mutants have also been useful in plants (7,8). Versions of S65T
GFP have a single excitation peak at 489 nm and a red-shifted excitation opti-
mum to (a green) 511 nm (8). Another good choice for plants is the commer-
cially available (Clontech) enhanced GFP, which has the S65T as well as the
F64L and Y145F mutations, and is human codon-optimized (9). Other
researchers have produced mutants that have been useful in plants (10,11).
Recently, GFPs from other organisms have been cloned (12). Plant-optimized
GFP, and yellow fluorescent proteins may be expected to be better in plant
applications than those currently available. In fact, a priori, Renilla reniformis
GFP, which has recently been made commercially available by Stratagene, has
spectral qualities that should make it brighter in heterologous systems (13).
Fluorescent proteins that emit in the yellow and orange spectra have promise
in transgenic plant work.

GFP has been used in plant transformation systems as a transformation
marker in soybean (14), sugarcane (15), orange (16), tobacco (17), wheat (18),
and apple (19), to name a few species. In certain instances, GFP has been used
as the sole selectable marker in transgenic plants, demonstrating that a visual
marker could be used instead of antibiotic or herbicide selection. Thus far,
GFP as the sole selection marker has been proven useful mainly in monocots
such as sugarcane (20), barley (21), rice (22), and oats (23). The dicot excep-
tion in this case is citrus (16), in which the transformation frequency was com-
pared between GFP-only and GFP plus antibiotic selection. The researchers
found that the transformation frequency was the same, but curiously, there were
fewer GFP-positive shoots per experiment, using GFP selection (16). One of
the benefits of using GFP as the selectable marker is that high-expressing
events can be selected very early in the tissue culture and regeneration process.

In this chapter, methods are described that the authors’ group has used to
transform members of the mustard family (Brassicaceae), using GFP-only and
GFP in conjunction with antibiotic selection. This lab has produced transgenic
Brassicas using antibiotic selection (24), and is now using GFP to show proof-
of-principle in Brassica napus, and also to extend the Brassica transformation
procedure to a wild relative of the same genus: Raphanus raphanistrum (syn.
Brassica kaber). Various experiments have been performed to demonstrate the
efficiencies of GFP-only, or GFP-plus-antibiotic selection. Experiments
described here employ a plasmid with GFP and an antibiotic selectable marker,
but the goal is to use GFP as the sole selectable marker. Avoiding the use of
antibiotic selection could address the criticism of biotechnology opponents who
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fear that the horizontal transfer of antibiotic resistance genes could cause medi-
cal and ecological emergencies.

2. Materials
1. Surface-sterilized seeds (20% bleach solution for 5 min) from B. napus cv Westar.
2. Marashige and Skoog (MS) basal medium (25) for seed (hypocotyl explant

source) germination. All plant tissue culture plates are produced using 0.2%
Gelrite gellan gum (Sigma, St. Louis, MO) as a gelling agent. All agents are
autoclaved, except kanamycin, before media is poured into plates.

3. MS basal medium with 1 mg/L, 2,4-D (MSD1) for 24 h preconditioning hypo-
cotyls, and postco-cultivation.

4. Agrobacterium tumefaciens strain GV 3850 containing pBin mgfp5-er (35S pro-
moter controlling mGFPer gene with linked NOS promoter-controlled nptII for
kanamycin selection [Fig. 1]).

5. Agrobacterium solution (108 cells/mL in liquid MS basal medium with
acetosyringone 0.05 mM) for co-cultivation with hypocotyls.

6. MSD1 media containing 400 mg/L Timintin to select against Agrobacterium,
and with or without 20 mg/L kanamycin to select for transformed cells. No kana-
mycin is used for GFP-only selection.

7. CSRA: MS basal media containing 4 mg/L 6-benzylaminopurine, 2 mg/L zeatin,
5 mg/L silver nitrate, and with or without the above antibiotics to promote orga-
nogenesis.

8. CSRB: MS basal media containing 4 mg/L 6-benzylaminopurine, 2 mg/L zeatin,
with or without antibiotics.

9. CSE: MS basal medium containing 0.05 mg/L 6-benzylaminopurine plus antibi-
otics for shoot elongation.

10. MSR: MS basal media containing 0.1% indole burtyric acid plus antibiotics to
promote root development.

11. 100-mm Petri dishes and GA7 Magenta boxes for tissue culture.
12. Standard dissecting microscope and Spectroline BIB-150 UV lamp.
13. Laminar flow-hood.

3. Methods
3.1. GFP Transformation and Selection in Brassica (24)

1. Seeds are germinated on MS basal media. Zygotic hypocotyls were dissected and
chopped into 1-cm-long segments. The hypocotyls segments were placed in a
Petri dish containing the Agrobacterium inoculum in liquid MS basal medium
for 30 min. Periodically shake the segments gently during the 30 min inoculation
time Transfer the explants to MSD1 for 1 d, then to MSD1 plus one or no antibi-
otics (no kanamycin was in the media when using GFP selection only).

2. After 3 d, transfer the tissue to CSRA to initiate shooting. There is a considerable
time delay (a few weeks) between shoot initiation and shoot formation using this
procedure.
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3, After another 7 d, (10 d after Agrobacterium transformation) transfer the tissue to
CSRB. Between 2 and 4 wk GFP fluorescence will appeared in calli, then in
shoots (see Notes 1–3).

4. At this point, weekly monitoring with a UV light is required to track transgenic
events.

5. When the event callus (fluorescing uniformly green) is approx 0.5 cm in diam-
eter, it is safe to isolate it from the greater tissue and transfer it onto fresh CSRB
(see Note 4). Alternatively, shoots can be transferred to fresh CSRB.

6. Transgenic shoots are transferred to CSE as needed for elongation, then to MSR
for rooting.

7. Visually assay for relative transgene expression by comparing GFP emission
under UV illumination, thereby allowing selection of the highest-expressing
events very early in the transformation process. Figure 2 shows the product of
this method for the transformation of the Brassica relative, wild radish (Raphanus
raphanistrum) on CSRB.

Fig. 1. The binary plasmid, pBin mgfp5ER, which was used for the plant transfor-
mation experiments (courtesy of Jim Haseloff). Kanamycin selectable (nptII) gene is
under the control of the NOS promoter, and the endoplasmic reticulum targeted GFP
gene is under the control of the 35S promoter from the cauliflower mosaic virus.
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4. Notes
1. Much of the success of GFP as an enabling technology in transgenic plants hinges

on the success of seeing its production in plants. For lab work, most researchers
use epifluorescence microscopes fitted with mercury lamps (~100 W) with blue
filters (e.g., 470/40 nm) with 515 nm long-pass emission filters. Of course,
without emission filters, one only sees blue reflectance (see refs. 26–28) for
details. In using such arrangements, several researchers have reported background
fluorescence that interferes with observing GFP (14,22,27). Altering filter
choices, such as choosing emission filters of narrower bandwidth, or alternative
emission filters should help (15,21). Empirical optimization by plant species and
tissue types may need to be performed when using blue-light-excited GFPs. The
choice of UV-excited GFPs, such as mGFP5, is often ignored as a viable choice
by plant scientists. For example, there may be background fluorescence when
excited by blue light, but not when excited by UV wavelengths.

2. If one desires to visualize whole plants or organs, then a microscope is not the
best tool. For blue-excited GFPs, one can use the photonics of a microscope sys-
tem, and indeed, Opti-Sciences (Tyngsboro, MA) produces a blue light source
with the proper cutoff or bandpass filters for measuring GFP-transgenic plants
(GF probe).  For UV-excited GFPs, the authors’ group and others typically use a
portable UV lamp (UVP 100 AP, Upland, CA) with no emission filter, or the
lighter Spectroline BIB-150 produced by Spectronics (Westbury, NY). These
lamps have a 100 W mercury bulb and a 365-nm filter. The authors group and
others have attempted to use less powerful UV lamps with little success. On the
other side, we have combined 2–3 of the Spectroline UV lamps, to boost photon
excitation irradiation, for more spectacular photographs. To effectively visualize
GFP in transgenic plants, the lamp should be very bright and at the proper wave-
length. Although the Spectroline or UVP lamps work well for UV excitation of
GFP, they would be even more effective if they used a 395 nm filter instead of
the 365-nm filter, since the former better matches GFP excitation.

3. UV protective eyewear should be used.

Fig. 2. Raphanus raphanistrum hypocotyls segments producing callus stably trans-
formed with mGFP5er under the control of a constitutive promoter. Notice the varia-
tion of fluorescence between cut ends. GFP is visualized under UV (365 nm)
illumination with no emission filter. (For optimal, color representation please see
accompanying CD-ROM.)
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4. There are few tricks to keep in mind when using GFP as a selection for transfor-
mation of plants. Tracking transgenic events as early as possible, and keeping the
events segregated is desirable. Isolating high-expressing events is important.
However, if one excises green fluorescent tissue from the mother explant source,
it may die. The authors have been unsuccessful if fluorescent Brassica callus is
isolated, if the tissue piece is much smaller than 0.5 cm. The UV lamp makes it
easy to screen several plates once per week. It also adds the additional benefit of
“lighting-up” contaminants that are otherwise hard to see on Petri dishes.
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Green Fluorescent Protein Calcium Biosensors

Calcium Imaging with GFP Cameleons

Anikó Váradi and Guy A. Rutter

1. Introduction
Cytosolic and organellar free (Ca2+) concentrations ([Ca2+]) are among the

most important and dynamic intracellular signals. Ca2+ signals are most often
measured using Ca2+ sensitive fluorescent dyes (1–3), such as Fura-2 or Indo-1,
or the bioluminescent protein, aequorin (4–6). Whereas synthetic fluorescent
chelators are easily imaged, these are difficult to target precisely to specific
subcellular locations (Table 1). By contrast, aequorin is easily targeted, but
requires the incorporation of a cofactor, coelenterazine. Moreover, the photon
intensity from aequorin is extremely low, so that single cell imaging requires
specialized photon-counting systems (4) (Table 1).

In an attempt to overcome these problems, Miyawaki et al. (7) and Romoser
et al. (8) developed the first dynamically responsive biochemical Ca2+ indica-
tors based on green fluorescent protein (GFP), a spontaneously fluorescent pro-
tein from the jellyfish Aequorea victoria. Miyawaki et al. (7) fused enhanced
cyan fluorescent protein (ECFP) to the N-terminus of calmodulin (CaM), and
enhanced yellow fluorescent protein (EYFP) to the C-terminus of M13, the
CaM-binding peptide from skeletal muscle myosin light chain kinase. ECFP-
CaM and the M13-EYFP were fused via two glycines (Fig. 1). The binding
of Ca2+ ions to the CaM domain causes it to associate with the M13 peptide.
This leads to a conformational change in the molecule, bringing the two GFPs
into closer molecular proximity, which in turn enhances the efficiency of fluo-
rescence resonance energy transfer (FRET) between the two GFPs. FRET oc-
curs when excitation energy from the higher-energy GFP (the donor, in this
case ECFP) is passed to the lower-energy GFP (the acceptor, EYFP), causing
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Table 1
Advantages and Disadvantages of the Most Commonly Used
Fluorescent Ca2+ Indicators

Ca2+ indicator Advantages Disadvantages

Synthetic fluorescent Easy to load in isolated cells Hard to target
chelators (e.g., Fura-2 and image Gradually leak out of cells
or Indo-1) Suitable for single-cell imaging Hard or impossible to load

in thicker tissues

Recombinant Easy to target Gene transfer is required
aequorin Single-cell imaging requires Requires the incorporation

specialized photon-counting of cofactor coelenterazine
system (13) Very difficult to image,

because its luminescence
produces <1 photon/molecule

Cameleons Easy to target and image Gene transfer is required
Suitable for single-cell imaging The maximum change in

emission ratio is less than
for small-molecule dyes

EYFP could be sensitive to
changes in pH

Fig. 1. Domain structure of phogrin–cameleon construct (phogrin-Ycam-2). The
fluorescence indicator, yellow cameleon 2 (Ycam-2), comprising a fusion between the
enhanced cyan fluorescent protein (ECFP), calmodulin (CaM), the calmodulin-bind-
ing peptide, M13, and enhanced yellow fluorescent protein (EYFP) (7), was fused to
phogrin, a protein localized to secretory granule membranes. Changes in Ca2+ concen-
tration were monitored through alterations in FRET between ECFP and EYFP in
Ycam-2. The Ca2+-binding sites of the targeted Ycam-2 are predicted to be localized
within 30 nm of the cytosolic surface of the secretory granule. Adapted with permis-
sion from ref. 9.
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an increase in emission fluorescence of the acceptor GFP. This process is
fully reversible when Ca2+ dissociates from CaM. This Ca2+ indicator has
been termed ‘cameleon’ (7), where ‘cam’ is derived from the common abbre-
viation for calmodulin (CaM), and because the molecule readily changes
color and retracts and extends a long “tongue” (M13) into and out of the
mouth of the CaM.

A great advantage of cameleons is that they are bright enough to be intro-
duced into cells by DNA transfection rather than protein microinjection. The
dynamic range of present cameleons is significantly lower than that of many
ratiometric and nonratiometric fluorescent indicators (e.g., Fura-2, Indo-1), but
it is sufficient to permit valuable measurements with a suitably equipped dual-
emission microscope. A crucial advantage of cameleons, compared to Fura-2
and so on, is that they can readily be targeted to specific intracellular sites (e.g.,
nucleus, endoplasmic reticulum etc.) by fusing the corresponding cDNAs to
appropriate organellar targeting signals or localized host proteins to observe
local Ca2+ dynamics (7). Moreover, their targetability allows Ca2+ measure-
ments at previously inaccessible sites such as the immediate vicinity of secre-
tory vesicles (9) (Fig. 1). Furthermore, the Ca2+ affinities of cameleons are
adjustable by mutation of the CaM moiety. Thus, even the high Ca2+ of the
endoplasmic reticulum can readily be measured, being 60–600 µM in
unstimulated cells (7,10); (Váradi and Rutter, in press), decreasing to 1–50 µM
in cells treated with Ca2+-mobilizing agonists.

Despite the potential versatility and power of the recombinant cameleons
for measuring intracellular Ca2+, up to now, their use in imaging experiments
has been limited, mostly because of the small changes in fluorescence ratio
that are achievable with these probes. Here is described the methodological
approaches to monitoring Ca2+ in subdomains of living cells with targeted
cameleons, as used in the authors’ studies (9; Fig. 2) (10a).

2. Materials
1. Poly-L-lysine: Prepare 0.2 mg/mL stock solution in water and store at –20°C,

prepare the working solution at a concentration of 0.01 mg/mL in water and filter
it before use, and store at +4°C.

2. Phosphate-buffered saline: 136 mM NaCl, 2.68 mM KCl, 6.46 mI Na2HPO4, 1.47
KH2PO4 (pH 7.4).

3. Complete growth medium for MIN6 pancreatic β-cells: Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco-BRL) containing 25 mM glucose supple-
mented with 15% (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/mL peni-
cillin, and 100 µg/mL streptomycin.

4. LipofectAmine™ Reagent (Gibco-BRL): 2 mg/mL stock solution, store at +4°C,
do not freeze, mix gently before use.
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5. OptiMEM I (Gibco-BRL): Store at +4°C in the dark, and handle as potentially
infectious.

6. 0.2X TE buffer: 2 mM Tris-HCl, 0.2 mM EDTA (pH 8.0).
7. Krebs-Ringer-HEPES-bicarbonate (KRHB) buffer: 140 mM NaCl, 3.6 mM KCl,

0.5 mM NaH2PO4, 0.5 mM MgSO4, 1.5 mM CaCl2, 2.0 mM NaHCO3, 3 mM
glucose, and 10 mM HEPES. Equilibrate with O2/CO2 (95:5, v/v) before use and
adjust the pH to 7.4.

Fig. 2. Changes of [Ca2+]i in a single MIN6 pancreatic β-cell expressing untargeted
Ycam-2. MIN6 cells were transiently transfected with plasmid encoding Ycam-2, as
described in Subheading 3.2.1. Cells were excited at 440 ± 21 nm, then emission of
ECFP at 480 ± 30 nm and EYFP at 535 ± 25 nm were recorded, and the ratio of
535:480 were generated. The top panel shows the emission ratios from Ycam-2 in a
single MIN6 cell monitored every 10 s by digital imaging. The corresponding ratio
images, taken at the indicated time-points (B–D) together with the fluorescence image
(440 excitation and 480 emission) of the cell (A) are shown at the bottom. (For opti-
mal, color represention please see accompanying CD-ROM.)
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8. Ionomycin: Prepare 2 mg/mL stock solution in dimethyl sulfoxide, and store
at +4°C.

9. AdEasy system (AdEasy Application Manual Version 2.1 by Quantum Biotech-
nologies), for preparation of recombinant adenovirus-encoding phogrin-yellow
cameleon (Ycam-2).

10. Fluorescence microscope with proper objective and filters: (e.g., Leica DM/
IRBE) by using a X100 PL Apo 1.4 NA oil-immersion objective, 440 ± 21 nm
excitation filter (e.g., Omega Optical, Glen Spectra, Middlesex, UK, or Chroma,
Brattleboro, VT), a 455 DRLP dichroic mirror, and two emission filters (480DF30
for ECFP and 535DF25 for EYFP) alternated by a filter wheel (e.g., Ludl, Haw-
thorn, NY; Lamda 10-2, Sutter, San Rafael, CA, or Chroma).

3. Methods
3.1. Preparation of Pancreatic βββββ-Cell Lines

1. Coat 13- or 24-mm-diameter cover slips with 0.01 mg/mL poly-L-lysine for
10–20 min at room temperature, then rinse the cover slips with phosphate-
buffered saline once.

2. Seed the cells as a 25–35-µL droplet onto the cover slips at a density of 0.4–0.6
× 106/mL. For other cell types, titrate the cell density to achieve 50–60%
confluency after overnight culture (see Note 1).

3. Leave the cells to adhere to the cover slips for 45–60 min at 37°C in the presence
of 5% CO2.

4. Layer 2 mL complete growth medium very gently onto the cells and culture them
overnight.

3.2. Transfection with Plasmids Encoding Yellow Cameleons
3.2.1. Transient Transfection

1. For each cover slip, add 1 µg plasmid encoding the cameleon construct (e.g.,
Ycam-2 or Ycam-4er), and 100 µL OptiMEM-I, into tube A, and 10 µL Lipofect-
Amine and 100 µL OptiMEM-I into tube B (see Note 2).

2. Combine the contents of tubes A and B into tube C and mix them very gently. Do
not vortex.

3. Incubate the mixture for 30 min at room temperature to allow DNA–lyposome
complexes to form. Do not agitate the mixture at this stage.

4. Just before the 30-min incubation is over remove the growth medium from the
cells and rinse them with 1–2 mL OptiMEM-I once.

5. For each cover slip, add 1.8 mL OptiMEM-I to tube C (step 2), then pipet the
mixture up and down once and overlay 2 mL onto each cover slip.

6. Incubate the cells with the complexes for 3–4 h at 37°C in the presence of 5%
CO2, then replace the serum-free transfection medium with complete growth
medium (see Note 3).

7. Culture the cells for 2–4 d before imaging and change medium every second day.
For MIN6 β-cells, replace the high-glucose complete growth medium with 3 mM
glucose containing DMEM, 12 h prior Ca2+ measurements.
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3.2.2. Microinjection (see Note 4)
1. Prepare the cells as described under Subheading 3.1. Immediately prior to

microinjection prepare the plasmid DNA encoding the cameleon construct at a
final concentration of 0.3 mg/mL in 0.2X TE buffer, then centrifuge for 30 min at
13,000g at 4°C to sediment any particulate matter.

2. Pull micropipets (e.g., Flaming/Brown micropipet puller P-97, Sutter) from
1.2 mm external diameter glass borosilicate capillaries (GC120F-10; Clark
Electromedical, Reading, UK) to give a microinjection diameter of 0.2–0.5 µM.
Pipet 2–3 µL DNA solution into the capillary needle. During intranuclear micro-
injection, maintain the injection pressure at ~500 hPa and retain injection time
below 1.0 s. Inject (Eppendorf 1571/5246 semiautomatic microinjection system)
~300 cells to give ~30 productive injections. The cell nucleus must be viewed
with a phase contrast objective (30–40× magnification) and may require
maintenance on a thermally controlled stage (37°C). For long periods of injection
(>45 min) CO2-insensitive medium should be used (e.g., through the addition of
20 mM HEPES buffer).

3. Following microinjection, replace the medium with fresh complete growth
medium, and culture the cells for 2 d before imaging. Change the growth medium
every day to minimize the risk of contamination.

3.2.3. Adenovirus-Mediated Infection of Cells (see Note 5)

Recombinant adenovirus encoding phogrin-Ycam-2 was prepared using the
AdEasy system (11,12).

1. Prepare the cells as described under Subheading 3.1. Infect cells with the recom-
binant phogrin-Ycam-2 at multiplicity of 30–100 viral particles/cell in growth
medium then layer 100 µL onto each cover slip.

2. Incubate the cells for 1–4 h at 37°C in the presence of 5% CO2 then remove the
infection medium, and replace it with complete growth medium.

3. Culture the cells for 24–48 h prior imaging.

3.3. Single Cell Ca2+ Imaging

1. Rinse the cells with KRHB buffer and mount the cover slip on the microscope in
a suitable preheated (to 37°C) superfusion chamber.

2. Perifuse the cells at constant rate of 1–2 mL/min with KRHB buffer and retain
them in the same buffer until the addition of stimulating solutions (see Note 6).

3. Select a good region on the cover slip (see Note 7), then record the bright field
image of the cells. Image the cells on a fluorescence microscope, by using a high
numerical aperture (NA) objective, a 440 nm excitation filter, a 455-DRLP
dichroic mirror, and two emission filters (480DF30 for ECFP and 535DF25 for
EYFP), alternated by a filter wheel.

4. Acquire images on a cooled charge coupled device (CCD) camera every 3–10 s
and allow data acquisition for 10–15 min (see Notes 8 and 9) controlled by a
software (e.g., Metamorph/Metafluor, Universal Imaging, West Chester, PA).

5. Generate ratio images of 535/480.
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3.4. Calculation of [Ca2+]

1. For in situ calibration of [Ca2+], use the following equation:

[Ca2+]=K'd[(R – Rmin)/(Rmax – R)]l/n,

where K'd is the apparent dissociation constant corresponding to the Ca2+ concentra-
tion at which R is midway between Rmax and Rmin, and n is the Hill coefficient (1).

2. To obtain the maximal ratio, Rmax, add 10 µM of Ca2+ ionophore ionomycin fol-
lowed by a high concentration (20 mM) of extracellular Ca2+. To establish the
minimal ratio, Rmin, clamp the external Ca2+ to zero with 20 mM EGTA, in the
presence of 10 µM ionomycin.

4. Notes
1. Transfection efficiency is sensitive to culture confluence, so it is important to

maintain a standard seeding protocol from experiment to experiment. Do not add
antibacterial agents to the media during transfection.

2. For transient transfection (see Subheading 3.2.1.), use 1 µg plasmid encoding
the cameleon construct with lipofectamine, at a final concentration of 10 µg/mL
in a final volume of 2 mL serum-free medium per 24-mm-diameter cover slip.
This protocol normally provides 50–60% transfection efficiency 2–4 d after trans-
fection.

3. The length of transfection can be shortened if the cell type used for experiments
does not tolerate the absence of serum for 4 h. The transfection could be termi-
nated when the DNA–lipid complexes become visible under microscope as small
black precipitates on the cover slip, after ~2 h. This may reduce the transfection
efficiency to ~30–40%.

4. When transfection is problematic (e.g., primary cells) or the transfection effi-
ciency is low, intranuclear pressure microinjection of plasmid DNA could be a
good alternative method (see Subheading 3.2.2.). The great advantage of this
technique is that antisense oligonucleotides, antibodies, or other plasmids could
be co-injected with the cameleon DNA construct. However, microinjection
requires an expensive injection system, extensive practice, and dedicated experi-
mentalist, before representative amounts of cells can be successfully injected.
For more detailed protocol on instrumentation and microinjection technique see
the review by Rutter et al. (13).

5. Adenovirus-mediated infection of cells could be another alternative to transfec-
tion and provides many advantages, because it is efficient, and can be used in a
wide range of host-cell types. Using the protocol outlined in Subheading 3.2.3.,
the majority, >90% of cells were infected with the adenoviral phogrin-Ycam-2
construct 24–48 h after infection. Phogrin-Ycam-2 chimera was correctly (>80%)
targeted to insulin-containing vesicles (9,12).

6. The stimulating solutions could be added either manually with a syringe, or by
perfusion. Since the maximum change in emission ratio of cameleons is less
than for small-molecule dyes, any sudden change, such as adding or removing
solutions, could generate significant background noise. Hence, for imaging
cameleons, constant perifusion is strongly recommended.
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7. The concentration of cameleons inside the cells could be heterogeneous which-
ever of the abovementioned methods (Subheadings 3.2.1., 3.2.2., or 3.2.3.) are
used for gene transfer. Therefore, for imaging, select a region where the majority
of cells express similar levels of cameleon. Do not choose cells with high
cameleon concentration (brightest cells). Because each cameleon can bind four
Ca2+, in the case of high expression levels, they may significantly buffer [Ca2+]i

dynamics (e.g., efficient expression of the cameleon may give 1 × 106 molecules/
cell, equivalent 1.0 µM for 1 pL cell, or 4 µM binding sites). However, if the
cameleon concentration is very low, the cells will be too dim to give a good
signal-to-noise ratio in dynamic single-cell imaging. Increasing the intensity of
illumination cannot compensate because of the EYFP photochromism/
photobleaching (see Note 8).

8. EYFPs can be photobleached by intense illumination at their main absorbance
peak. If photobleaching occurs, reduce duration and/or intensity of exposure to
the lowest possible levels that still provide adequate signal-to-noise characteris-
tics in detection.
a. Usually, altering a few parameters in the software can dramatically decrease

the level of excitation needed to get a good signal. With some digital cameras,
it is possible to combine the charges in adjacent pixels so that they form a
single pixel. This process is known as “binning.” It reduces readout time and
increases sensitivity at the expense of resolution. Most software also allows
improving the contrast of the images. Use contrast enhancement function to
remap either the display or the pixel values, so that they use all the available
dynamic range of the screen.

b. Use oil-immersion objectives, which have far more light-gathering power than
dry objectives, because of their larger numerical aperture (which translates
into brighter fluorescence emission for the same level of excitation).

c. Placing a neutral density filter in front of the exciting light could also effec-
tively reduce photobleaching.

d. If confocal fluorescent microscopy is used, give consideration to changing to
conventional nonconfocal fluorescent microscopy. Because the confocality is
improved, the signal is collected from a smaller and smaller volume of speci-
men, and, thus, from fewer and fewer molecules of excited fluorophore.
Higher-intensity light sources provide the needed increase in output signal,
but also increase the risk of photobleaching.

9. The first generation of cameleons is sensitive to changes in pH (7,14). Using
these cameleons requires the careful checking of pH to calibrate the Ca2+ signal,
to avoid pH-related artifacts. The pH sensitivity of cameleons could be examined
by selectively recording the EYFP fluorescence using 480DF30 nm excitation,
535DF25 nm emission, and 505 DRPL dichroic mirror. In this condition,
Ca2+-dependent FRET does not occur and the probe reports pH, instead of
Ca2+ changes. The ultimate solution to eliminate the pH-related artifact is to use
the second generation of cameleons (14).
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Green Fluorescent Protein Fluobody
Immunosensors

Immunofluorescence
with GFP-Antibody Fusion Proteins

Arjen Schots and Jan M. van der Wolf

1. Introduction
Immunofluorescence (IF) is widely used both in research and diagnosis

(1–4). Using IF, it is possible to localize antigens in tissues and individual
cells. Antibodies (Abs), to which a fluorochrome is chemically added are exten-
sively used for this purpose. However, conventional organic fluorochromes
such as fluorescein isothiocyanate (FITC) or tetrarhodamine isothiocyanate,
are sensitive to photobleaching, upon illumination. Also, if conjugation occurs
with an antigen-binding site, a partial or complete loss of reactivity can occur
(2). To circumvent these disadvantages, it is useful to explore alternative fluo-
rochromes and coupling procedures.

The green fluorescent protein (GFP) from the jellyfish, Aequorea victoria,
offers such an alternative. As described by Tsien (5), there are a vast number of
GFP variants present today. These variants differ in their spectral characteris-
tics, fluorescence intensity, stability, and other properties. Recently, six GFP
homologs have been cloned (6, and see Chapter 1) from nonbioluminescent
Anthozoan species, extending the range of alternatives. Although the quantum
yield of the latter fluorescent proteins is lower when compared to GFP or GFP
variants, they will, like the wild-type GFP, undoubtedly be improved upon.

An alternative to chemical coupling is available through genetic fusion of
antibody and GFP-encoding genes. It will always result in a 1:1 ratio between
Ab and fluorochrome, which should enhance accuracy in quantitative work,
and GFP cannot be easily inactivated. Advances in molecular immunology
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(7–11) now allow cloning and expression of Ab genes in Escherichia coli and
other heterologous production hosts. Thus, single-chain variable fragment Abs
(scFv), which contain the variable regions from the heavy and light chain con-
nected by a short linker sequence (7), or antigen-binding fragments, can be
selected from phage Ab libraries (12). Alternatively, Ab genes can be cloned
directly from hybridoma cell lines (8). This chapter describes the application
of scFv Abs, selected from a large phage Ab library, genetically fused to a GFP
variant in a controlled expression system. The usefulness of these fusion pro-
teins is demonstrated through an application for the detection of an important
plant pathogen, Ralstonia solanacearum, the causative agent of bacterial wilt
in a wide variety of host plants (Figs. 1 and 2).

2. Materials
1. pSK-GFPmut1 (or other GFP-containing vector).
2. Restriction enzymes SfiI and NotI.
3/ 0.8–1.0% 1% Agarose gel containing 1 µg/mL ethidium bromide, 10X TBE (1 L):

108 g Tris, 55 g boric acid, 9.3 g EDTA.
4. Concert™ Gel Extraction System (Life Technologies).
5. DNA ligase and 10X ligase buffer.
6. Luria Bertoni (LB)-ampicillin (AMP) broth: 10 g/L Bacto-tryptone, 5 g/L Bacto-

yeast extract, 10 g/L NaCl (pH 7.0) with 100 µg/mL AMP. 2TY-AMP: 17 g/L
Bacto-tryptone, 10 g/L Bacto-yeast extract, 5 g/L NaCl with 100 µg/mL AMP.
LB-AMP plates: LB-AMP broth containing 15 g/L agar.

7. E. coli strain XL1-Blue-MRF’ Kan (Stratagene).
8. Immobilized metal affinity chromatography resin (IMAC): Ni-NDA beads

(Amersham-Pharmacia).
9. Prepare a stock solution of 200 µg/mL anhydrotetracyclin and store at –20°C.

10. Pre-extraction buffer: 50 mM Tris-HCl, pH 8.0, containing 30% sucrose and
1 mM EDTA.

11. Extraction buffer: 5 mM MgSO4.
12. Loading buffer: 10 mM imidazole, 10 mM Tris-HCl, pH 8.0, 300 mM NaCl.
13. Elution buffer: 100 mM Tris-HCl, pH 8.0, containing 100 mM EDTA.
14. 12% Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

gel. Nitrocellulose membrane. Electrophoresis buffers.
15. Phosphate-buffered saline (PBS): (1 L) 0.2 g KCl, 8.0 g NaCl, 0.2 g KH2PO4,

1.15 g Na2HPO4, pH 7.4. PBS+T20: PBS containing 0.1% Tween-20.
PBS+T20+milk: PBS+T20 containing 1–5% powdered milk. PBS+T20 contain-
ing 5% fetal calf serum (FCS).

16. Abs: GFP-specific polyclonal rabbit Abs (Clontech); alkaline phosphatase con-
jugated goat antirabbit polyclonal Abs.

17. 5-bromo-4-chloro-3-indolyl phosphate (BCIP, dissolved at 25 mg/500 µL in
dimethyl formamide); nitroblue tetrazolium (dissolved at 25 mg/350 µL in
dimethyl formamide + 150 µL); Western substrate buffer (10 mL): 0.1 M
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NaCl, 5 mM MgCl2, 0.1 M Tris-HCl, pH 9.5, containing 34 µL BCIP and 68 µL
nitroblue tetrazolium.

18. Slide warmer set (50°C). Microscope multiwell slides (e.g., Nutacon no. 10-342).
12 × 60-mm cover slips.

19. Fluorescence microscope equipped with a high-pressure mercury or xenon lamp,
an appropriate filter set and minimally a X40 Neofluor objective.

20. Mounting buffer (Vectashield, Vector, Burlingham, UK, CA 94101).
21. Ethanol (96%).

Fig. 1. Analysis on a Fluorescent Activated Cell Sorter (FACS) of Ralstonia
solanacearum bacteria labeled with a specific antibody fused to GFPmut1. (A) The
negative control. Non fused GFPmut1 incubated with R. solanacearum. (B) The scFv
LPS 12-GFPmut1 fluobody incubated with R. solanacearum. (C) Control for cross
reactivity, the scFv LPS12-GFPmut1 incubated with R. pickettii bacteria. (D) Positive
control. LPS12 scFv-antibodies with Cmyc tag detected by a secondary anti-cMyc
specific antibody conjugated to FITC. The scales with number of bacteria and fluores-
cence intensity are relative. It has to be noted that the fluorescence intensities as seen
in (B) and (D) are similar, showing that the LPS12-GFPmut1 fusion protein has iden-
tical properties as LPS12-cMyc.
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3. Methods

3.1. Antibody Formats Available

Genes encoding for either scFv or antigen-binding fragments can be used for
fusion with GFP. If antigen-binding fragments are used, it is a prerequisite that a
bicistronic messenger is transcribed. A second ribosomal binding site should be
present between variable regions of the light and heavy chains. In several Ab
libraries, the chimeric Ab gene is inserted between a SfiI and a NotI restriction site.
In the vector, pSK-GFPmut1 (see Fig. 3), this is also the case. If Abs are inserted in
a vector using other restriction sites, it is necessary to either change these in a
PCR reaction using primers having SfiI and NotI restriction sites, or to alter the
vector pSK-GFPmut1 by introducing other restriction sites. If recombinant mouse
Abs are used and one intends to introduce a XhoI site it is advised to thoroughly
screen for the presence of this site in the heavy chain (8–10% do have it).

Fig. 2. Immunofluorescence cell staining of Ralstonia solanacearum bacteria using
the fluobody LPS7-GFPmut1 (A) and an FITC conjugated polyclonal rabbit antiserum
(B). The number indicated in each micrograph refers to the photographic exposure
time in seconds. It has to be noted that FITC labeled antibodies ‘suffer’ from severe
photobleaching while GFP is not at all affected.
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3.2. Construction of Ab–GFP Fusions

1. Digest the GFP vector with the restriction endonucleases SfiI and NotI. Use the
buffers and reaction conditions as recommended by the supplier.

2. Check for appropriate digestion on a 0.8–1% agarose gel run in TBE. We often
use the vector with an inserted scFv as a stuffer fragment. This should be visible
on the agarose gel as a fragment of approx 700 bp.

3. Digest the Ab gene of interest from its vector with SfiI and NotI.
4. Gel-purify the gene fragment and vector for instance, by using Concert Gel

Extraction System or similar kit.
5. Ligate the purified gene fragment in the vector according to the instructions of

the manufacturer of the ligase used.
6. The resulting plasmid can then be transferred to E. coli XL1-Blue-MRF’ Kan cells.
7. The transformed bacteria are plated on selective LB plates (containing ampicil-

lin) and grown overnight at 25°C. Individual colonies are then toothpicked and
grown in 0.75 mL LB-amp broth in 48-well plates (shaking at 250 rpm) at 25°C.
When the OD600 reaches 0.5, the temperature is lowered to 16°C. After 1 h,
anhydrotetracyclin is added to the medium (0.2 µg/mL final concentration), and

Fig. 3. Schematic representation of the vector pSK-GFPmut1. The position of the
promoter (Tet P), the ribosomal binding site (RBS), the leader sequence (pel B), the
antibody insertion site (scFv), the GFP (GFPmut1) and the HIS(6)-tag (HIS-tag)
are indicated. The SfiI and NotI sites are underlined. Translated codons are in capitals,
the start codon is indicated by a horizontal arrow, the signal sequence cleavage site by
a vertical arrow and the stop-codon by TER.
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growth is resumed. After 48 h, samples are taken and the fluorescence is meas-
ured at 488 nm in a fluorometer. Alternatively, the amount of produced Ab–GFP
fusion protein can be assessed on an immunoblot using anti-GFP Abs.

8. The reactivity of the Ab–GFP fusion protein can be assessed in various immu-
noassays e.g., using anti-GFP fusion proteins as a marker. Thereto, the bacteria
are pelleted and resuspended in 0.5 mL PBS+T20. The bacteria are then lysed by
repeated freezing and thawing (5×). The bacterial debris is removed by centrifu-
gation, and the crude homogenate is then used.

9. If the Abs react satisfactorily, the culture can be scaled-up to a volume of 100 mL
or larger. The same media and culture conditions are advised.

3.3. Purification of Fluobodies

1. The bacteria from the culture are pelleted by centrifugation and resuspended in
one-twentieth vol (referring to original culture size) of pre-extraction buffer and
incubated for 5 min at 0°C.

2. Cells are pelleted and 1/20 vol (referring to original culture size) of extraction
buffer, is added and incubated for 45 min at 0°C.

3. The 6X His-tagged proteins are then purified from the periplasmic fraction, by
immobilized metal affinity chromatography (IMAC), using Ni-NDA beads. The
extraction buffer is changed into loading buffer by dialysis or Sephadex G25.

4. The sample is loaded on an IMAC column (size depending on the amount of pro-
tein, use a column as small as possible, and follow manufacturer’s instructions).

5. The column is washed with 20 column vol of loading buffer.
6. Bound proteins are eluted with elution buffer.
7. The amount and concentration of eluted protein is assessed using a standard pro-

tein assay (e.g., Bradford [13]).
8. 2–3 µg protein are loaded on a 12% SDS-PAGE gel, and subsequently trans-

ferred onto nitrocellulose using standard protocols.
9. After blocking unoccupied sites for 30 min with PBS+T20 containing 5%

skimmed milk powder, the membrane is incubated for 1 h with GFP-specific
polyclonal rabbit Abs diluted 1/25,000 in PBS+T20 containing 2% skimmed milk
powder. After washing (4×, PBS+T20), the blot is incubated for 1 h with alkaline
phosphatase conjugated goat-antirabbit Abs diluted in PBS+T20 containing 2%
skimmed milk powder (dilution varies per manufacturer and batch). To visualize
the proteins, the blot is incubated with BCIP/NBT substrate.

3.4. Flow Cytometry

Purified Ab–GFP fusion proteins are added to a cell suspension in appropri-
ate dilutions. The cell suspension can contain bacteria, animal cells (mamma-
lian, insect), yeast cells, or even plant protoplasts. In the latter case, background
fluorescence may proof somewhat problematic using the GFP in the vector
described. However, new GFP variants are available which should result in
lower background. The authors normally dilute the cells in PBS+T20 and 5%
FCS. Cells and Ab–GFP fusion protein are incubated for 1 h while rotating.
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Cells are washed twice with PBS+T20, resuspended in 1–2 mL PBS, and ana-
lyzed for fluorescent staining using a flow cytometer, or a fluorescent acti-
vated cell sorter (FACS) (Fig. 1).

3.5. IF Cell Staining
IF cell staining, like flow cytometry, can be applied to a wide variety of cell

and tissue types. FITC has remained the most popular fluorochrome for IF
until the present time. However, one of the main disadvantages of FITC has
been its rapid fading under intense illumination (14). Furthermore, it is diffi-
cult to standardize the traditional conjugation procedure for FITC, in which
purified Abs are conjugated in a carbonate buffer at high pH. Often, significant
differences of fluorochrome to protein ratios are found between different con-
jugates using the same batch of Abs (unpublished results). The use of fluo-
bodies can circumvent these disadvantages of the use of FITC-conjugated Abs.

For the preparation of the various cell and tissue types different protocols do
exist. The protocol provided below is what we use for IF cell staining of bacte-
ria with fluobodies.

1. Prepare 2 10-fold serial dilutions of the bacterial sample in water (autofluorescent
particles may be present in samples and an excess of target cells in undiluted
samples will result in a weak staining, up to 100 cells/microscope field give a
good staining).

2. Place 10 µL each of the undiluted and both of the 10-fold, serially diluted samples
onto separate wells of a multiwell microscope slide.

3. Air-dry samples on a slide warmer set at 50°C.
4. Fix cells by adding an excess of ethanol to the wells. Slides are soaked in alcohol

for 5 min, rinsed 3× for 1 min with water and air-dried on the slide warmer.
Avoid cross-contaminations between adjacent wells during washings.

5. Add 10 µL fluobodies in PBS and incubate for 30 min in a moist chamber at 37°C
in the dark. For detection of R. solanacearum, a concentration of 0.5 µM fluobody
was used, but the optimal concentration will vary and will be Ab-dependent.

6. Rinse slides 3× for 1 min with distilled water.
7. Add 50 µL of mounting buffer per slide and place a cover slip over the well.
8. Observe preparations for typical fluorescent cells using a fluorescence microscope.

4. Notes
1. For general molecular biological techniques we refer to ref. 14). Regarding gen-

eral serological and immunological techniques we refer to ref. 15).
2. In this vector, we have used the TetA tetracycline promoter/operator of the

TN10TcR gene instead of the lac promoter. The reason for this is that the latter is
leaky, and is therefore not well-controlled. In contrast, the TetA promoter is
strongly controlled. Altering the concentration of anhydrotetracyclin can regu-
late the level of protein expressed. This is of particular interest if the Ab gene
used is toxic for E. coli (16).
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3. Although the vector, pSK-GFPmut1 is designed for secretion, most Ab–GFP
fusion proteins are usually found in the periplasm. This has to be checked for
every Ab fragment expressed anew. This is also the reason why cell lysis is used.
Because the produced proteins are soluble, it may be desirable to include pro-
tease inhibitors in the lysis buffer. The protocol described is for small volumes. If
large volumes (>1 L) are used, switching to mechanical lysis may be necessary,
using a French press.

4. Most IF microscopes are equipped with a filter system for detection of FITC,
which has a maximum excitation wavelength of 488 nm. It was found that a GFP
mutant (GFPmut1), containing two amino acid substitutions (Phe64 to Leu and
Ser65 to Thr), fluoresces 35× more intensely than the wild-type GFP when
excited at this wavelength (17). For applications in IF, it is therefore advised to
use GFPmut1.

5. Fluobodies have also been tested for use in immunofluorescence colony staining
in which test samples are agar-mixed and plated in wells of a 24-well tissue cul-
ture plate, and incubated to grow bacteria (18). Incubation of agar preparations
with fluobodies against R. solanacearum, however, resulted in a nonspecific
staining of nontarget bacteria present in potato tuber extracts. Possibly, the
hydrophobicity of the fluobodies resulted in nonspecific interactions with bac-
terial products.
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Green Fluorescent Protein-Based Protein Kinase
Biosensor Substrates

Scott Ulrich and Kevan Shokat

1. Introduction
Protein kinases (PKs) are a family of enzymes that catalyze the transfer of

γ-phosphate from adenosine triphosphate (ATP) to tyrosine, serine, or threo-
nine amino acid residues of substrate proteins. Phosphorylation alters the
enzymatic activity, binding capability, or cellular localization of the substrate
protein, as a means to relay environmental signals, such as the extracellular
matrix, antigens, insulin, and growth factors (1). Following the discovery of
protein phosphorylation as a mechanism of signal transduction, the discovery
of the v-src and v-abl oncogenes (2,3), and the realization that PKs are an
immense superfamily of proteins (2.1% of Caenor elegans genes are PKs);
PKs have moved to center stage in the field of signal transduction. Because of
their centrality in cell signaling, PKs have also become attractive therapeutic
targets for such diverse diseases as diabetes and cancer (4).

Biochemical study of PKs necessitates robust in vitro methods to assay
kinase activity of recombinant and immunoprecipitated kinases. Often, exog-
enous peptide or protein substrates are added as phosphoacceptors in these
assays. Random polypeptides such as poly Glu:Tyr (4:1) have been used in
high-throughput kinase assays (5–7). Peptide substrates can be optimized by
screening a combinatorial peptide library for efficient phosphorylation
sequences, yielding highly efficient substrates in a kinase-specific manner
(8–15). Kinase activity can then be assayed by quantitating transfer of 32P to
the peptide. However, peptides cannot be used in gel-based assays such as
Western blotting. The protein substrates used for this purpose are often fortu-
itous, nonoptimal proteins such as histone H1, enolase, and immunoglobulin
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heavy chain. Recognizing the need for efficient protein substrates for in vitro
kinase reactions, our lab has developed a general method to transfer the advan-
tages of a combinatorial peptide optimization strategy to the development of
efficient green fluorescent protein (GFP), (this chapter refers to GFPMut1 [16]
as GFP)-based PK substrates suitable for protein-based assays.

GFP is a compact protein that is easily expressed in prokaryotes and is very
poorly phosphorylated by PKs (Fig. 1). The strategy used to transform GFP
into an efficient kinase substrate involves starting with the optimal phosphory-
lation sequence of a given kinase gained through phosphorylation of a peptide
library. The optimal phosphorylation sequences of many well-studied kinases
are known (8–15). This efficient phosphorylation sequence is then appended to
the C-terminus of GFP as a flexible tail. This laboratory has demonstrated that
these modified GFP proteins are efficient protein substrates that can be easily
generated in a kinase-specific manner. The resulting GFP constructs are easy
to express, easy to purify using standard 6× His affinity tags, and easy to
use in protein-based kinase assays. The GFP constructs shown in Table 1 retain
the fluorescence and expression qualities of wild-type GFP (data not shown).
The suitability of GFP as a carrier protein for an appended phosphorylation
sequence is also verified by its lack of endogenous phosphorylation sites,
which, if present, would complicate antiphosphotyrosine immunoblotting

Fig. 1. Comparison of GFP, enolase, and GFP235IYGEFG as XD4 substrates in a
radioactive assay. Lane 1, 1 µg GFP; lane 2, 5 µg activated enolase; lane 3, 5 µg
enolase; lane 4, 0.5 µg GFP235IYGEFG. Reactions were run as described under Mate-
rials and Methods. Samples were run on a 12% SDS-PAGE gel. The gel was dried and
exposed to an X-ray film at room temperature. Exposure time was 24 h.
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(Fig. 1, lane 1). GFP is then purified from its prokaryotic expression host as an
unphosphorylated, well-expressed, fluorescent protein. These constructs have
proven to be much more efficient phosphoacceptors than proteins commonly
used as kinase substrates. Serine/threonine kinases and tyrosine kinases have
both had phosphorylatable GFP constructs made and the method appears to
be general and useful to rapidly generate sensitive in vitro substrates for a
variety of PKs.

In searching for a versatile, nonradioactive kinase assay system, the authors
sought to combine the advantages of highly efficient peptide substrate
sequences with the convenience of protein substrates useful in polyacrylamide
gel electrophoresis (PAGE)-based kinase assays. GFP was chosen as a protein
host for optimal substrate sequences derived from combinatorial peptide
libraries. Its small size (28 kDa), ensures that it will separate easily from most,
if not all, protein components isolated in immune complex kinase assays
(majority >35 kDa). GFP is a highly expressed protein that is easy to purify
and handle. By combining the efficiency of optimal phosphorylation sequences
with these qualities, C-terminal tagged GFP constructs have been shown to be
excellent substrates for a variety of PKs.

2. Materials
1. DNA plasmids: Plasmid pGFPMut1, which contains the GFPMut1 gene in a

pKEN vector, was a gift from B. P. Cormack (Stanford University). Plasmid vec-
tor pQE8 is from Qiagen (Chatsworth, CA). pGEX-KT-XD4 and the c-Ab1
expression vector have been described (16,17).

2. Qiaex II kit were purchased from Qiagen.
3. Restriction enzymes: BamHI.

Table 1
GFP Constructs

Name
Kinase GFP Sequence-Optimal Phosphorylation Sequence of Construct
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4. Calf intestinal alkaline phosphatase (CIP), and T4 DNA ligase (New England
Biolabs, Beverly, MA).

5. Luria-Bertoni (LB) broth and LB agar (Bio101, La Jolla, CA).
6. Escherichia coli strain JM109.
7. Isopropyl β-D-thiogalactoside.
8. Protein kinase A (PKA) (Life Technology, Gaithersburg, MD).
9. Talon resin (Clontech, Palo Alto, CA).

10. [γ-32P]ATP (Du Pont NEN, Boston, MA).
11. Antiphosphotyrosine monoclonal antibody 4G10 was a gift from Brian Druker

(Oregon Health Science Center, Portland, OR).
12. SuperSignal chemiluminescent substrate for horseradish peroxidase (Pierce,

Rockford, IL).
13. Pfu polymerase, deoxyribonucleoside triphosphate (dNTPs), and polymerase

buffer (Stratagene, La Jolla, CA).
14. 1% Agarose gels.
15. 12% Sodium dodecyl sulfate (SDS)-PAGE gels.
16. Nitrocellulose transfer membrane.
17. Electrospray mass spectrometry was performed by the Mass Spectrometry Facil-

ity, Department of Chemistry, Princeton University, with a Hewlett-Packard
5989B spectrometer.

18. Oligonucleotide synthesis and automatic DNA sequencing were done in the Syn-
thesis and Sequencing Facility at Princeton University. Polymerase chain reac-
tion (PCR) reverse primers used in this work are listed below. The forward primer
for all constructs was 5'-TCTAGGGATCCGGCATGAGTAAAGGA-3'.
a. pGFP235IYGEFG

5'-TCTAGGATCCGCCGAATTCGCCGTATATTTCATCCATGCCATG-3'.
The resulting construct replaces the last three codons of GFP with IYGEFGGS.

b. pGFP227EIYGEFG
5'-TCTAGGATCCTTAGCCGAATTCGCCGTATATTTCAGCAGCTGT-
TACAAACTCAA-3'.
The resulting construct replaces the last 11 codons of GFP with IYGEFG.

c. pGFP235AIYAAPF
5'-ACGTATTCGAATTAGAACGGCGCCGCATAGATCGCTTCATC-
CATGCCATGTGTAATC- 3'.
The resulting construct replaces the last three codons of GFP with AIYAAPF.

d. pGFP234RRRRSII
RP, 5'-GATAGGATCCTTAGATGATAGATCTAGGCCGGCGATCCATG-
CCATGTGTAATC-3'.
The resulting construct replaces the last four codons of GFP with RRRRSII.

e. pGFP227RRRRSII
5'-TCTAGGATCCTTAGATGATAGATCTACGCCGGCGAGCAGCTGT-
TACAAACTCAA-3'.
The resulting construct replaces the last 11 codons of GFP with RRRRSII.
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f. pGFP227RRSII
The last 11 codons of GFP are replaced with RRSII, the serine residue of which
was at the same distance from the GFP core structure as that of tyrosine in
GFP227EIYGEFG.

19. Src buffer: 100 mM HEPES, pH 7.4, 10 mM MgCl2, 10 µg/mL bovine serum
albumin, 0.1 mM dithiothreitol, 1 mM sodium orthovanadate, 0.2 mM ATP.

20. c-Ab1 buffer: 50 mM Tris-HCl, pH 8.1, 10 mM MgCl2, 200 mM ATP.
21. PKA (Sigma).
22. PKA buffer: 50 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 20 mM ATP.
23. Tris buffer: 20 mM Tris-HCl, pH 8.0.
24. Elution buffer: Tris buffer plus 200 mM imidazole.
25. 5% Dried milk in phosphate-buffered saline.

3. Methods
3.1. Procedures for Plasmid Construction (see Note 1)

1. Using the PCR, add a BamHI site to the end of GFPMut1 gene in pGFPMut1.
2. Add a nucleotide sequence coding for the peptide of choice, followed by a BamHI

site to the 5' end of the gene, corresponding to the C-terminus of the GFP.
3. Perform PCR using Pfu polymerase and dNTPs, according to manufacturer’s

instructions.
4. Digest the PCR product with BamHI.
5. Separate the nucleic acid digest by agarose gel electrophoresis, and extract the

appropriate fragment, using the Qiaex II kit.
6. Similarly, digest the vector, pQE8, which contains a 6X His coding sequence

before a BamHI site, treat with CIP.
7. Separate the pQE8 digest by agarose gel electrophoresis, and extract the appro-

priate fragment.
8. Ligate the 6X His vector and the GFP-kinase sensor insert using T4 DNA ligase

according to manufacturer’s instructions.
9. Use the ligation mixture to transform competent JM109 E. coli. Screen colonies

using a hand-held ultraviolet lamp, and pick green fluorescent colonies.
10. Isolate plasmid DNA from these colonies and analyze by restriction digest. Con-

firm positive clones by sequencing.

3.2. Expression and Purification of GFP Kinase Sensors
1. Grow the transformed E. coli harboring one of the constructs overnight at 37°C

in LB broth with 75 µg/mL ampicillin. Dilute the culture 1:100 into 50 mL of
same medium, and grow at 37°C until OD596 reaches 0.4 (~3 h).

2. Add IPTG to a final concentration of 0.5 mM, and grow the culture for an addi-
tional 8–10 h.

3. Harvest the cells by centrifugation and lyse them by sonication.
4. Clear the lysate by centrifugation and recover the supernatant.
5. Add Talon resin to the supernatant and purify in batch fashion following the

manufacturer’s protocol.
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6. Check the purity of the isolated proteins by SDS-PAGE (95% purity based on
Coomassie staining). Although not essential in our work, the molecular weights
of each protein were verified by electrospray mass spectrometry.

3.3. Expression and Purification of Kinases
1. XD4 is a v-Src lacking the SH3 domain and the first 80 residues of the SH2

domain (a ∆[77-225] truncation of v-Src), and is highly active and suitable for
prokaryotic expression.

2. Grow bacterial strain DH5α harboring pGEX-KT-XD4.
3. Harvest and lyse the cells as outlined above.
4. Purify XD4 from the lysate using glutathione–agarose beads (16,17).
5. Plasmid construction, expression, and purification of c-Abl are carried out simi-

larly, as described (16,17).

3.4. PK Assays
3.4.1. XD4 (Src) Assay

1. Two sets of reactions are run in Src buffer with 2 µL purified XD4, varying
amounts of GFP235IYGEFG, and with or without 2.5 µCi [γ-32P]ATP, at 30°C for
15 min. The total volume of each reaction was 20 µL.

2. At the end of the incubation, use one set of reactions (with [γ-32P]ATP) for
autoradiography, and use the second set of reactions (without [γ-32P]ATP) for
Western blotting.

3. For autoradiography, add 5 µL 53 Laemmli loading dye to each tube and heat the
mixture at 90°C for 5 min.

4. Load sample solutions onto a 12% SDS-PAGE gel and perform electrophoresis
until the bromophenol blue dye migrates out of the gel.

5. Stain the gel with Coomassie brilliant blue R-250.
6. Destain, dry, and expose the gel to X-ray film at room temperature.
7. For Western blotting, separate GFP235IYGEFG from other proteins in the reaction

mixture that may interfere with antiphosphotyrosine immunoblotting.
8. Mix 10 µL of Talon resin in 30 µL 20 mM Tris buffer, pH 8.0, and add the slurry

to each reaction.
9. Separate the resin by brief centrifugation (15,000g), and wash 3X with the Tris

buffer.
10. Elute GFP235IYGEFG with 20 µL elution buffer and separate from the resin by

brief centrifugation (15,000g).
11. Add 5 µL 53 Laemmli loading dye to each supernatant and heat the mixture at

90°C for 5 min. Spin the tubes to remove insoluble debris (15,000g, 5 min).
12. Load the sample solutions onto a 12% SDS-PAGE gels and perform electro-

phoresis until the bromophenol blue dye migrates out of the gel.
13. Transfer the proteins to a nitrocellulose membrane and incubate the membrane

overnight in 5% dried milk in phosphate-buffered saline.
14. Probe the membrane with antiphosphotyrosine antibody 4G10, wash the blot,

then visualize with horseradish peroxidase-conjugated secondary antibody using
chemiluminescence (19).
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Fig. 2. Autoradiogram of XD4 phosphorylation reactions, using different
amounts of GFP235IYGEFG as indicated. Reactions were run in Src buffer with
2.5 µCi[γ-32P]ATP for 15 min at 30°C. Laemmli loasing dye was added, and the mix-
ture was heated to inactivate the kinase. Sample solutions were loaded onto a 12%
SDS-PAGE gel, and electrophoresis was performed. The gel was dried and exposed to
an X-ray film at room temperature. Exposure time was 14 h.

Fig. 3. Western blot of XD4 phosphorylation reactions with antiphosphotyrosine
antibody, using different amounts of GFP235IYGEFG. Reactions were run as described
in Fig. 2, with the exception of [γ-32P]ATP. GFP235IYGEFG was separated from the
reaction by addition of Talon resin (10 µL each reaction). The resin was separated and
washed. GFP235IYGEFG was eluted from the resin with 20 µL 200 mM imidazole in
Tris buffer. Laemmli loading dye was added to the eluent. After electrophoresis, the
proteins were transferred to a nitrocellulose membrane and immunoblotted with
antiphosphotyrosine antibody.
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The abovementioned strategy was employed to construct the putative Src
substrate, GFP235IYGEFG. This construct was then tested for its ability to act
as a Src substrate. As can be seen in the autoradiogram in Fig. 1, GFP alone is
not a Src substrate (lane 1). Addition of the optimal Src phosphorylation
sequence (10) IYGEFG to the C-terminus of GFP results in an exceedingly
efficient Src substrate (lane 4), compared to the common Src substrate, acti-
vated enolase (lanes 2 and 3).

Figure 2 shows another autoradiogram using varying amounts of
GFP235IYGEFG in a Src kinase assay. This experiment demonstrates that phos-
phorylation of the GFP construct can be detected using nanogram quantities of
GFP235IYGEFG.

Figure 3 is a similar experiment used to determine whether this sensitivity
can be duplicated using a generally less sensitive method, antiphosphotyrosine
Western blotting. Again, the sensitivity is carried over and only 8 ng phos-
phoprotein can be detected, demonstrating that the phosphorylated tail of these
GFP constructs is efficiently recognized by the monoclonal antibody, 4G10.

3.4.2. c-Abl Assay

1. Carry out duplicate reactions as described above, except c-Ab1 buffer and
substrate (GFP235AIYAAPF) are used, and the reaction is performed for 1 h at
room temperature.

2. Resolve the samples by SDS-PAGE and transfer to a nitrocellulose membrane.
3. Visualize using antiphosphotyrosine antibody 4G10 and chemiluminescence.
4. GFP alone is not an Abl substrate (data not shown). However, appending the Abl

optimal phosphorylation site, AIYAAPF at position 235 produced an excellent
Abl substrate (Fig. 4).

3.4.3. PKA Assay
1. Reactions are run, and autoradiography is performed as in the XD4 assay. Excep-

tions are that a PKA buffer is used and the substrate is altered for PKA detection
(GFP234RRRRSII or GFP227RRRRSII). Add 7 U PKA to each reaction in place
of XD4.

2. Be sure to test unmodified GFP as a kinase substrate. This was done for PKA and
GFP is shown to be a poor PKA substrate (Fig. 5, lane 6). However, simple C-
terminal attachment of the PKA optimal phosphorylation sequence RRRRSII,
from pGFP227RRRSII, as identified by Zhou et al. (8), also proved to be a poor
PKA substrate by this assay, so that pGFP227RRRSII was produced and shown to
be efficient (data not shown, see Note 3).

4. Notes
1. Previously, the last six C-terminal residues of GFP have been deleted without

altering expression or fluorescence (20). The authors pursued the reasonable strat-
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egy of attaching the phosphorylation sequence C-terminal to the last β strand,
effectively replacing the abovementioned nonessential residues.

2. Creating an efficient GFP-based PK substrate for other kinases should follow a
protocol analogous to those mentioned above. First, a peptide that has an opti-
mal phosphorylation sequence must be identified. This can be determined
experimentally (8,11), and the optimal phosphorylation sequences of many
kinases are well known (8,9,11,14). Addition of this sequence to the C-termi-
nus of GFP, using standard PCR techniques described in Materials and Meth-
ods, should rapidly generate an efficient kinase substrate. The success of this

Fig. 4. Phosphorylation of GFP235AIYAAPF by c-Abl. Each reaction was carried
out with 50 mM Tris (pH 8.1), 10 mM MgCl2, 200 µM ATP, and 0.5 µg
GFP235AIYAAPF. The samples were resolved on an SDS-PAGE gel, and transferred
to nitrocellulose membrane. Immunoblotting was performed with the antiphospho-
tyrosine antibody.

Fig. 5. Autoradiogram of PKA phosphorylation reactions with GFP235RRRRSII.
Each reaction was run in 50 mM Tris (pH 7.4), 10 mM MgCl2, 20 µM ATP, 2.5 µCi
[γ-32P]ATP, and different amounts of GFP235RRRRSII or GFP, as labeled above
each lane. PKA (7 U) was added, and the mixture was incubated for 15 min at 30°C.
Laemmli loading dye was added and the reaction mixture was heated to inactivate
the kinase. Electrophoresis was run on a 15% SDS-PAGE gel. The gel was dried and
exposed to an X-ray film at room temperature for 14 h.
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procedure relies on the fact that GFP is a carrier protein for the peptide
sequence, which remains unstructured.

3. Considering that the addition of this particular phosphorylation site also intro-
duced a presumably efficient trypsin cleavage site into a known flexible region
of the sequence, the protein product was subjected to mass spectrometry and was
shown to be missing the phosphorylation sequence after the first arginine. To
remedy this situation, the phosphorylation sequence was shifted to begin at posi-
tion 227, closer to the last sequence containing secondary structure.
GFP227RRRRSII is resistant to proteolysis as judged by mass spectrometry and is
an efficient PKA substrate (Fig. 5). Problems with proteolytic degradation as
seen with the PKA substrate can be dealt with successfully by moving the pep-
tide sequence a few positions toward the N-terminus, yielding a less flexible,
proteolytically resistant protein.
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Green Fluorescent Protein Urea Sensors

Uropathogenic Proteus mirabilis

Christopher Coker, Hui Zhao, and Harry L. T. Mobley

1. Introduction
Proteus mirabilis is a uropathogenic bacterium that is responsible for caus-

ing urinary tract infections in patients with structural abnormalities of the uri-
nary tract, in the elderly, and catheterized individuals (1,2). A major virulence
factor produced by this organism is the urea inducible urease (3,4), which is
located in the cytosolic compartment of the bacterium (5,6). The molecular
mechanism of urea induction has been described (5,7,8). The genes encoding
urease have been cloned and sequenced, and comprise seven open reading
frames (ureD, ureA–G), which encode polypeptides that make up the urease
structural subunits and accessory proteins and one open reading frame (ureR),
which encodes the AraC-like transcriptional gene activator (controls arabinose
operon), UreR (5).

In the presence of urea, UreR promotes transcription of itself and the urease
gene cluster (7,8,9). Indeed, UreR has been shown to interact directly with
DNA encoding the transcriptional regulatory regions for both ureR and ureD,
the first gene in the urease gene cluster (7,9). P. mirabilis produces minimal
amounts of urease in the absence of urea in vitro, but after urea induction ure-
ase activity increases 5- to 25-fold (3,6,10,11). Urease induction by urea is
concentration-dependent with peak urease induction achieved in the presence
of 200 mM urea (11).

Initially, gene fusion technology, using β-galactosidase activity encoded by
lacZ as a reporter gene, was utilized to study the mechanism of urea induction
of the urease gene cluster. Plasmid constructs that encode ureR and ureD fused
to lacZ were created. When expressed in Escherichia coli β-galactosidase activ-
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ity from these constructs was urea-inducible (7,8). In another study, using a
ureA–lacZ fusion, showed that inducibilty of the urease gene cluster by urea
was highly specific; urea anologs and other inhibitors of urease were unable to
induce β-galactosidase activity from this construct in concentrations ranging
from 5–200 mM (11). These data suggest that if UreR binds urea, the binding
site is different from that found in urease which is able to bind urea analogs. In
fact, when urea is used with the inhibitor acetohydroxamic acid to induce ure-
ase in wild-type P. mirabilis the level of induction is higher than that observed
when urea is used as inducer alone (3), suggesting that urease inhibitors do not
compete with urea for activation of the urease.

Green flourescent protein (GFP) translationally fused to UreD was used as
a urea-inducible reporter in the authors’ laboratory (12). A gene fusion encoded
by plasmid pURE-RD-GFP (Fig. 1) was constructed between ureD and a
variant of the gene encoding wild-type GFP (GFP[S65T/V68/LS72A]) (13).
The variant protein has increased fluorescent capability and does not form
nonflourescent inclusion bodies to the same extent as the wild-type protein.
P. mirabilis carrying pURE-RD-GFP were fluorescent in the presence of urea
in a urea concentration dependent manner (as assessed by amount of fluores-
cence and GFP levels as detected by Western blot). As observed with urease
expression, GFP expression is not completely shut off in the absence of
inducer as observed by Western blot and fluorescence emission spectra.
pURE-RD-GFP is a self-contained urea-sensing system. Both ureR (the urea
“sensor” required for activation of ureD) and ureD::gfp (the reporter) are
encoded on this plasmid. Additionally, the native promoter elements from
P. mirabilis required for urea induction of both UreR and UreD:GFP are
present in the intergenic region located between the ureR and ureD start
codons. E. coli transformed with pURE-RD-GFP are fluorescent only in the
presence of urea (12). Fluorescence can be detected by direct examination of
bacteria on a glass slide or the bacteria can be lysed and the resulting lysate
measured for fluorescent activity using a spectrophotofluorimeter. Also, bac-
teria can be detected in situ, in tissue section samples from infected animals
using fluorescence microscopy.

The protocol in this chapter describes the procedure for urea induction and
detection based on the authors’ in vitro and in situ experiments, using a mouse
model of infection, with P. mirabilis harboring pURE-RD-GFP. Although the
in vitro protocol describes urea induction by the addition of exogenous urea to
culture medium the bacteria can be used as urea sensors in other media. Because
pURE-RD-GFP uses a plasmid vector backbone with a gene encoding for ampi-
cillin resistance, it can be used to transform other bacteria within the Entero-
bacteriaceae by traditional procedures. The resulting transformants can be used
as urea sensors.
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2. Materials
2.1. Growth Media and Urea Induction

1. Nonswarming agar (10 g tryptone, 5 g yeast extract, 5 mL glycerol, 0.4 g NaCl/L,
20 g agar, pH 7.0. Autoclave 20 min at 15 lb/sq. in. (14).

2. Luria-Bertani medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl/L deionized
water, pH 7.0. Add 15 g agar for solid media. Autoclave 20 min at 15 lb/sq./in. (15).

3. Ampicillin (Amp).
4. Urea stock solution, 6M (make fresh, stable at 4°C for 1 wk) (see Note 1).
5. P. mirabilis, E. coli DH5α P. mirabilis and E. coli transformed with pERU-

RD-GFP (12), a plasmid based on a pBluescript (Stratagene) vector with Amp
resistance.

Fig. 1. Physical map of pURE-RD-GFP. The plasmid backbone is derived
from pBluescript, and encodes full length UreR, the intergenic region (IR)
between ureR and ureD, which contains the native regulatory regions
responsible for urea induction of both UreR and UreD–GFP, and the UreD–GFP
fusion protein. The plasmid is ~5.3 kb in size, encodes resistance to AMP, and
is replicated via the ColE1 origin of replication.
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2.2. Solutions and Equipment for Spectrofluorimetry

1. French press.
2. Wash and resuspension buffer TNMD: Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM

MgCl2, 10 mM dithiothreitol.
3. Spectrofluorimeter and cuvets, Spectronics AB-2 (Spectronics, Rochester, NY),

or equivalent.

2.3. Solutions and Equipment
for Fluorescence Microscopy of Bacteria

2.3.1. In Vitro Detection

1. Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g
KH2PO4/L, (pH 7.4) (15).

2. Glass slides and cover slips.
3. Rubber cement.
4. Epifluorescence microscope equipped with camera (Zeiss Axiophot, or equivalent).
5. ASA400 film; Kodak.

2.3.2. In Situ Detection
1. Solutions and equipment for in vitro assay.
2. Dry ice.
3. OCT cryosectioning solution (Tissue-Tek, Miles).
4. Cryostat.

3. Methods
3.1. Cell Growth and Urea Induction

1. Culture P. mirabilis harboring the pURE-RD-GFP fusion construct, on non-
swarming agar (see Note 2) containing 50 µg/mL Amp at 37°C. Amp is included
for positive selection of pURE-RD-GFP.

2. Culture a single colony isolate in 5 mL L-broth with 50 µg/mL Amp at 37°C
overnight in a shaking incubator.

3. Dilute overnight culture 1:100 in 100 mL L-broth containing 50 µg/mL Amp and
incubate at 37°C in a shaking incubator to an OD600 of 0.1.

4. Add urea (final concentration 200 mM) and continue incubation at 37°C with
shaking for additional 3 h (see Notes 3–6).

3.2. Detection of GFP

3.2.1. Spectrofluorimetry
1. Harvest the bacteria by centrifugation at 5000g for 5 min at 4°C.
2. Wash the bacterial pellet twice in 4 mL ice cold TNMD at 4°C. Centrifuge as in

step 1 to collect bacteria.
3. Resuspend the bacterial pellet in 4 mL ice cold TNMD.
4. Lyse cells by French press at 20,000 lb/in2 (see Note 7).
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5. Centrifuge lysate at 5,000g for 5 min at 4°C.
6. Collect supernatant and centrifuge at 27,000g for 15 min at 4°C (see Note 8).
7. Add supernatants to cuvets and measure emission (470-nm excitation wavelength,

emission at 490–590 nm 2-nm slits) and corrected excitation (330–530-nm exci-
tation wavelength, emission at 550 nm) spectra with spectrofluorimeter.

3.2.2. Fluorescence Microscopy of Bacteria
3.2.2.1. IN VITRO DETECTION

1. After urea induction, harvest 1 mL cells in an Eppendorf tube by microcen-
trifugation at maximum speed for 3 min at room temperature.

2. Wash the cell pellet twice in 1 mL PBS at room temperature. Resuspend in 1 mL PBS.
3. Place a 10-µL loop of organisms onto a glass slide and let air dry. Do not heat-fix

bacteria to slide, in order to prevent any denaturation of GFP.
4. Place a cover slip over the slide and seal with rubber cement (see Note 9).
5. View fluorescent bacteria on an epifluorescence microscope using filter sets for

fluorescein isothiocyanate fluorescence (see Note 10). Fluorescent bacteria will
appear green against a dark background. Using a negative control (bacteria not
induced by urea) is important in order to ascertain the contrast between fluores-
cent and nonfluorescent bacteria.

3.2.2.2. IN SITU DETECTION

This procedure is used after infection of an animal model host with the bac-
terial pathogen of interest harboring pURE-RD-GFP. Antibiotic selection for
Amp must be used with the animal model, in order to select for bacteria that
retain pURE-RD-GFP.

1. Collect tissues of interest from infected animal.
2. Embed tissue samples in OCT, and freeze on dry ice (see Note 11).
3. Cryosection samples into 5–10-µm sections.
4. Place sections on glass slide, and overlay with a glass cover slip (see Note 12).
5. Seal cover slip with rubber cement (see Note 9).
6. Analyze for fluorescent bacteria with a fluorescence microscope, as in Subhead-

ing 3.2.2.1., step 5.

4. Notes

1. Urea spontaneously breaks down during storage. Therefore, the stock solution
must be made fresh and used within a period of ~1 wk. If the urea stock solution
has an ammonia odor, make a fresh stock.

2. Nonswarming agar is used to prevent the swarming phenonemon exhibited by
P. mirabilis (14), so that isolated colonies can be obtained.

3. Since P. mirabilis is ureaolytic the pH of the growth medium increases in the
presence of urea, because of the ammonium ions generated by urea hydrolysis.
Growth of the organism is halted at high pH. This can be overcome by using a

23/Coker/287-293/F[4.15/5.2.2] 05/02/2002, 11:47 AM291



292 Coker, Zhao, and Mobley

mutant of P. mirabilis that does not produce urease. Nonureaolytic organisms
harboring pURE-RD-GFP do not present this problem.

4. There is low-level expression of GFP from pURE-RD-GFP when expressed in
P. mirabilis in the absence of urea. This is not unexpected since low-level urease
activity is also exhibited by P. mirabilis in the absence of urea (4). It is important
to use a negative control (i.e., cultures grown in the absence of urea) to correctly
interpret results. In contrast, GFP is not expressed from pURE-RD-GFP when
expressed in E. coli DH5α as assessed by spectrophotofluorimetry and Western
blot (12). Other Enterobacteriaceae probably exhibit this tight regulation of GFP
expressed from pURE-RD-GFP.

5. The 3-h incubation, after addition of urea is included to allow an increase in
bacterial density. However, we have found that fluorescent bacteria can be
detected after only 30-min exposure to medium containing 200 mM urea.

6. Alternatively, in order to detect the presence of urea in other media or solutions,
such as clinical samples, the bacteria can be harvested and resuspended in the
media of interest. Incubation of the bacteria in the media should be continued
under conditions that will not inhibit transcription and translation of the UreD-
GFP fusion protein.

7. Although a French press was used in our studies to break open cells, other tech-
niques such as multiple freeze–thawing procedures or sonication can be used.

8. Even though the GFP species used in these studies is more stable than wild-
type GFP and is improperly folded to a lesser extent than wild-type GPF, two
centrifugation spins are important. The first spin at 5000g, will remove cells
that are not broken by the French press procedure. The second spin at 27,000g,
will remove any insoluble inclusion bodies that contain improperly folded,
overexpressed GFP protein. We have analyzed the insoluble fraction and found
it does not fluoresce.

9. Other adhesives, such as nail polish, are not recommended since they are known
to inhibit GFP fluorescence.

10. Generally, it is best to use freshly prepared samples to measure fluorescence.
However, since GFP is a stable protein, we have found that samples stored at 4°C
for at least 1 wk, are still fluorescent.

11. The samples may be perfused in order to get good embedding in OCT and sharper
imaging of GFP rather than just placing the samples into OCT on dry ice.

12. Depending on the size of the tissue samples, one can add multiple sections per
slide. A negative-control section should be included to compare and contrast
fluorescence with experimental samples.
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Using Green Fluorescent Protein
to Monitor Measles Virus Cell-to-Cell Spread
by Time-Lapse Confocal Microscopy

W. Paul Duprex and Bert K. Rima

1. Introduction
The mechanisms by which viruses enter cells have been, and remain, an area

of intensive study. Attaining a more comprehensive understanding of the
mechanisms involved in cell attachment, penetration, and delivery of the
genome into the cytoplasm or nucleus of the cell has potentially far-reaching
implications for the prevention and therapy of virus infections. Similarly, elu-
cidating the processes by which viruses spread from infected to uninfected
cells within the host may also assist in the rational development of novel treat-
ment strategies.

In the absence of an overt cytopathic effect (CPE), it can be difficult to
determine if cells are infected by a virus. Techniques such as direct or indirect
immunofluorescence, immunohistochemistry, in situ hybridization, and in situ
reverse transcriptase-polymerase chain reaction (RT-PCR) have been used
extensively to examine the types and numbers of cells infected in cultures, or
within infected tissues. One disadvantage with these approaches is that they
require the specimen to be fixed and permeabilized before the viral antigens or
nucleic acids can be detected and this terminates the progress of the infection.
Flow cytometry overcomes this difficulty, to a certain extent, by using fluoro-
chrome–antibody conjugates that can directly or indirectly recognize virus pro-
teins on the surface of living cells. However, this technique still has a limitation
in that it only allows whole populations of cells to be studied and, therefore,
gives little indication of any variation between the infected cells. Additionally,
the very antibodies used to detect the presence of the virus may modulate the
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infection process. These techniques are therefore not suitable for studies of virus
cell-to-cell spread in that, instead of observing an ongoing dynamic process they
can only be used to examine a series of discrete steps. Thus, the analysis of the
resulting data is rather like piecing together a film from a set of stills.

The possibility of stably inserting a gene encoding green fluorescent protein
(GFP) into virus genomes has fundamentally altered the way in which the pro-
cess of infection can be studied. One major advantage is that infected cells can
be readily detected in living cell monolayers in the absence of CPE without
using the standard indirect approaches that necessitate fixation. Additionally,
these cells can be marked and relocated at regular intervals during the course
of virus infection, thereby permitting the study of virus infection and spread in
real time. A number of approaches have been used to introduce GFP and other
fluorescent reporter protein-expressing genes into virus genomes and the spe-
cific strategy chosen depends on the manner in which the virus replicates and
expresses its genetic material. Cell-to-cell spread of Tobacco Mosaic Virus has
been examined by fusing GFP to the 30-kDa movement protein. This protein
facilitates transport of virus infection between adjacent cells by modifying plas-
modesmata and the GFP-tagged form has been used to investigate the mecha-
nisms involved (1). GFP has also been fused to other viral proteins, e.g., a
major tegument (VP22) gene of Human Herpes Virus 1. VP22 is an important
component of the virus particle, having a number of functions. For example,
the protein reorganizes and stabilizes the microtubule network. Construction
of a GFP fusion protein has permitted the study of intracellular trafficking of
VP22 (2). In other instances, the GFP gene has been inserted into the genome
as an additional transcription unit, as is the case with Rinderpest Virus and
Simian Virus 5 (3,4).

Measles virus (MV) is a member of the Paramyxoviridae. These viruses
have negative-stranded RNA genomes and express their genes from a single
promoter at the 3' end of the genome. Upon infection, a gradient of viral mes-
senger RNA transcripts is generated and this permits a degree of regulation in
the expression of viral proteins. For example, the virus polymerase is required
only in catalytic amounts and the gene is present at the 5' end of the genome,
from where the least number of transcripts are derived (Fig. 1A). A reverse
genetics system, comprising a full-length infectious clone and accompanying
helper plasmids, is available for MV (5). The gene for the human codon-opti-
mized, red-shifted variant of GFP, enhanced GFP (EGFP), has been inserted
into the full-length clone of MV within an additional transcription unit
(Fig. 1B). This insertion was made at the 3' end of the MV genome, prior to the
nucleocapsid (N) gene and a recombinant virus, MVeGFP, has been recovered
(6). The rationale behind this approach is that it should maximize the number
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of EGFP transcripts generated during infection which should increase the
amount of EGFP generated in infected cells, thereby increasing sensitivity of
virus detection. This is desirable in cell-to-cell spread studies. Additionally,
presence of the EGFP gene at this position in the genome will not perturb the
ratio of transcripts generated from the virus genes. MV infects and spreads
from cell to cell by fusing to the plasma membranes. One potential
disadvantage of using MVeGFP to study virus spread is that green fluores-
cence of a recently fused cell may not necessarily equate with presence of the
virus genome. Rather the spread of EGFP fluorescence simply demonstrates
that a cytoplasmic bridge exists between the cells. Therefore, certain questions
cannot be addressed, such as, at which precise moment, and by what specific
mechanism the virus genome enters a cell in these time-lapse experiments.

The recombinant virus has been used to demonstrate that living MV-infected
cells can be detected during early stages of infection in the absence of CPE (7).
Interestingly, we have shown that some fluorescent cells are negative in immu-
nocytochemical techniques for the most abundant viral antigen confirming
that they are in the very early stages of infection. MVeGFP has also been used
to examine cell-to-cell spread, both in vitro (7) and, more recently, in vivo (8).

Fig. 1. (A) Schematic representation of the measles virus genome, showing the
virus genes (N, nucleocapsid; P, phosphoprotein; M, matrix; F, fusion; H, hemagglu-
tinin; L, polymerase). Capped, polyadenylated messages are transcribed from the 3'
end of the genome in decreasing amounts, and are illustrated beneath the genome. (B)
Schematic representation of the genomic organization of the recombinant virus,
MVeGFP. The gene encoding EGFP is inserted at the 3' end of the virus genome.
(Also on CD-ROM.)
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2. Materials
2.1. Equipment and Software

1. Routine tissue-culture equipment, including CO2 incubators, laminar-flow hoods,
and tissue-culture-grade plastics.

2. Leica DMIRB/E inverted research microscope, equipped with Plan (PL) Fluotar,
X10/0.3 lens, fluorescence filter cube, transmitted light source, ultraviolet xenon
lamp, and fitted with three-plate mechanical stage.

3. Leica heated temperature stage, maintained at 37°C, using a Linkam CO102
temperature controller.

4. Leica TCS/NT confocal scanning laser microscope, equipped with a krypton-
argon laser as the source for the ion beam. EGFP is visualized by virtue of its
fluorescence by excitation at 488 nm, with a 506–538-nm band-pass emission
filter. TCS/NT software version 1.6.5.8.7.

5. Personal AVI Editor (FlickerFree, Denmark).

2.2. Virus, Cells, and Cell Culture
1. Recombinant MVeGFP was recovered from a full-length, modified clone of MV

using a cell line (293-3-46) that expresses the nucleocapsid and phospho-proteins
of MV as well as T7 RNA polymerase (5).

2. African green monkey kidney cells (Vero) were obtained from the American Type
Culture Collection.

3. Human astrocytoma cells (GCCM), established from an anaplastic astrocytoma of
normal adult brain, were obtained from the European Collection of Cell Cultures.

4. Dulbecco’s modified Eagle’s medium (DMEM) (Gibco).
5. Trypsin solution (Sigma).
6. Versene solution (Gibco).
7. Glucose British Drug House.
8. Newborn calf serum (NCS) (Gibco).
9. Fetal calf serum (FCS) (Gibco).

3. Methods

3.1. Cell Passage
3.1.1. Vero Cells

Vero cells were used for the production and titration of MVeGFP stock virus.
Cells were grown in 75-cm2 tissue culture flasks and cells were passaged when
confluency was attained.

1. Rinse cell monolayer twice using preheated trypsin (5 mL).
2. Add trypsin (3 mL) and incubate cells at 37°C on a platform shaker until cells

begin to detach from the plastic.
3. Add DMEM supplemented with 8% NCS (3 mL) and carefully pipet to a single-

cell suspension.
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4. Seed 1.5 × 107 cells into DMEM supplemented with 8% NCS (20 mL) and add
the cell suspension to either a 75-cm2 tissue culture flask, for routine cell pas-
sage, or to a 96-well tray (200 µL/well) for titration of virus.

5. Adjust atmosphere to 5% (v/v) CO2, and incubate cells at 37°C until confluency
is attained.

3.1.2. Astrocytoma Cells

Astrocytoma (GCCM) cells were used to study cell-to-cell spread of
MVeGFP using real-time confocal microscopy. Subconfluent monolayers were
produced to mimic the astrocyte network in the central nervous system and to
facilitate the examination of the process-mediated cell-to-cell spread of MV.

1. Rinse cell monolayer using versene solution (5 mL) preheated to 37°C.
2. Rinse cell monolayer twice using trypsin solution (5 mL) preheated to 37°C.
3. Add trypsin (3 mL) and incubate cells for 5 min at 37°C on a platform shaker.
4. Add DMEM supplemented with 10% FCS (3 mL) to the trypsinized cells and

carefully pipet to a single-cell suspension.
5. Seed 2 × 106 cells into a 25-cm2 tissue culture flask containing DMEM supple-

mented with 10% FCS (10 mL).
6. Adjust atmosphere to 5% (v/v) CO2, and incubate cells at 37°C until 60%

confluency is attained.

3.2. Viral Infections
3.2.1. Titration of Virus

The titer of MVeGFP was determined using the 50% end point dilution assay
(9), and is expressed in 50% tissue culture infective doses (TCID50).

1. Make logarithmic dilutions (10–1–10–8) of the stock MVeGFP in DMEM con-
taining 2% NCS.

2. Carefully pipet off the growth medium from a 96-well plate containing confluent
Vero cells.

3. Beginning with the highest dilution (10–8), pipet 200 µL into each of the four
wells in row A of the 96-well tray.

4. Continue until all the dilutions are plated in quadruplicate in separate rows (B–H).
5. Adjust the atmosphere to 5% (v/v) CO2 and incubate cells at 37°C for 7 d.
6. Determine which wells contain syncytia using a low-power objective scoring

simply for either presence or absence. Typical MV syncytia are shown in Fig. 2.
7. Calculate the viral titer using the method of Reed and Muench (9).

3.2.2. MVeGFP Infection of Astrocytoma Cells
and Location of Infectious Centers

1. Culture GCCM cells to 60% confluency in a 25-cm2 tissue culture flask (see
Note 1).

2. Rinse cell monolayer twice in DMEM supplemented with 2% NCS (10 mL).
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3. Based on the TCID50 of the virus stock, make a dilution of MVeGFP in DMEM,
containing 2% NCS, (1 mL) to achieve a multiplicity of infection of 0.01.

4. Incubate the flask on a platform shaker for 60 min at 37°C. During this time, the
virus infects the cells.

5. Remove the virus inoculum and add DMEM supplemented with 2% NCS (9 mL).
6. Incubate infected cells for 50 h at 37°C.
7. Observe the monolayers regularly for the appearance of single EGFP-positive

cells by inverted fluorescence microscopy.
8. Mark the position of a number of discrete foci of infection on the lower surface of

the tissue culture flask (see Notes 2 and 3).

3.3. Vital Fluorescent Microscopy

Because of the high levels of EGFP expression obtained upon infection with
the recombinant MV, green fluorescence is readily detected in individual cells.
This makes it possible to visualize the cell-to-cell spread of the virus indirectly
by observing the accumulation of EGFP in real-time using confocal scanning
laser microscopy.

Fig. 2. (A) MV syncytia in infected Vero cells. (B) Higher magnification of two
syncytia (arrows), demonstrating virus-mediated cell fusion. (Also on CD-ROM.)
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3.3.1. Initialization of Confocal Microscope

1. Switch on the krypton-argon laser and UV lamp for 15 min, prior to use.
2. Launch the TCS/NT software, selecting the fluorescein-isothiocyanate filter

channel, X10 lens, and 1024 × 1024 resolution mode.

3.3.2. Repeated Observation of Multiple Foci
Within Infected Monolayers

1. Set thermostat on heated stage to 37°C, switch on and allow temperature to stabi-
lize for at least 5 min.

2. Place the infected 25-cm2 tissue culture flask on the heated stage and mark its
position on the mechanical stage precisely.

3. Orientate a first focus of infection in the center of the field of view.
4. Defocus the image slightly and set this lower Z position as the lower threshold on

the microscope.
5. Refocus the image and set the upper Z position as the upper threshold on the

microscope. These two steps are necessary to allow the confocal electronics to
precisely move the objective nosepiece of the Leica DMIRB/E microscope in
Z-wide mode. This permits the collection of a Z series through infected fluores-
cent cells.

6. Switch the inverted microscope to the data collection mode and commence
confocal scanning of the MVeGFP-infected cells.

7. Adjust the potential of the photomultiplier tube (PMT value) to either increase or
decrease the intensity of the green fluorescence observed.

8. Choose the limits of the optical section by setting the beginning and ending of the
Z-series. Typical Z-series vary between 10 and 30 µm for cell monolayers.

9. Collect optical sections every 2–5 µm, within the limits of the selected Z-series.
Each section should be averaged at least 4× to reduce non-specific fluorescence.

10. View sections as composite images in the projected focus mode and save selected
images as tagged-image format files.

11. Continue observations of other foci of infection within the monolayer.
12. Return flask to 37°C and incubate until the next observation time-point (see

Notes 2–4).

Two representative time-courses of infection of GCCM cells are shown in
Fig. 3. In the first, a focus of infection is shown at 66 h post-infection (Fig.
3A). After 8 h, rapid process-mediated cell-to-cell spread was observed and
many more surrounding cells were infected. Interconnecting processes were
clearly visible (arrowed). The second example was visualized over an extended
period of 40 h (Fig. 3B). The initial focus of infection is shown at 66 hpi. Four
hours later, at 70 hpi, a number of additional cells were infected (arrowed) and
over the ensuing 20 h many more cells became infected. By 90 hpi, the result-
ing syncytium had lysed and many infected cells had detached from the plastic
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support, as can be seen by the drop in fluorescence. However, virus infection
was not observed to terminate and, by 116 hpi, a large number of recently

Fig. 3. Variation in the process-mediated cell-to-cell spread of MVeGFP. Two sepa-
rate foci of infection in the same, 60%-confluent, GCCM cell monolayer, are shown
(A and B). Infected cells were examined at indicated times (h) post-infection. (Also on
CD-ROM.)
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infected cells were observed. Additional time-courses, showing the variation
in cell-to-cell spread, have been published (7).

3.3.3. Time-Lapse Microscopy of Single Infectious Centers

Based on the above observations, this technique has been extended to per-
mit the visualization of cell-to-cell spread at shorter intervals by making use of
the time-lapse facility of the confocal microscope. This permits the generation
of real-time movies of virus cell-to-cell spread (see Note 5).

1. Initialize the microscope and heated stage as before (see Subheading 3.3.1.).
2. Place the infected 25-cm2 tissue culture flask on the heated stage and select a

single focus of infection.
3. Set the confocal microscope to Z-wide mode and choose the limits of the optical

sections as before (see Subheading 3.3.2.).
4. Record a time-lapse program defining the number of optical sections (usually 4–6),

the number of times each optical section is averaged (usually 4) and the delay
interval between observations (between 15 and 60 min).

5. Start time-lapse program that leads to the automated collection of optical sec-
tions at the preset time intervals.

6. Occasionally check images to ensure that the microscope has not drifted out of
focus (see Note 6).

7. At the end of the time-lapse period, save the resulting images as a complete data
set. This is comprised of a set of individual images representing all the optical
sections collected throughout the time-course (see Note 7).

3.4. Data Analysis and Production of Digital Videos

The data files, which are generated during time-lapse observations, are very
large, on the order of 150 MB. It is necessary to produce individual composite
images for each of the many separate time-points, before cell-to-cell spread of
the virus can be examined in any detail (see Note 8).

1. Select all the optical sections obtained at the first time-point, view in projected
mode and save the image as a composite tagged-image file.

2. Repeat this process for all the images collected at each of the time-points. The
resulting number of composite tagged-image files will depend on the time inter-
val chosen during the process of data collection and the overall length of period
of observation.

3. Import all the images, in order, into a new project in the Personal AVI Editor
Program.

4. Copy the individual images, in order, into the video construction window.
5. Generate an uncompressed audio–video interleaved (AVI) file, setting the size

of the image to 1200 × 1200 pixels, 24-bit color, and the frame rate to 5 frames
per second.
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6. The resulting AVI file can be viewed on the accompanying CD-ROM using any
standard media player such as the Microsoft Media Player (Version 6.4.07.1112;
see Note 9).

A representative video of MVeGFP cell-to-cell spread in astrocytoma cells
is included in the compact disk that accompanies this volume. This shows the
real-time cell-to-cell spread of MV, from an initial focus of six infected cells
selected at 24 hpi. Images were collected every 15 min over 24 h. The virus
was observed to rapidly infect neighboring cells by fusion of cells. Cell-to-cell
spread was also observed to occur via the interconnecting astrocytic processes,
confirming the data presented in Fig. 2. At the end of the period of observation,
approx 60 cells were virus infected.

4. Notes

1. Because uniform subconfluent monolayers are rarely generated upon cell pas-
sage, it is important to examine the numbers and density of uninfected cells sur-
rounding the foci of infection that have been chosen for repeated observation.
This should be verified by light microscopy. Cells within the field of view should
be close to 60% confluent and the single EGFP-positive cell should clearly be in
intimate contact with neighboring cells.

2. In experiments in which multiple observations are made within the same mono-
layer, it is vital to precisely reposition the flask on the heated stage. This require-
ment is greatly facilitated by viewing the image that was collected at the previous
time-point.

3. In the latter stages of time-courses, when cells exhibit obvious CPE and begin
to detach from the tissue culture flask, it can be difficult to ascertain exactly
which cells were previously observed. This is especially the case when large
numbers of cells detach from the flask. If this occurs, the time-course should
be discontinued.

4. It is vital to have a 37°C incubator close to the confocal microscope when mul-
tiple observations are made in the same monolayer over four hourly time-points.
This limits the time taken to transport flasks from the stage to the incubator and
lessens the likelihood of mechanically detaching infected cells from the tissue
culture flask. Nevertheless, care should always be taken when moving the
infected monolayers, even over short distances.

5. Before undertaking a complete time-course, it is essential to determine the
approximate rate at which MVeGFP spreads from cell to cell. This is important,
because it will determine the overall length of the time-course and the interval
between observations. This is particularly relevant when observations are made
in different cell types.

6. It is essential to have a microscope that does not drift from the selected focus:
This is generally the case with the Leica DMIRB/E model. Nevertheless, drift
can occur in longer time-lapse studies, and it is important to check the confocal
microscope regularly.
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7. A significant amount of condensation can develop within the tissue culture flask,
in time-courses that last over 12 h. This has no noticeable effect on resolution of
the resulting images. If this is perceived to be a problem, it can be easily resolved
by the addition of additional medium to the flask at the outset of the time-course.

8. It is important to ascertain that sufficient disk storage space is available for data
collection prior to the commencement of a time-lapse study.

9. It is necessary to use a high-specification personal computer, in order to
efficiently edit and generate the AVI files. The basic minimum requirement
is a system with a 500 MHz processor, with 128 MB of RAM and a 10.2 GB
hard disk.
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Tracking and Selection of Retrovirally
Transduced Murine Bone Marrow Cells
Using Green Fluorescent Protein

Jessamyn Bagley and John Iacomini

1. Introduction
Murine replication-defective retroviral vectors are among the most well-

studied, commonly used gene transfer vehicles (1,2). The authors have used
retroviruses as gene delivery tools, to genetically modify bone marrow (BM)
hematopoietic progenitors, in order to induce immunological tolerance to vari-
ous antigens following BM transplantation (3–5). However, one of the major
problems with retroviral infection of BM is poor efficiency, resulting in the
low ratio of transduced to nontransduced bone marrow cells (BMCs) used for
transplantation. This limitation of retroviral gene therapy may be overcome
by including, within retroviral constructs, marker genes that would allow one
to obtain relatively pure populations of transduced cells by cell sorting, based
on marker-gene expression prior to BM transplantation. An additional ben-
efit is that expression of a marker gene allows one to easily monitor virus
transduction in vitro, and to track the fate of transduced BMCs and their
progeny in vivo.

Green fluorescent protein (GFP) is a naturally fluorescent protein, derived
from the bioluminescent jellyfish Aequorea victoria, which emits light when
excited by ultraviolet light without the need for additional substrates or cofac-
tors (6). Many mutants of GFP are now commercially available and can be
incorporated into retroviral constructs to facilitate selection and monitoring of
transduced cells using conventional flow cytometers without the need for cell-
surface staining or addition of substrate. Overcoming the need for cell-surface
staining with antibodies to select for infected cells prior to transplantation is
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critical because the presence of antibodies bound to the surface of cells can
lead to their elimination by macrophages, cells that can mediate antibody-
dependent cell-mediated cytotoxicity, and the complement system. In addi-
tion, many genes that one may wish to introduce into cells may not be expressed
on the cell surface, or specific antibodies may not be available. In such cases,
GFP can be used as a surrogate marker of gene expression.

The authors have previously shown that GFP can be used to directly monitor
transduction of murine BM, and to select for transduced donor BMCs prior to
BM transplantation (7). GFP can be expressed in multiple BM-derived hema-
topoietic cell lineages as well as Sca-1+, lineage-marker-negative, early hema-
topoietic progenitors. In addition, GFP can be used to track the fate of
transduced BM-derived cells and their progeny in vivo, following transplanta-
tion (Fig. 1). Using GFP expression as a marker, it is possible to enrich or
purify, by cell sorting, populations of transduced cells prior to transplantation.
Mice reconstituted with enriched populations of GFP-expressing cells show an
increase in the percentage of cells that express GFP long-term in the periphery,
compared to mice reconstituted with unenriched populations of transduced BM
(Fig. 2). These studies demonstrate that GFP can be used as a marker to select
for transduced cells in vitro, track the fate of transduced cells long-term in
vivo, and enrich for transduced cells prior to transplantation. Here, the authors
provide a detailed description of the methodology used to perform such studies
in mice.

2. Materials
All reagents are analytical, tissue-culture, or molecular-biology grade. All

reagents, buffers, and media are either purchased as sterile for tissue culture, or
filtered through 0.2-µm disposable sterile filters.

2.1. Development of Retroviral Producer Cell Lines

1. 100X 20-mm tissue culture dishes (Becton Dickinson, Franklin Lakes, NJ).
2. AM12 cells: Amphotropic retroviral packaging cell line is maintained as

described in ref. 8.
3. 15P media: Dulbecco’s modified Eagle’s medium (Mediatech, Herndon, VA)

containing 15% fetal calf serum, 1 mM sodium pyruvate, 0.1 mM MEM nones-
sential amino acids, 2 mM L-glutamine, 200 U/mL penicillin-streptomycin. All
supplements purchased from Gibco-BRL, Gaithersburg, MD.

4. 2.5 M CaCl2: Aliquots can be made in advance and stored at –20°C.
5. 2X BBS pH 6.95: 50 mM N,N-bis (2-hydroxyethyl)-2-aminoethanesulfonic acid,

280 mM NaCl, 1.5 mM Na2HPO4.
6. Hanks’s balanced salt solution (HBSS) without Ca2+, Mg2+ or phenol red

(Gibco-BRL).
7. Trypsin: 0.5% trypsin, 0.53 mM EDTA in HBSS (Gibco-BRL).
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8. G418 (Sigma, St. Louis, MO): 100 mg/mL active concentration stock solution
stored at –20°C.

9. Dimethyl sulfoxide (DMSO) (Sigma).
10. NIH3T3 cells (American Type Culture Collection, Manassas, VA): fibroblastoid

cell line derived from NIH Swiss mice.
11. Polybrene (Sigma): 16 mg/mL stock solution in HBSS can be stored 1 mo at 4°C.
12. Fluorescence-activated cell sorting (FACS) staining buffer: HBSS containing

25 mM HEPES (Mediatech), 1% heat-inactivated normal rabbit serum (Gibco-
BRL), and 0.1% sodium azide (Sigma). Store at 4°C.

2.2. Collection of Murine BM Cells

1. 5-flurouracil (5-FU) (Pharmacia, Kalamazoo, MI): Sterile 50 mg/mL stock stored
at room temperature.

2. BM harvest media: 15P media supplemented with 25 mM HEPES and 10 µg/mL
gentamycin.

3. Spleen mesh (Sefar, Briarcliff Manor, NY): mesh count, 102 threads/in, cut into
5 × 5 cm squares and autoclaved.

4. ACK red blood cell lysis buffer (BioWhittaker, Walkersville, MD).
5. 0.4% Trypan blue (Gibco-BRL).

Fig. 1. Detecting progeny of transduced BMCs in vivo, using GFP. Shown is
expression of GFP in splenic colonies formed 12 d after BM transplantation. Spleens
were harvested on d 12 and frozen for tissue sectioning. Shown is a direct visualiza-
tion of GFP-positive colonies in tissue sections using fluorescent microscopy. Data
kindly provided by Jennifer L. Bracy. (For optimal, color representation please see
accompanying CD-ROM.)
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2.3. Retroviral Transduction of BM Cells

Transduction media: 15P supplemented with 100 ng/mL human interleukin-
6 (IL-6), 100 ng/mL recombinant mouse stem cell factor (SCF), 50 ng/mL
recombinant mouse thrombopoietin (TPO), (50 ng/mL) recombinant mouse
Flt-3 ligand, and 8 µg/mL polybrene. All cytokines were purchased from R&D
Systems, Minneapolis, MN.

2.4. Monitoring Long-term GFP Expression In Vivo

1. 0.5 M EDTA, pH 8.0.
2. Lineage-specific antibodies: anti-B220 (RA3-6B2) (9), biotinylated CD11c

(HL3) (10), anti-Sca-1 (CT-6A.2) (11), CD117/c-Kit (2B8) and Ter119 (12), anti-
CD11b/Mac-1 (M1/70) (13,14), leukocyte-specific CD5/Ly1 (53.7.3), granulo-
cyte-specific Ly-6G/Gr-1 (8C5) (15).

3. Methods
3.1. Generating Retroviral Producer Cell Lines

To generate virus stocks, the retroviral construct carrying the gene encoding
GFP, is transfected into packaging cell lines. Retroviral packaging cell lines

Fig. 2. Percentages of GFP+ cells in peripheral blood of mice reconstituted with
unenriched or enriched populations of BMCs transduced with retrovirus containing
the gene encoding GFP. 3 wk postreconstitution, and every 2 wk thereafter, peripheral
blood samples were obtained by tail bleeds and GFP expression was analyzed by flow
cytometry. Reprinted with permission from ref. 7. (Also on CD-ROM.)
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(16,17), such as AM12 carry the viral genes encoding structural products (gag,
pol and env) provided in trans. Separating the structural genes and retroviral
constructs makes it possible to package retroviral RNA into virions without
generating replication-competent viruses. In addition to GFP, many retroviral
constructs contain drug selection markers, such as the neomycin resistance
gene, which can be used to select for transfected cells.

3.1.1. Transfecting Packaging Cells

1. 24 h before transfection, seed 100-mm tissue culture dishes with 5 × 106 AM12
cells in 10 mL 15P media. Grow the cells in an incubator at 37°C with 5% CO2 to
approx 70% confluence (see Note 1).

2. Dilute 10 µg supercoiled retroviral plasmid DNA to 450 µL with sterile distilled
and deionized water (see Note 2).

3. Add 50 µL 2.5 M CaCl2 and mix well by pipeting gently up and down.
4. Slowly add 500 µL 2X BBS to the DNA mixture. Mix the tube by flicking sev-

eral times. Incubate 20 min at room temperature, to allow the DNA precipitate to
form (see Note 3).

5. While the precipitate is forming, aspirate the media from the AM12 cells. Gently
rinse plates with 10 mL HBSS, then add 8 mL fresh 15P media.

6. Add the DNA precipitate slowly to the AM12 cells drop by drop, then gently
rock the plate to mix (see Note 4).

7. 12–16 h after transfection, aspirate media, and rinse the plates 3× with 10 mL
HBSS. Add 8 mL fresh 15P media and continue to grow the cells for an addi-
tional 24 h.

3.1.2. Selecting Viral Producer Clones

1. To harvest cells, aspirate media from transfected cells and rinse the plates once
with HBSS. Add 2 mL trypsin to each plate and return the cells to the incubator
for 1 min. Add 3 mL 15P media to each plate and pipet media up and down
vigorously to facilitate detachment of the cells from the plate.

2. Seed three 100-mm tissue culture dishes with 1 mL of the cell suspension. Add
7 mL 15P media to each plate, and continue to culture overnight.

3. To select for neomycin-resistant transfectants, on the following morning aspi-
rate the media and replace it with 8 mL 15P media containing 0.8 mg/mL G418
(see Note 5).

4. Continue to grow cells in selection media for 10 d, at which point individual
colonies of G418-resistant cells will appear in the plates.

5. When the colonies reach approx 50–100 cells, they can be visualized and picked,
using an inverted phase-contrast microscope. To pick colonies, place the micro-
scope in a tissue culture hood. Using the microscope, identify well-isolated colo-
nies. Using a micropipet fitted with a sterile plugged pipet tip, gently scrape each
colony from the plate and aspirate into the tip. Transfer single colonies into indi-
vidual wells of a 24-well tissue culture plate containing 1.5 mL 15P media con-
taining 0.8 mg/mL G418 per well (see Note 6).
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6. When the clones reach 95% confluence, rinse each well with HBSS and replace
the media with 15P media and culture an additional 24 h.

7. Transfer virus supernatants to a fresh 24-well plate and store at –80°C.
8. To freeze clones while the viral titer of each supernatant is being determined, add

1.5 mL 15P media containing 10% dimethyl sulfoxide to each well and store at
–80°C (see Note 7).

3.1.3. Determination of Viral Titer

After individual virus-producer clones are established, it is necessary to
determine the viral titer of supernatants harvested from these clones. Titer is
expressed as the number of infectious virus particles per milliliter of cell cul-
ture supernatant. After infection with viruses carrying the gene encoding for
GFP, successfully transfected cells can be detected using flow cytometry. The
goal is to select the producer clones that make the greatest amount of virus.
These clones can then be expanded to produce a large volume of viral superna-
tant for use in subsequent experiments. The titer of viral supernatants produced
using retroviral vectors that also carry drug selectable marker genes can be
determined by the ability to confer drug resistance on infected cells.

1. For each supernatant to be titered, seed two 6-well tissue culture dishes (35-mm
wells) with 105 NIH3T3 cells in 2 mL 15P media. One plate will be used to titer
based on GFP expression, the other based on neomycin resistance.

2. The next day, thaw the viral supernatants (see Subheading 3.1.2., step 7), and
prepare five dilutions (4 mL each) of viral supernatants in 15P media containing
4 µg/mL polybrene (see Note 8).

3. Aspirate media from each well and replace it with 2 mL diluted viral supernatant.
To one well, add only 15P media containing 4 µg/mL polybrene (mock-infected
or negative control).

4. After 12 h, replace media in one plate with fresh 15P media. Culture the cells for
an additional 48 h. Replace media in the second plate with 15P media containing
1.2 mg/mL G418. Culture the cells for an additional 10 d.

5. After 48 h, aspirate media from all wells in the plate for GFP analysis, and rinse
each well with HBSS. Add 0.5 mL trypsin to each well and incubate at 37°C for
1 min. Add 2 mL 15P to each well and pipet cells vigorously to facilitate
detachment from the plate. Transfer cells from each well to individual 15-mL
centrifuge tubes.

6. Count the cells using a hemocytometer.
7. To wash cells, pellet by centrifugation at 500g for 5 min, and resuspend in FACS

staining buffer. Wash twice more and resuspend 106 cells in 1 mL FACS staining
buffer. Analyze the percentage of cells expressing GFP by flow cytometry. Titer
can be calculated as: ([percent GFP positive cells] × [cell number])/(actual vol-
ume of viral supernatant added). This value can then be normalized to per mL
(see Note 9).
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8. After 10 d, aspirate selection media from the remaining plate and wash wells
with HBSS. Count the number of G418 resistant colonies per plate using an
inverted microscope. Titer can be calculated as: (number of G418-resistant colo-
nies)/(actual volume of viral supernatant added). This value can then be normal-
ized to virons per mL.

3.2. Harvesting BM Cells for Transduction

Typically, 3–5 million BMCs can be harvested per 5-FU-treated mouse. 5-FU
treatment kills dividing cells, thereby enriching for relatively quiescent hema-
topoietic progenitors (18).

1. Using a 1-mL syringe fitted with a 25-gage needle, inject 6–8-wk-old donor mice
via the tail vein, with 150 mg/kg 5-FU.

2. 7 d later, sacrifice the mice. Using sterile forceps and tweezers, dissect out the
hind limbs by cutting below the hip and above the ankle. Remove the excess
muscle tissue and the knee. Place the cleaned bones in tissue culture dishes con-
taining BM harvest media.

3. Using a 35-mL syringe fitted with 25-gage needle, flush the bones with copious
amounts of harvest media, into 15-mL centrifuge tubes. Pipet cells vigorously to
dissociate the BM.

4. Filter the BM through sterile nylon monofilament mesh and pool all marrow into
50-mL conical tubes. Pellet cells by centrifugation at 500g for 5 min at room
temperature.

5. Resuspend cells in 5 mL ACK red cell lysis buffer and mix vigorously by
pipeting. Incubate 3 min at room temperature (see Note 10).

6. Add 45 mL harvest media, mix, then pellet cells by centrifugation at 500g for
5 min at room temperature to wash cells. Wash cells twice more in 50 mL harvest
media, and resuspend in a final volume of 25 mL harvest medium.

7. Count the cells.

3.3. Retroviral Transduction of BMCs

In order to be permissive for infection with retroviruses, target cells must be
in cell cycle. To force BMCs into cell cycle, cytokines known to promote
cycling of relatively early hematopoietic progenitors are included in the BM
transductions. Including IL-6, SCF, TPO, and recombinant mouse Flt-3 ligand
in the transduction media allows for improved transduction of early hemato-
poietic progenitors (19). Co-culture of 5-FU-treated BM on retroviral producer
clones helps maintain early progenitors while providing a source of virus.
Transduction can also be performed with cell-free viral supernatants, but both
cell viability and the percentage of transduced cells are reduced.

1. Seed 5 × 106 virus producer cells per 100-mm tissue culture dish in 15P media.
Allow cells to grow to 80% confluence.
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2. Aspirate the media from each plate and add 107 BMCs in 10 mL transduction
media containing 100 ng/mL human IL-6, 100 ng/mL recombinant mouse
SCF, 50 ng/mL recombinant mouse TPO, 50 ng/mL recombinant mouse Flt-3
ligand, and 8 µg/mL polybrene. Grow the cells at 37°C with 5% CO2 for 96 h
(see Note 11).

3. Change transduction media after 24 h and again after 72 h. To change media,
transfer 7 mL culture supernatant from each plate to a sterile 50-mL conical tube.
Do not disturb the majority of cells while removing media. Centrifuge at 500g
for 5 min to recover any cells that may have been removed. Aspirate the superna-
tant from the tube and resuspend cells in fresh transduction media. Return the
appropriate volume to each tissue culture dish (see Note 12).

4. After 96 h, harvest the cells from the plate by vigorous pipeting.
5. Transfer cells to fresh 100-mm tissue culture dishes, and incubate for 2 h at 37°C

with 5% CO2, to allow contaminating producer cells to adhere.
6. Harvest transduced nonadherent cells, by gentle pipeting.
7. Count the cells.

3.4. Direct Determination of Transduction Efficiencies
by Flow Cytometry

1. Wash 5 × 105 transduced BMCs twice in FACS staining buffer.
2. Determine the percentage of GFP-positive cells, by flow cytometry. The percent-

age of GFP-positive cells corresponds to transduction efficiency.
3. Expression of GFP in various BMC lineages can be determined by staining cells

with monoclonal antibodies (see Subheading 2.4.) specific for known lineage
markers as described in ref. 7. All lineage marker specific antibodies must be
revealed with fluorochromes, such as phycoerythrin, which will not interfere with
the GFP signal. GFP lineage marker double-positive cells can be detected by
flow cytometry.

3.5. Selection and Enrichment of Transduced BM
by Flow Cytometry

Since most labs do not own their own cell sorter, most academic researchers
must rely on core facilities at their institution to sort GFP-positive cells. The
ability to enrich GFP-positive cells prior to BM transplantation is highly depen-
dent on the skill of the cell sorter operator and the technology of the instrument
in use. Prior to sorting GFP-positive cells, it is very important to discuss with
the sorter operator what percentage of GFP-positive cells there will be after
transduction, how bright the fluorescent signal will be, what level of purity one
wishes to attain, and what types of samples will be needed, e.g., a negative
control, to set up the cell sorter. In general, high-purity sorting is achieved at
the cost of cell yield.

1. Resuspend transduced BMCs at 107/mL in HBSS containing 5% fetal calf serum.
Including fetal calf serum to maintain high cell viability, is extremely important.
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Provide sterile collection tubes containing 15P medium supplemented with
25 mM HEPES and 10 µg/mL gentamycin. The operator of the cell sorter will
specify which types of collection tubes are needed, and how much media can be
in each tube. Providing a mock-transduced negative control is advisable, to allow
the instrument to be set up properly (see Note 13).

2. Sort GFP+ cells (see Note 14).
3. Following sorting, collect cells by centrifugation and resuspend in HBSS.
4. Count the cells.
5. Reanalyze sorted cells by flow cytometry to determine percent GFP+ cells and

fold enrichment after sorting.

3.6. Conditioning and Reconstitution of Recipient Mice

1. Precondition 6–8-wk-old mice with 10.25 gy whole-body irradiation, 12–24 h
prior to reconstitution.

2. To reconstitute mice, inject a minimum of 106 BMCs via the tail vein in 1 mL HBSS.

3.7. Monitoring Expression of GFP In Vivo

To monitor expression of GFP, one can simply analyze the presence of GFP-
positive cells in the blood by flow cytometry. This allows one to follow the fate
of transduced cells and their progeny over long periods of time without killing
the reconstituted mice.

3.7.1. Analysis of GFP-Expressing Blood Cells

1. Collect 100 µL blood from reconstituted and control mice in tubes containing
5 µL 0.5 M EDTA, pH 8.0. Approved methods for blood collection vary between
institutions. It is best to check with veterinarians at the institution to find which
methods are preferable.

2. Add 1 mL ACK lysis buffer and incubate 4 min. Add 3 mL FACS staining buffer
and pellet cells by centrifugation and wash twice more in FACS staining buffer.

3. Determine the percentage of GFP+ cells by flow cytometry. Set analysis gate
baseline using blood cells from a control mouse.

3.7.2. Analysis of GFP Expression in Distinct Blood Lineages
and Hematopoietic Tissues

1. To analyze GFP-expressing cells of various hematopoietic lineages, add a satu-
rating concentration of directly labeled lineage specific antibodies to blood cells
prepared as described in steps 1 and 2 of Subheading 3.7.1. (see Note 15).

2. Incubate at 4°C in the dark for 30 min.
3. Wash cells twice in FACS staining buffer.
4. Analyze cells by flow cytometry.
5. To analyze GFP expression in lymphoid tissue, sacrifice mice and prepare single

cell suspensions from the spleen, thymus, BM, lymph nodes and peritoneal lav-
age. Repeat steps 1–4.
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4. Notes
1. Plating cells 24 h in advance allows them to reach log-phase growth, and

increases the likelihood of DNA uptake, because best transfection efficiencies
are obtained in cells growing exponentially. The optimal number of cells will
vary depending how quickly the cells grow, and should be adjusted according to
how well the cells grow in one’s lab.

2. The volume of DNA added to the water should not be greater that 45 µL. If
multiple transfections are planned do not scale up the volumes given. Instead,
prepare additional tubes using the volumes indicated.

3. Do not disturb the mixture while the DNA precipitate is forming. It may not be
possible to see the precipitate form in the tube. RPMI is highly charged, and
should not be used for CaPO4 transfection.

4. After the DNA is added, a fine precipitate will be apparent in the culture dishes.
If precipitate is not visible at this point, or is too dense, with aggregated clumps,
too much DNA has been added.

5. Not all mammalian cell lines are equally sensitive to G418. The minimum lethal
concentration of G418 can range from 100 µg/mL to 2.0 mg/mL. The correct
concentration of G418 can be selected by determining the lowest dose capable of
killing untransfected cells in 10 d. If the retroviral construct does not contain a
drug-selectable marker, individual viral producer cell clones can be obtained by
cloning the cells by limiting dilution. Plate 1000 cells/100 mm plate. Continue to
grow cells for 10 d. At this point, discrete colonies will have formed, and can be
selected as described in Subheading 3.1.2., step 5, using an inverted fluorescent
microscope to visualize GFP. Alternatively, single cell sorting of GFP-positive
cells can be performed using flow cytometry.

6. In general, it is advisable to pick at least 20 colonies in order to ensure the selec-
tion of a clone with high viral production.

7. Clones frozen in this way can be stored for at least 2 mo.
8. Polybrene (hexadimethrine bromide) is a positively charged molecule that neu-

tralizes surface charge of the target cell and virus, allowing the virus to bind
more efficiently to its receptors. Viral titers are generally in the range of 105

infectious particles/mL. The desired percentage of infection is 5–20%, because
too many infection events may result in multiple copies per cell. Thus, an appro-
priate dilution might be 2, 4, 8, 16, and 32 µL viral supernatant/105 NIH3T3
cells.

9. Although a technical description of flow cytometry is outside the scope of this
review, several comprehensive sources exist. The GFP mutant, S65T, is meas-
ured using an excitation wavelength of 488 nm and is detected in the FL1 channel
of most flow cytometers (as for fluorescein isothiocyanate). When determining
viral titer by FACS, make use of several dilutions of virus to ensure being in the
linear portion of the titration curve. Titration by flow cytometry yields slightly
higher titers than evaluation by drug selection, because of nonspecific killing by
selection agents.

10. Excessive lysis with ACK buffer is deleterious to BM, so do not exceed 5 min.
Failure to completely wash cells with media after this procedure will result in
decreased yields. Do not treat more than 108 cells with ACK/tube.
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11. Maintaining a high BMC density during in vitro transduction is important to
maintain BM viability. There should be at least 107 BMCs/plate. BMCs harvested
from one 100-mm plate are generally sufficient to reconstitute at least 10 condi-
tioned host mice at 106 cells/mouse.

12. An increase in multiplicity of infection can be achieved by the addition of viral
supernatants during transduction. Collect supernatant as described in Subhead-
ing 3.1.2., and dilute 1:1 in 2X transduction media before adding to BMCs. The
addition of viral supernatant will result in higher transduction efficiencies.

13. HBSS containing 5% fetal calf serum must be filtered through a 0.2-mm, sterile,
disposable filter to prevent clogging of the flow cytometer.

14. When setting the cell-sorting gates, be sure to exclude cells that are autofluores-
cent, using a negative-control sample. These cells will not reconstitute a lethally
irradiated mouse, and interfere with the ability to select viable GFP+ cells.

15. In order to correctly set up the flow cytometer, it is important to include in the
experiment samples from control mice stained individually with each lineage-
specific antibody. It is also important to include an unstained sample of cells
from a mouse reconstituted with GFP transduced BM. These controls will allow
one to set up the compensation for the instrument.
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Green Fluorescent Protein as a Reporter of
Adenovirus-Mediated Gene Transfer and Expression
in the Hypothalamic–Neurohypophyseal System

Elisardo Corral Vasquez and Alan Kim Johnson

1. Introduction
The subfornical organ (SFO), the hypothalamic supraoptic nuclei (SON)

and the paraventricular nuclei (PVN), and the neurohypophysis (NH)
comprise an important central nervous system integrative network, which is
involved in the maintenance of cardiovascular and body fluid homeostasis.
Magnocellular SON and PVN neurons receive neural projections from the
SFO and synthesize the hormone vasopressin, which is stored in the NH nerve
terminals and released into the circulation in response to changes in blood
volume, extracellular osmolarity, and blood pressure (1). Dysfunction of
these structures can result in pathophysiologic states, such as arterial hyper-
tension and diabetes insipidus.

In recent years, the development of techniques of central nervous system
gene transfer into rats and mice has provided a unique opportunity to study the
physiology and pathophysiology of specific neural cells and functional sys-
tems (2). A key vector for delivering functional and/or reporter genes to the
brain has been replication-deficient adenovirus (Ad) because it is relatively
safe, can be generated in high titers, can transfect nondividing cells, and can
undergo retrograde transport from nerve terminals to somata (3). Although
there are several gene reporters to indicate successful transduction and
transgene expression, bioluminescent green fluorescent protein (GFP) from the
jellyfish, Aequorea victoria, has a major advantage in that it will fluoresce so
that cells can be identified without the need for lysis or fixation. Therefore, it is
an ideal gene marker for studying living cells (4). The ability to visualize suc-
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cessful gene transfer in living cells is important because in many circumstances,
the need for further imaging, or the application of additional methods, such as
electrophysiology, require viable cells.

We have developed new approaches for transferring genes to SFO, SON,
PVN, and NH cells, and have defined the Ad concentrations and conditions
required to optimize gene expression in target cells. In our studies, we used a
recombinant Ad serotype 5 (Ad5), in which the regions containing the E1A and
E1B (early) genes required for virus replication were replaced by GFP cDNA
which was subcloned from pGFPS65T and modified to maximize expression
in eukaryotic cells. A Rous sarcoma virus (RSV) promoter was used to drive
gene expression because of its ability to maintain transgene expression in the
hypothalamic-NH system (5).

The following describes the approach used for GFP gene transfer to the SON
(Fig. 1A). In order to preserve the normal anatomical and physiological envi-
ronment of the SON cells, brain slices were taken from animals that had been
injected with Ad vectors into the SON 4 d earlier. As illustrated in Fig. 1B,
GFP-expressing cells are predominantly found within the SON, and are not
found in adjacent areas. We have observed that high concentrations of Ad
(>8 × 106 pfu/site) can lead to immune and inflammatory responses in the
region of the injection site.

An advantage of Ad vectors is that they are not taken up by fibers that pass
through the injection site. After rats were injected in the SON with Ad5RSVgfp,
the authors visualized GFP expression in SFO-cultured cells and verified the
presence of the gene in the cells of this structure, by polymerase chain reaction,
which indicates that viral vectors were taken up by nerve terminals in the SON
and transported retrogradely to the soma of SFO neurons (5). The pattern of
backlabeled cells in the SFO is of particular significance because the vectors
taken up by nerve terminals in the SON were retrogradely transported specifi-
cally to cell soma located in the annulus of the structure. This discrete pattern
indicates that the labeled cells in the annulus do not transduce cells located
in the core. This pattern of retrograde labeling in the SFO (i.e., backlabeling in
the annulus, but not in the core) is consistent with what has been observed with
other retrograde tracers (6).

Since magnocellular neurons of the SON and PVN send their axonal projec-
tions to the NH, one can both directly transduce NH pituicytes and selectively
target magnocellular neuron gene expression via retrograde transport by inject-
ing vector directly into the posterior pituitary (Fig. 2A). Fig. 2B illustrates the
GFP expression in the NH from a rat transfected in vivo with Ad5RSVgfp
(8 × 106 pfu) 4 d earlier. GFP-positive SON and PVN neurons can be visual-
ized in cultures, following in vivo injection of Ad5RSVgfp into the NH.
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Attempts at transfection of the NH with Ad5RSVgfp of concentrations higher
than 8 × 106 pfu should be avoided because of cytotoxicity to the pituicytes and
an inflammatory response at the injection site.

Fig. 1. (A) Coronal diagram of a rat brain (based on the atlas of Paxinos and Watson
[7]) showing the position of the cannulas used to inject Ad solution into the supraoptic
nucleus (SON). (B) Photomicrograph (scale bar: 50 µm) of both SON showing
expression of GFP in a living coronal slice (400 µm thick) of a rat with bilateral
Ad5RSVgfp injections made into the SON 4 d earlier. (For optimal, color representa-
tion please see accompanying CD-ROM.)
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We have also defined the optimal conditions for in vitro gene transfer to
cells that are dissociated, isolated and cultured from rat SFO, SON, PVN, and
NH. Cell cultures exposed to graded concentrations of Ad5RSVgfp, 3 h after

Fig. 2. (A) Sagittal diagram of a rat brain (based on the atlas of Paxinos and Watson [7])
showing the position of the cannula to inject the Ad solution into the pituitary. (B) Photo-
micrograph (scale bar: 250 µm) of a living pituitary showing the expression of GFP in the
middle of the gland (NH) of a rat injected with Ad5RSVgfp delivered 4 d earlier. (For
optimal, color representation please see accompanying CD-ROM.)
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dissociation show detectable GFP-positive cells 24 h later. Figure 3 shows
typical living SFO, SON, and PVN neurons and NH pituicytes expressing GFP
6 d after Ad transduction. The expression of GFP in dissociated, cultured cells
from those areas is related to the Ad concentration. Ad concentrations up to
2 × 107 pfu/well do not affect survival of the cultured cells. They retain a nor-
mal morphology and remain adherent to the cover glasses. The percentage of
GFP-positive cells reached an asymptote 2–4 d after transduction. We have
also seen that this low concentration of Ad5RSVgfp does not adversely affect
the properties of cell ion channels as observed when using whole-cell, patch-
clamp and electrophysiological recordings (5). At higherAd concentrations,
less time for exposure to the fluorescent light source is required to visualize
expression of the transgene. Although higher levels of gene expression are
observed with higher titers of Ad5RSVgfp, the number of surviving cells
remaining attached to the cover glasses significantly decreases over time,
because of the cytotoxic effect of high concentrations of the vector. The
percentage of GFP-positive cells from the SFO, SON, and PVN is higher for
nonneuronal cells probably because they are more susceptible to Ad transfec-
tion than neurons and/or because they continue to divide in culture.

The preceding approaches using Ad vectors to deliver functional genes (plus
GFP as a gene marker) to the SFO–hypothalamus–NH neuroendocrine axis are
likely to provide new insights into the normal function of this system. Because

Fig. 3. Typical photomicrographs (scale bar: 50 µm) of viable subfornical organ
(SFO), supraoptic nucleus (SON), paraventricular nucleus (PVN) neurons, and
neurohypophysis (NH) pituicytes in culture expressing the GFP reporter gene. The
cells are from rats and were dissociated and transduced in vitro with Ad5RSVgfp (2 ×
107 pfu/well) 6 d earlier. (For optimal, color representation please see accompanying
CD-ROM.)
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of the biological importance of the neural circuitry controlling the synthesis
and release of vasopressin, gene transfer may eventually provide a therapeutic
approach for the treatment of diseases related to disordered regulation of body
fluid balance and blood pressure (e.g., hypertension, congestive heart failure,
diabetes insipidus).

2. Materials
2.1. In Vivo Transduction

1. Adult (45–60 d old) rats (Harlan, Indianapolis, IN).
2. Pentobarbital (Nembutal sodium, Abbott, North Chicago, IL).
3. 10 µL Hamilton microsyringe (Reno, Nevada).
4. PE-10 polyethylene tubing.
5. Stainless steel 30-gage tubing.
6. Kopf stereotaxic instrument (Model 900, David Kopf, Tujunga, CA).
7. Ice-cold, oxygenated, buffered salt solution: 125 mM NaCl, 25 mM NaHCO3,

25 mM glucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, and 1 mM MgCl2.
8. Cyanoacrylate adhesive, for sectioning.
9. Ad5RSVgfp. This should be divided in 50 µL aliquots and stored at –70°C.

2.2. Cell Dissociation and Culture for In Vitro Transduction

1. Postnatal (7–14 d old) rats (Harlan).
2. Methoxyflurane (Metofane, Mallingkrodt, IL).
3. 70% Ethanol.
4. Hank’s balanced salt solution (HBSS) (H-8264, Sigma, St. Louis, MO) containing

20 mM HEPES buffer (H-0887, Sigma).
5. Earle’s balanced salt solution (EBSS, Sigma) containing 20 mM HEPES.
6. Dispase I (Boehringer Mannheim, Indianapolis, IN): 1.5 U/mL stock solution.
7. Culture medium: Dulbecco’s modified Eagle’s medium nutrient mixture, F-12

HAM (DMEM) (D-6421, Sigma) containing 10% fetal calf serum (F-0643,
Sigma) and 1% L-glutamine-penicillin-streptomycin solution (Sigma stock:
200 mM glutamine, 10,000 U penicillin, and 10 mg streptomycin, respectively).

8. Poly-L-lysine (P-5899, Sigma): 0.1 mg/mL stock solution.

3. Methods
3.1. In Vivo Gene Transfer
to Supraoptic Nucleus or Neurohypophysis (see Notes 1 and 2)

1. Anesthetize the animal with an intraperitoneal injection of pentobarbital (35 mg/kg)
(see Note 3).

2. Place the animal in a Kopf stereotaxic apparatus.
3, Level the skull between bregma and lambda, after a longitudinal incision of scalp

and cleaning of the exposed dorsal cranium.
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4. The stereotaxic coordinates (6) for the bone perforation targeting SON are: 1.3 mm
caudal to bregma, 5.5 mm lateral on each side of the midline for the point of
injector entry; the injector is angled 20 degrees from perpendicular, toward the
midline, and inserted 9.6 mm below the skull, in order to avoid the perforation of
the lateral ventricles en route to the SON (see Notes 3 and 4, Fig. 1A)

5. The stereotaxic coordinates (7) for the bone perforation and targeting the NH are:
5.5 mm caudal to bregma on the midline and 10.0 mm below the skull (see Fig. 2A).

6. Make the hole in the skull using a dentist-like drill equipped with a high-speed
cutter, but be careful not to disrupt the dura.

7. Attach stainless steel 30-gage tubing to a 10-µL Hamilton microsyringe by a PE-10
polyethylene tubing (approx 30 cm long). The whole extension should be
backfilled first with sterile saline followed by a small air bubble (approx 5.0 mm)
to indicate successful delivery of the injectate, and finally by the Ad solution.

8. Ad solution (Ad5RSVgfp) is injected bilaterally into the SON (200 nL, 2–4 × 106

pfu; Fig. 1A) or in the center of the pituitary (400 nL, 4–8 × 106 pfu; Fig. 2A).
9. Suture the incision, and return the rats to their home cages (covered with a filter)

after recovering from anesthesia.
10. 4 d postinjection, deeply anesthetize the animal, decapitate it, and remove the

pituitary gland or whole brain to ice-cold, oxygenated, buffered salt solution for
living tissues.

11. Using a stainless blade, block the brain and attach it to the chuck of a vibratome
using cyanoacrylate adhesive and cut coronal slices (300–400-µm thick) close to
the SON level. Transfer brain slices or the whole pituitary to a chamber and
maintain them with oxygenated, buffered salt solution during the observation at
the microscope.

12. Visualize the GFP expression in the injection sites at the SON (see Fig. 1B) or
NH (see Fig. 2B), using an inverted microscope equipped with an epifluorescence
unit and a fluorescein isothiocyanate filter.

3.2. In Vitro Gene Transfer to Cultured Cells

1. For each set of cultures, anesthetize six rat pups with methoxyflurane, decapitate
them, and place each head in ice-cold 70% ethanol (see Note 5).

2. Quickly remove the whole brain or the pituitary gland, and place the tissue in
ice-cold, aerated (95% O2 and 5% CO2) HBSS containing 20 mM HEPES.

3. Under a dissecting microscope, slice the brain coronally approx at the level of the
optic chiasm (5), and isolate the desired area (SFO, SON, or PVN), or dissect the
NH (the circular structure in the middle of the pituitary).

4. Transfer the tissue to ice-cold EBSS containing 20 mM HEPES, and place on ice
for approx 1 h.

5. Initiate digestion by adding Dispase I (1.5 U/mL) and transfer the tube to a water
bath maintained at 35°C under aeration (95% O2 and 5% CO2) for 1 h.

6. Terminate enzymatic activity by washing tissue fragments 3× with the DMEM,
supplemented with 10% fetal calf serum and 1% L-glutamine-penicillin-strepto-
mycin solution (200 mM, 10,000 U, and 10 mg, respectively).
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7. Prepare cell suspensions by gentle tituration of tissue fragments through a sterile,
fire-polished Pasteur pipet until the cells are visibly dissociated (15–20×).

8. Plate the cells onto 18-mm cover glasses precoated with poly-L-lysine (0.1 mg/mL).
9. Place the cover glasses in 12-well culture dishes and maintain them in an incuba-

tor with humidified atmosphere of 5% CO2 and 95% air at 37°C for at least 2–3 h,
to allow attachment of the cells. At this time, add 2 mL culture medium to each
culture dish and replace two-thirds of the medium every 2 d.

10. 3 h after tissue dissociation and plating of the cells, remove the culture medium,
and replace it with 1 mL of either Ad vector solution or vehicle (saline–3%
sucrose). After 30 min (average time required for vectors to enter the cells), the
viral solution should be removed, to avoid subsequent cell transduction, and
replaced with culture medium. This procedure is based on our observation that
Ad vectors can survive up to 12 d in wells of culture medium in the absence of
plated cells.

11. Visualization of cultured cells expressing GFP and cell counting should be made
using an inverted microscope equipped with an epifluorescence unit and a fluo-
rescein isothiocyanate filter (see samples in Fig. 3).

12. To unequivocally establish that a specific type of cell (e.g., neurons that synthe-
size vasopressin or pituicytes) was transduced, an immunohistochemical analy-
sis is required.

4. Notes
1. All procedures for Ad-mediated gene transfer to the anesthetized animal brain or

dissociated and cultured cells should be made in an isolated, sterile area.
2. In vivo direct Ad-mediated gene transfer to the SFO and PVN can be made, but

we have noted that the viral vectors often reach the neighboring cerebral ven-
tricles and GFP expression will occur in extraneous cells.

3. Postnatal (7–14 d old) rats can also be used for direct Ad-mediated gene transfer
to the SON. Inhalation anesthesia is delivered to rat pups from a thin and short
plastic tube which can easily be moved near or away from the nose. The stereo-
taxic apparatus can be the same one used for adult rats, but using the following
coordinates: bilateral holes 1.3 mm caudal to bregma and 4.5 mm lateral to mid-
line, allowing the insertion of the stainless-steel, 30-gage cannula 8.3 mm below
the dura at a 20-degree angle.

4. These protocols of in vivo and in vitro gene transfer can also be used for mice (8).
The stereotaxic coordinates for adult mice are 2.3 mm caudal to bregma on the
midline and 6.4 mm below the skull for gene transfer to NH, and 0.5 mm caudal
to bregma, 3.5 mm lateral on each side of the midline, 6.4 mm below the skull,
and the injector angled 20 degrees from perpendicular, toward the midline, for
gene transfer to SON.

5. For cell culture and in vitro gene transfer to SFO, SON, or PVN cells, adult rats
can also be used instead of rat pups, but we find that the culture will be more
viable if brain tissue from 3-d-old postnatal rats is added to each set of structures
dissected from six adult rats for dissociation and culture.
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Enhancement of Green Fluorescent Protein
Expression in Adeno-Associated Virus with the
Woodchuck Hepatitis Virus Post-Transcriptional
Regulatory Element

Jonathan E. Loeb, Matthew D. Weitzman, and Thomas J. Hope

1. Introduction
Since the advent of recombinant DNA technology, maximization of exog-

enous gene expression has been an important issue for molecular biologists.
Efforts at enhancing transgene expression have mostly been directed at
improving the efficiency of delivery and increasing levels of transcription and
translation. Less progress has been made in the application of post-transcrip-
tional methods for improving gene expression. Here is described the use of an
element derived from the woodchuck hepatitis virus (WHV) that possesses the
ability to enhance the expression of heterologous genes post-transcriptionally.
Green fluorescent protein (GFP) is frequently employed as a fusion protein to
enable the detection, visualization, and quantification of molecules under study.
Problems of expression are often encountered when using this strategy, mak-
ing the woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) a useful addition to vectors designed to express fusion proteins. This
chapter discusses general issues of cloning and placement of the WPRE when
designing such vectors.

Gene expression can be modulated at many levels, including transcription,
post-transcriptional modification of RNA such as 5' and 3' end-processing,
RNA export and stability, and translation. Additionally, the presence of introns,
or the process of intron splicing itself, can increase gene expression (1–3).
New insight continues to be acquired regarding how viruses ensure high levels
of expression of their genes at the post-transcriptional level. Several viruses,
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including HIV, type D retroviruses, murine leukemia virus, cytomegalovirus
(CMV), influenza virus, the herpesviruses, and the hepatitis B viruses, have
been shown to possess cis- and trans-acting elements whose purpose is to post-
transcriptionally increase the expression of viral genes by interacting with host-
cell machinery (4–10). In some cases, such elements are supporting the
expression of intronless viral genes. The expression of heterologous cDNAs,
which are intronless messages, for experimental purposes, could likewise be
enhanced by such elements. The post-transcriptional regulatory element of
hepatitis B virus (HPRE) can functionally replace an intron in stimulating
β-globin expression (11). Our studies of the WHV demonstrated that it contains
a post-transcriptional regulatory element (WPRE), which is partially
homologous to the HPRE (5). These PREs function in an orientation-dependent
manner, suggesting that they are RNA elements. Consistent with this interpre-
tation, the PREs contain conserved RNA stem-loop structures, which are
required for maximal function, and whose structure has been confirmed by
compensatory mutational analysis (12). The WPRE functions more efficiently
than the HPRE, because of the presence of an additional cis-acting sequence in
the WPRE, termed “γ” (5). The mechanism of this enhancement, although
incompletely understood, is known to be post-transcriptional in nature and may
involve the facilitation of RNA processing and/or export (13,14).

Our studies reveal that the post-transcriptional effect of the WPRE can sig-
nificantly stimulate the expression of GFP in transient and stable transfections
(Fig. 1; 15). Increases in GFP expression of greater than twofold are obtainable
in 293 cells transiently transfected with GFP-expressing plasmids, 6–9-fold
increases in expression have been obtained in the context of stably transfected
293 cells or primary human fibroblasts, as well as in other primary tissue (15).
We surmise that this differential effect may result from the comparatively large
number of plasmid copies being expressed in the context of transient, as opposed
to stable, transfection, in which cells can contain as few as one integrated copy of
the heterologous gene. In the transient context, high copy number may saturate
those pathways of RNA metabolism influenced by the WPRE, thus minimizing
its effect. The WPRE has also been shown to enhance expression in RNA and
DNA viral vectors, including murine leukemia virus, HIV (Fig. 2), and adeno-
associated virus (AAV), using various promoters and transgenes (15,17). The
WPRE effect also appears to be species-independent, as evidenced by work in
murine and avian cells. Thus, the WPRE is a broadly useful tool for increasing
gene expression. Here, is described in detail the use of the WPRE in enhancing
GFP expression in the context of AAV. Protocols are provided for preparing
plasmids that express GFP, with and without the WPRE in the message, and for
adapting them for use in an AAV shuttle vector. We further discuss production
of recombinant AAV stocks, and verification of enhanced expression.
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Fig. 1. WPRE enhances GFP expression in 293 cells stably transfected with GFP-
expressing constructs. 293 cells were transfected with plasmids that included
(+WPRE), or did not include (–WPRE), the WPRE in messages expressing GFP driven
by the CMV promoter. Following selection in media containing 200 µg/mL G418 for
4 wk, 30,000 cells were analyzed for GFP expression by flow cytometry. Geometric
mean fluorescence is shown for each population.

Fig. 2. WPRE enhances GFP expression in 293 cells transduced with lentiviral vec-
tors. 293 cells were transduced with HIV-1-based vectors which included (+WPRE),
or did not include (–WPRE), the WPRE in messages expressing GFP driven by the
HIV-1 long terminal repeat (LTR). Cells were visualized by fluorescence microscopy.
Only high-expressing cells are visualized here.
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2. Materials
1. WPRE sequence: The WPRE has been functionally defined as encompassing

nucleotides of position 1093–1684 of WHV 8 (5). The viral DNA template of
WHV 8 is available from the American Type Culture Collection (Genbank acces-
sion number J04514).

2. Plasmids: This sequence is available as a subclone in the plasmid pSK+WPRE-
B11 (5). The plasmid contains the WPRE inserted at the ClaI site (see Note 1).
Also needed for this protocol are EGFP-C1 (Clontech), psub201 (18), rep/cap
packaging plasmid and adenovirus helper plasmid for AAV production (16).

3. Primers: If direct subcloning of the WPRE into the expression vector by restriction
digest is not possible, the WPRE can be amplified from pSK+WPRE-B11
or from the WHV8 genome, using the following primers (see Note 2).
5'-AATCAACCTCTGGATTACAAAAT-3' and 5'-AGGCGGGGAGGCGGCC-
CAAAGGGA-3'. Other synthetic oligonucleotides as listed in Subheading 3.

4. Enzymes: Restriction enzymes desribed here are obtained from New England
Biolabs, and the buffers used are those recommended by the manufacturer.
Required are: BglII, EcoRI, SspI, XbaI, BspHI, AseI, ClaI; buffers 2, 3, 4, EcoRI,
SspI; bovine serum albumin, provided with enzymes. Also needed are calf intes-
tinal phosphatase (CIP) and its buffer (Gibco/Life Technologies) and T4 DNA
ligase and its buffer (Gibco/Life Technologies).

5. Cell culture and viral preparation: Dulbecco’s modified Eagle medium (DMEM)
(BioWhittaker), fetal bovine serum (Gibco/Life Technologies) and penicillin-
streptamycin-L-glutamine solution (BioWhittaker). For transfection: 2.5 M CaCl2,
2X HEPES-buffered saline (20 mM HEPES, pH 7.8, 150 mM NaCl), 10 mM
Tris-Cl, pH 7.6, DNaseI (Ambion) and RNase A 10 mg/mL (Ambion), 4 M
ammonium sulfate, CsCl, 10% glycerol, HybQuest kit (Mirus) for dot blotting,
200 µg/mL Geneticin G418 (Gibco/Life Technologies), phosphate-buffered
saline (PBS) (BioWhittaker), and PBS 5 mM EDTA, 5 mM propidium iodide.

3. Methods

A generally applicable strategy for using the WPRE in an expression vector
consists of the digestion of pSK+WPRE-B11 at the appropriate restriction sites
to allow the insertion of the WPRE into the expression plasmid. Alternatively,
subcloning can be achieved by polymerase chain reaction amplification of the
WPRE, using primers with convenient restriction sites incorporated at their
5' ends, followed by digestion and insertion into the target plasmid at the
appropriate site (see Note 3).

3.1. Production of AAV Plasmids Containing WPRE
for EGFP Expression

Plasmids used in these transfection and transduction experiments are based
on the EGFP-C1 vector (Clontech). Since the vector was originally intended
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for the construction of eGFP fusion proteins, a stop codon must be inserted
after the GFP reading frame, to allow the use of the multiple cloning site for
the addition of untranslated elements. For maximum flexibility, the stop codon
may be triple-frame.

1. Digest EGFP-C1 (Clontech) with BglII and EcoRI in EcoRI buffer (New England
Biolabs). Isolate the opened plasmid by gel electrophoresis.

2. Insert the triple-frame stop as a pair of annealed synthetic oligonucleotides of
sequences GATCTTAGCTAACTG (sense) and AATTCAGTTAGCTAA
(antisense). The oligos may be annealed by incubating an equimolar mixture of
the pair in 0.5 M NaCl for 2 min at 95°C followed by 5 min at 65°C, 10 min at
room temperature, and 5 min on ice. The annealed fragment will possess sticky
ends compatible with with BglII and EcoRI, and can be ligated directly into the
EGFP-C1 vector, using T4 DNA ligase (Gibco/Life Technologies) according to
the manufacturer’s recommendations to produce the plasmid EGFP.stop. Trans-
form Escherichia coli, and select on plates containing kanamycin; this and all
subsequent selection of bacteria should be performed with kanamycin.

3. Optimum packaging of AAV occurs with an insert size of approx 4.5 kb. To
adapt the construct for use in AAV, cut the plasmid, EGFP.stop, with SspI in SspI
buffer, to remove the f1 ori and ampicillin resistance promoter, and religate with
T4 DNA ligase, reducing the size of the recombinant AAV genome eventually
generated, and producing plasmid eGFP.stop.∆Ssp.

4. To allow transfer of the expression cassette to the AAV shuttle vector, psub201
(18), insert synthetic linkers consisting of oligonucleotides annealed as before,
containing XbaI restriction sites and sticky ends compatible with the unique
BspHI (oligo sequences: CATGACGTCTAGACG and CATGCGTCTAGA-
CGT) and AseI (oligo sequences: TAATCGTCTAGACG and TACGTCTAGA-
CGAT) sites in EGFP.stop.∆Ssp, yielding EGFP.stopBXAX. These insertions
must be performed one at a time in series; digest eGFP.stop.∆Ssp with BspHI
in buffer 4, with AseI in buffer 3. The oligos are designed so that one of the
BspHI or AseI sites flanking the XbaI will be destroyed. Therefore, at this stage,
sequencing through the subcloning junctions  is useful, to ascertain the orienta-
tion of the artificial XbaI site inserts. Additionally, if a control construct is
desired in which the WPRE is introduced upstream of the CMV promoter so
that it is included in the AAV insert, but not in the CMV-driven message (see
step 7), then it is important to use a plasmid in which AseI is intact 3' to the
XbaI site.

5. Open plasmid EGFP.stopBXAX with AccI in buffer 4, and treat the plasmid with
CIP (Gibco/Life Technologies) according to the manufacturer’s recommenda-
tions. Cut plasmid pSK+WPRE-B11 with ClaI in buffer 4+BSA, isolate the
resulting 591 base fragment comprising the WPRE by gel electrophoresis, and
ligate into the EGFP.stop.BXAX vector at the AccI site, to produce the plasmid
EGFP.stop.WPRE. Once again, orientation of the insert must be ascertained by
sequencing or digestion.
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6. Open psub201 by digestion with XbaI in buffer 2 + bovine serum albumin. Treat
with CIP as directed by the manufacturer. Excise the expression cassettes from
EGFP.stop.BXAX and eGFP.stop.WPRE by digestion with XbaI and purify by
gel electrophoresis. Ligate the cassettes, with and without WPRE, into the XbaI
site of the AAV shuttle vector psub201, yielding pAAV.EGFP.W and
pAAV.EGFP.stop.

7. To generate a control plasmid, pAAV.EGFP.W(as), in which the WPRE is intro-
duced upstream of the CMV promoter in the antisense orientation, so that it is
included in the AAV insert but not in the CMV-driven message, bases 1093–
1684 of WHV8 can be amplified by polymerase chain reaction to yield a product
with AseI restriction sites at each end, using synthetic oligos of sequences
CGCGATTAATAATCAACCTCTGGATTACAAAAT and CGCGATTAAT-
AGGCGGGGAGGCGGCCCAAAGGGA. The PCR product can then be cut with
AseI in buffer 3 and ligated into the AseI site of the psub201.EGFP.stop vector.
Orientation of the insert should be confirmed by sequencing or digestion. All
plasmids in the psub201 vector should be grown in recA' E. coli HB101 to pre-
vent recombination caused by the presence of the inverted terminal repeats.

3.2. Generation of Purified Recombinant AAV Stocks
1. Seed 10 × 10-cm plates with 293 cells in DMEM supplemented with 10% fetal

bovine serum and 1% penicillin-streptamycin-L-glutamine solution so that they
will be at 90–95% confluence at the time of transfection. Allow the cells to
recover at least 24 h after passing and prior to transfection.

2. Change the media on the plates for 10 mL fresh media and place back into the
incubator for at least 1 h to allow for pH stabilization.

3. Prepare the transfection solution. The conditions for each 10-cm plate should be
a total of 25 µg plasmid DNA in a 1:1:3 ratio (psub201.eGFP.stop/WPRE:
rep/cap packaging plasmid: adenovirus helper plasmid). The transfection cocktail
conditions for each plate are then as follows: 5 µg psub201.eGFP.stop/WPRE,
5 µg rep/cap packaging DNA, 15 µg Adenovirus helper plasmid, 60 µL 2.5 M
CaCl2, 440 µL distilled H2O, 500 µL 2X HEPES, for a total volume of 1 mL (16).

4. Add the plasmid DNA to the CaCl2 and H2O, and mix well. In a separate polysty-
rene tube, place the 2X HEPES. Add the CaCl2 mixture drop-wise to the HEPES,
while vortexing. Allow this to sit undisturbed for 5–15 min and monitor the pre-
cipitate formation.

5. Remove 1–2 10-cm plates at a time from the incubator to keep the pH as stable as
possible and add 1 mL of the cocktail to each plate, drop-wise, distributing evenly
over all of the plate and agitating gently to mix into the media. Place the plates
back into the incubator as soon as possible.

6. About 15–20 h posttransfection, remove the media, wash once with PBS, then
add fresh DMEM. Allow the cells to produce virus for 48–72 h.

7. The cells should easily detach from the plate at the time of harvest by pipeting.
Collect in a centrifuge tube and spin the cell suspension in the range of 1500g for
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15–20 min at 4°C. Spinning the cells at too high a g-force can cause the cells to
lyse and release the virus into the media.

8. Remove and save supernatant if further processing is required, and resuspend the
cell pellet in 15 mL 10 mM Tris-HCl, pH 7.6. Store lysate at –80°C, until purifi-
cation of the virus begins.

9. Freeze–thaw the pellet from 10 10-cm plates 3–4×, alternating between an
ethanol/dry ice bath and a 37°C water bath.

10. Spin at 1500g, for 15 min at 4°C.
11. Save the lysate and wash the cellular debris pellet in 10 mL 10 mM Tris-Cl,

pH 7.6. Spin as in previous step.
12. Save the supernatant and combine with the original 15 mL lysate from step 17,

for a total amount of 25 mL lysate. Mix well, and save a 10–100-µL aliquot for
the in vitro assay for rAAV production.

13. Add 2000 U DNaseI and 10 mg/mL RNase A (Ambion), to a final concentration
of 0.2 mg/mL to the lysate and incubate in a 37°C water bath for 30 min.

14. Add 25 mL (equal volume) of saturated 4 M ammonium sulfate to the lysate,
incubate on ice for 20 min and spin at maximum speed for 15 min.

15. Discard supernatant and resuspend pellet in 10 mL HEPES buffered saline (HBS),
pH 7.8. Add and dissolve 6 g CsCl to the resuspended pellet in HBS and place it
into an SW-41Ti centrifuge tube or similar apparatus.

16. Spin gradient at 41,000 rpm, 6°C for 24–48 h. Harvest gradient in 1-mL frac-
tions, and perform an in vitro functional assay and dot blot on each fraction.
rAAV is difficult to produce in titers that will constitute a visible band after ultra-
centrifugation; thus, the need for a diagnostic test for the presence of rAAV
should be established.

17. The in vitro assay consists of 1–2 µL of gradient fractions on 293 cells seeded in
a 6-, 12-, or 24-well plate, in DMEM with 2% fetal bovine serum, in the presence
of adenovirus, at a multiplicity of infection of 2. The cells should be examined
under a fluorescence microscope for GFP expression 24–48 h later.

18. Proceed to combine the positive rAAV fractions, based on the in vitro/dot blot
results for a second SW-41Ti ultracentrifugation. Combine the fractions into one
12-mL ultracentrifuge tube, and fill the tube with a stock of 1.37 g/mL CsCl.

19. Ultracentrifuge the second gradient for 24–48 h at 41,000 rpm, 6°C. The virus
can be more concentrated by allowing the spin to continue longer than 24 h.

20. Harvest the gradient fractions in 1-mL vol, and assay again for the presence of
rAAV.

21. Dialyze the positive fractions against HBS, pH 7.8. Add 10% glycerol, then store
at –80°C. Proceed to determine genomic titers by dot blot, using a kit such as the
HybQuest system (Mirus), according to the manufacturer’s recommendations.
Comparison of the intensity of signals resulting from a known volume of viral
stock to those of a known mass of psub201.EGFP.stop or WPRE plasmid used as
a hybridization control allows the calculation of viral genomes per unit volume
of stock.
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3.3. Transduction of Cells with rAAV
and Quantitation of GFP Expression

1. Seed 10-cm plates with 293 cells in DMEM supplemented with 10% fetal calf
serum so that they will be 30% confluent at the time of transfection. Prior to
transduction, replace the media with DMEM supplemented with 2% fetal calf
serum. The reduced-serum media should be added at a volume just large enough
to cover the cells; 4–6 mL should be sufficient in a 10-cm plate.

2. Add equivalent MOI of the viral stocks with and without the WPRE to their
respective plates, agitating gently. The authors found that the addition of 5000
viral genomes per target cell of stock was sufficient to render more than 90% of
target 293 cells infected. After addition of viral stock, incubate the cells at 37°C
(5% CO2) for 4 h with occasional agitation, after which the media should be supple-
mented with additional fetal calf serum, to bring the serum content up to 10%.

3. Depending on the goals of the experiment, the cells may be harvested and assayed
for transient GFP expression at 48 h following transduction, or they may be
selected in media containing 200 µg/mL G418 (Gibco) for 3–4 wk to establish
stably transduced populations.

4. To prepare for quantification of GFP expression by flow cytometry, wash the
cells once with PBS, and harvest in PBS 5 mM EDTA at a density of approx 2 ×
106 cells/mL. To permit the exclusion of dead cells from the analysis, propidium
iodide may be added to a final concentration of 5 mM.

4. Notes
1. Expression plasmids should be selected using standard criteria for the generation

of fusion proteins with GFP; the plasmid should contain a multiple cloning site 5'
or 3' of GFP as appropriate to allow in-frame insertion of the gene to be studied
within the message. An additional consideration when using the WPRE is that
there must be a restriction enzyme site or sites suitable to allow the insertion of the
600 bp WPRE sequence 3' of the gene of interest and the GFP open reading frames
and their stop codon, but 5' of the polyadenylation sequence for the message.

2. These primers anneal to the first and last 24 bases of the WPRE sequence, encom-
passing bases 1093–1684. Desired restriction enzyme sequences should be
appended to the 5' end of each primer, to allow subsequent subcloning into
expression vectors according to the criteria discussed in Methods.

3. The following general considerations should be taken into account when design-
ing a cloning strategy that incorporates the WPRE into a plasmid expressing GFP
fusion proteins:
a. The WPRE acts at the level of RNA, so it must be included in cis within the

message it is to enhance. The WPRE must be in the sense orientation to function.
b. The WPRE is a roughly 600 base-long sequence; it should thus be inserted 3'

of the GFP fusion protein gene to avoid reducing the efficiency of translation.
Long 5' untranslated regions and structured RNA can reduce expression by
perturbing ribosome function.
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c. In its viral context the WPRE is located 139 bases from the noncanonical
polyadenylation sequence. Constructs that place the WPRE 100–500 bases
from the polyadenytion signal work well.

d. The WPRE should not be translated in order to avoid interference with the
function of the fusion protein of interest. This requires that it be positioned 3'
of the stop codon that terminates the translation of the fusion protein, but 5' of
the polyadenylation signal and related sequences that facilitate the 3' end for-
mation of the message (Fig. 3).

4. The WPRE has been shown by this and other labs to enhance gene expression in
the context of multiple genes, promoters, and polyadenylation sequences. The
degree of enhancement will vary depending on the fusion protein expressed, the
cells used, and other parameters of the expression system.

5. The full-length, functionally defined WPRE encompasses nearly 600 bp. If the
size of the message is an issue, the WPRE sequence may be shortened by delet-
ing bases 1504–1684, to yield a minimally diminished enhancement that varies
by system.

6. If one intends to generate a fusion protein in which GFP is positioned N-terminal
to the protein of interest, it will be useful to consider commercially available
plasmids designed for this purpose. Such plasmids generally contain multiple
cloning sites, following the GFP reading frame, permitting a choice of restriction
enzyme sites sufficient to allow the insertion of the gene of interest and the
WPRE, as well as an artificial stop codon between the gene to be studied and the
WPRE. Such a stop codon can be synthesized with the appropriate overhanging
ends, to take advantage of restriction sites available at this position.
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Construction of Infectious Simian Varicella Virus
Expressing Green Fluorescent Protein

Ravi Mahalingam and Donald H. Gilden

1. Introduction
Determining the precise location of pathogenic events inside living cells is

critical to the understanding of infectious and other biological processes.
Molecular cloning and expression of the green fluorescent protein (GFP) from
the jellyfish Aequorea victoria, which emits bright green fluorescence at 509 nm
(1), has enabled visualization of events within eukaryotic cells. GFP is stable
with minimal photobleaching (1), and the gene-encoding GFP has been modi-
fied to enhance the fluorescence several-fold (2). The authors have used GFP
to label simian varicella virus (SVV) by homologous recombination (3). SVV
infection in primates resembles varicella zoster virus (VZV) infection in
humans, clinically, pathologically, immunologically, and virologically, includ-
ing features of latency in ganglia. VZV causes chickenpox (varicella) in chil-
dren, becomes latent in dorsal root ganglia, and reactivates decades later to
produce shingles (zoster). SVV causes a similar disease in monkeys, enters
ganglia by hematogenous spread (4), and remains latent in their ganglia for the
lifetime of the animal. SVV expressing GFP (SVV-GFP) allows ready identifi-
cation of cells infected with virus, both in vitro and in vivo, and is potentially
useful for further analysis of varicella pathogenesis and latency in experimen-
tally infected animals: such studies are not possible in humans.

2. Materials
1. SVV seronegative African green monkeys, African green monkey kidney cells

(BSC-1), and SVV-infected BSC-1 cells in culture.
2. Restriction enzymes (SacI, SmaI, BamHI, HindIII, NotI and EagI) (Life Tech-

nologies, Bethesda, MD).

28/Mahalingam/341-352/F[4.17.2] 05/02/2002, 12:23 PM341



342 Mahalingam and Gilden

3. Cloned SVV DNA fragments containing the desired sequences.
4. Phenol, phenol–chloroform (1:1), chloroform, ethanol.
5. DNASIS software (Hitachi Software, South San Francisco, CA).
6. TE buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
7. Oligonucleotide primers for polymerase chain reaction (PCR) amplification

(Sigma-Genosys, The Woodlands, TX) are as follows:
Primer Sequence

1 5'-TGTCTGCTTAGGAGATTTTGGC-3'
2 5'-TAAAAAACGTCCTCGGATAGATGCATC-3'
3 5'-CCCGGGAGTGATAAGCGTT-3'
4 5'-CCCGGGGAATATACCGTAAC-3'
5 5'-GATATACCGGACCCATATCCCAACCC-3'
6 5'-GACGGCAGAACAAAACAAAATCCA-3'
7 (32P labeled) 5'-CAACCGGGCTTCTGTTTTATCTTCAA-3'

8. Opti-MEM and Dulbecco’s modified Eagle’s medium (DMEM) (Life Technolo-
gies) lacking serum and antibiotics.

9. DNA plasmids: pGem11Zf (+) vector (Promega, Madison, WI), pRC/RSV plas-
mid (from Invitrogen, Carlsbad, CA), pEGFP-1 vector (enhanced, red-shifted GFP,
from Clontech, Palo Alto, CA), pGem3Z containing an 11.9-kb SVV sequence.

10. Escherichia coli strain HB101.
11. GenecleanII kit (Bio101, Vista, CA).
12. T4 DNA ligase (Life Technologies).
13. T7 DNA polymerase (Life Technologies).
14. Mung bean nuclease (Life Technologies).
15. 90- and 60-mm tissue culture dishes.
16. Lipofectamine transfection reagent (Life Technologies).
17. Orthoplan Universal large-field Leitz fluorescence microscope with a KP490 filter,

2X interference blue excitation filter, and a K530 suppression filter or equivalent.
18. 2% Agarose gel, zetaprobe membrane.
19. 4% Paraformaldehyde.
20. Harris hematoxylin.
21. PBS: 25 mM sodium phosphate, pH 7.5, 150 mM NaCl.
22. TBS: 200 mM Tris-HCl, pH 7.5, 150 mM NaCl.
23. TEN: 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl.
24. Cell sonifier (Heat Systems Ultrasonics, Plainview, NY).
25. Freund’s complete and incomplete adjuvants.
26. Normal monkey liver powder.
27. Normal sheep serum (Sigma).
28. Rabbit anti-SVV antiserum.
29. Normal sheep serum (Sigma).
30. Biotinylated goat antirabbit immunoglobulin (Dako, Carpenteria, CA).
31. Alkaline phosphatase-conjugated streptavidin (Dako).
32. Fuchsin substrate system (Dako).
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3. Methods
3.1. Propagation of SVV in BSC-1 Cells

1. Prepare 60-mm Petri dishes containing BSC-1 cells (50% confluent) in Opti-MEM,
without serum.

2. Infect cells with SVV by co-cultivation at a 3:1 ratio of uninfected to virus-
infected cells.

3. SVV is propagated serially in BSC-1 cells by co-cultivation of infected cells with
uninfected cells at a ratio of 1:4.

3.2. Construction of Recombinant EGFP
with Flanking SVV Sequences

In the protocols below, all restriction enzyme digests of viral and
recombinant DNA (5–10 µg) are carried out at final enzyme concentrations of
50–100 ng/µL, in a reaction volume of 20–100 µL. After a minimum 1 h incu-
bation at the temperature suggested by the enzyme manufacturer, the DNA is
extracted once with phenol, once with phenol–chloroform (1:1), and once with
chloroform. The product is then ethanol-precipitated and dissolved either in
water or TE buffer.

We selected the region between SVV genes US2 and US3 (both located in
the US segment of the SVV genome) to insert the GFP gene (Fig. 1). The actual
site was identified using DNASIS software to rule out hairpins and 3' comple-
mentarity in sequences.

3.2.1. Introduction of a SmaI Site into SVV Sequences by PCR

1. Introduce a SmaI site into a DNA fragment containing a portion of the US seg-
ment of the SVV genome, which includes a part of the US2 open reading frame,
the poly(A) addition signal for US2, the putative promoter (TATA box) for US3,
and part of the US3 open reading frame (Fig. 1).

2. To generate such a DNA fragment, use oligonucleotide primers 1–4 correspond-
ing to known SVV US sequences (5). A BamHI site is present downstream from
primer 1 and a HindIII site upstream from primer 2 (Fig. 1).

3. Primers 3 and 4 are designed with SVV-specific sequences attached at their 3'
and 5' -ends, respectively, and to a SmaI restriction site sequence (GGGCCC).

4. Using DNA from SVV-infected cells with primers 1 and 3, amplify a 578-bp
DNA fragment by PCR. All PCRs are carried out by denaturing for 1 min at
94°C, annealing for 2 min at 55°C, and elongating for 3 min at 72°C, for a total of
34 cycles, as described (6). For the final cycle we used denaturation, annealing,
and elongation times of 1, 2, and 7 min, respectively.

5. Using DNA from SVV-infected cells with primers 2 and 4, amplify a 354-bp
fragment by PCR.
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6. In a third PCR amplification, mix the two PCR products (578- and 354-bp frag-
ments) and primers 1 and 2, to amplify a 936-bp product. The annealing tempera-
ture for the third PCR was 40°C for 2 min for 7 cycles without any primers
followed by 55°C for 2 min for 30 cycles using outside primers 1 and 2.

7. The final 936-bp product had a SmaI site at the desired location. Digest the frag-
ment with BamHI and HindIII to obtain a 735-bp DNA fragment.

8. Likewise, digest pGem11Zf (+) vector with BamHI and HindIII.
9. Ligate the 735-bp PCR fragment to the digested pGem11Zf (+) vector fragment

with T4 DNA ligase using the manufacturer’s instructions.
10. Use the ligation mixture to transform E. coli HB101 cells.
11. Identify the recombinants containing the 735-bp insert, by digestion with BamHI

and HindIII.

3.2.2. Cloning the RSV Promoter into pEGFP-1 Vector
1. Digest the pRC/RSV plasmid with BglII and HindIII, and gel-purify the 398 bp

DNA fragment containing the RSV promoter, using GenecleanII kit.
2. Digest the pEGFP-1 vector with BglII and HindIII.
3. Ligate the 398-bp fragment to the cut EGFP-1 vector with T4 DNA ligase, accord-

ing to the manufacturer’s instructions.

Fig. 1. Construction of a recombinant clone containing RSV-GFP in the US seg-
ment of the SVV genome. The location of the unique long (UL) and unique short (US)
segments bounded by internal and terminal repeat sequences (IRS, TRS, and IRL), the
US2 gene, the poly(A)-addition site for US2, the putative TATA box for the US3 gene,
US3, and primers 1–4, are indicated. The SmaI sequences at the 3'- and 5'- ends of
primers 3 and 4 are shown. pEGFP and pRC/RSV vectors, with the location of BglII
(Bg), HindIII (H), BamHI (B) and SspI (S) restriction sites, are also identified. The
DNA fragment containing RSV-GFP was cloned into the SmaI site. (For optimal, color
representation please see accompanying CD-ROM.)

28/Mahalingam/341-352/F[4.17.2] 05/02/2002, 12:23 PM344



Construction of SVV Expressing GFP 345

4. Use the ligation mixture to transform HB101 cells, and identify recombinants
containing the 398-bp insert, by restriction digest with BglII and HindIII.

3.2.3. Insertion of RSV-GFP-DNA into Generated SmaI Site
1. Digest the recombinant clone described above, with BglII and SspI, and gel-purify

the 1638-bp fragment containing the RSV-EGFP insert.
2. Fill in the ends using T7 DNA polymerase per the manufacturer’s instructions.
3. Digest and dephosphorylate the pGEM11Zf (+) vector containing SVV insert

(described above) with SmaI.
4. Ligate the blunt-ended DNA fragment to the SmaI digested pGEM11Zf (+) vector.
5. Use the ligation mixture to transform HB101 cells.
6. Analyze the resulting recombinants, using BamHI and NcoI digestion. Identify

clones containing the insert in the orientation BamHI-GFP-RSV-HindIII, and 470
and 270 bp of SVV sequences from the US segment of the SVV genome flanking
the 5' and 3' ends, respectively, of the GFP-RSV insert. In this SVV-GFP con-
struct, the RSV promoter is used to drive the expression of GFP. Other promoters
could also be used (see Note 1).

3.2.4. Extension of SVV Sequences Flanking the RSV-GFP
1. Abolish the NotI site and a EagI site (part of the NotI site) located immediately

outside the sequences encoding GFP in the recombinant clone, by linearizing it
with NotI and blunting the ends with mung bean nuclease, per the manufacturer’s
instructions.

2. Religate the DNA and digest with NotI to reduce the background.
3. Use the NotI-digested ligation mixture to transform HB101 cells and select

recombinants that do not contain a NotI site.
4. Digest the recombinant clone with EagI and HindIII and gel-purify a 2377-bp

DNA fragment containing the RSV-GFP sequences.
5. Digest a recombinant clone containing the 11.9-kb SVV BglII-D fragment

(cloned into the unique BamHI site in pGem3Z) with EagI and HindIII and gel-
purify the 9523-bp fragment.

6. Ligate the 9523 bp SVV fragment with the 2377-bp EagI-HindIII fragment
containing the RSV-GFP sequences, effectively increasing the size of SVV
sequences flanking RSV-GFP to 5240 and 6590 bp in the circular recombinant
clone, as shown in Fig. 2. (Note: EagI and HindIII ends cannot religate, since
they have incompatible sticky ends.)

7. Use the ligation mixture to transform HB101, and select recombinants that con-
tain a 13,467-bp insert by restriction digest with BamHI .

3.3. Transfection of SVV-Infected Cells and Selection
of Recombinant SVV Expressing GFP

1. Prepare 60-mm Petri dishes containing BSC-1 cells (50% confluent), and infect
them with SVV by co-cultivation at a 3:1 ratio of uninfected to virus-infected cells.

2. Transfect the cells 2 d later. Add lipofectamine (9 µL) to Opti-MEM (150 µL),
and incubate at room temperature for 45 min. Dilute 1–2 µg (per 60-mm Petri
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dish), of the 16.6-kb recombinant clone containing RSV-GFP, with 150 µL
Opti-MEM, and add this to the lipofectine mixture. Incubate at room temperature
for 15 min, then add 1.2 mL DMEM (without serum or antibiotics) to the
lipofectine–DNA solution.

3. Rinse the cells twice with 5 mL DMEM (without serum or antibiotics), then
replace the DMEM with the Lipofectine-DNA-Opti-MEM mixture (1.5 mL/60-mm
dish). Incubate the cells in the transfection mixture for 16 h at 37°C.

4. Identify cells expressing GFP using a fluorescence microscope.
5. Carefully transfer the foci displaying green fluorescence to 60- or 100-mm Petri

dishes containing monolayers of uninfected BSC-1 cells.
6. Repeat this procedure several times until all cells exhibiting a cytopathic effect

are green under fluorescence illumination light (Figs. 3 and 4; see Notes 2
and 3).

Fig. 2. Extension of SVV sequences flanking RSV-GFP. The location of various
segments of the SVV genome, the SVV BglII-D fragment, and the BglII (Bg), EagI
(Ea), BamHI (B), and HindIII (H) restriction sites, including the NotI (N) site within
the RSV-GFP insert are indicated. The NotI site was mutated, and replaced the EagI-
HindIII fragment in the SVV BglII-D recombinant clone with the EagI-HindIII frag-
ment containing the RSV-GFP insert. The final 13.5-kb recombinant clone contained
RSV-GFP sequences flanked by 5240 and 6590 bp of SVV sequences. Unique BamHI
site is located within the flanking sequences. (For optimal, color representation please
see accompanying CD-ROM.)
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Fig. 3. BSC-1 cells infected with SVV-expressing GFP. SVV-infected cells in tis-
sue culture were transfected with the 13.5-kb recombinant clone containing RSV-GFP
flanked by SVV sequences (Fig. 2). The black arrow shows the cytopathic effect (CPE)
in cells infected with SVV-GFP under normal light (A). The white arrow indicates
green fluorescence in the same area of CPE shown in A (B). (For optimal, color repre-
sentation please see accompanying CD-ROM.)

Fig. 4. Colony purification of SVV-GFP. After the initial transfection of SVV-
infected-cells with the recombinant clone, 50% or less of the infectious centers emit
green fluorescence. Sequential transfer of green fluorescing foci to uninfected cells
produces an increase in infectious centers emitting green fluorescence. (For optimal,
color representation please see accompanying CD-ROM.)
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7. For Southern blot analysis, extract total DNA from SVV-GFP-infected cells, by
lysis in 0.5% SDS and 100 µg/mL proteinase K at room temperature for 16 h.

8. Extract the DNA with phenol, precipitate with ethanol, and dissolve in TE buffer
at concentration of 1 µg/µL.

9. Use 1 ng SVV-GFP in a PCR reaction using primers 5 and 6 (Fig. 5).
10. Separate the products by electrophoresis on a 2% agarose gel, transfer the DNA

to a zetaprobe membrane and hybridize it to an internal 32P-labeled oligonucle-
otide (primer 7).

3.4. Infection of Monkey with SVV-GFP and Processing of Tissue

1. Infect a 3-mo-old SVV-seronegative African green monkey intratracheally with
104 pfu of SVV-GFP.

2. Sacrifice the monkey 7 d later.
3. Fix the lungs in 4% paraformaldehyde, and stain 5-µm sections with Harris hema-

toxylin and eosin and observe by light microscopy (see Note 4).

Fig. 5. PCR analysis of DNA from SVV-GFP-infected cells. Total DNA extracted
from SVV-GFP- and SVV-infected BSC-1 cells was used along with SVV-specific
primers 5 and 6 in PCR amplification. The products were analyzed as described in
Methods, using a 32P-labeled SVV-specific internal oligonucleotide (primer 7). The
location and direction of GFP, RSV, and primers 5, 6, and 7 sequences on the SVV
genome and the sizes of the PCR products, are indicated.
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4. Analyze adjacent, unstained lung with an Orthoplan Universal large-field Leitz
fluorescence microscope using a KP490 filter, 2× interference blue excitation
filter, and a K530 suppression filter (see Fig. 6).

3.5. Preparation of Rabbit Anti-SVV Antiserum
and Immunohistochemistry

1. Prepare 10× 150-mm tissue culture flasks containing BSC-1 cells (50%
confluent), and infect them with SVV, by co-cultivation at a 1:1 ratio of
uninfected to virus-infected cells. Rinse the virus-infected cells with 10 mL TBS
and discard the wash.

2. Scrape the cells into 10 mL TBS, wash once with TBS, and resuspend the pellet
in 3 mL TBS. Sonicate on ice 3× for 15 s.

3. Place the sonicated cells over a 10–50% sucrose gradient in TBS and centrifuge
for 1 h at 150,000g at 4°C. Remove the top and bottom bands, and dilute 10-fold
with TEN.

4. Pellet virions by centrifugation at 275,000g for 1 h at 4°C, then resuspend the
pellet in 1 mL TE buffer.

5. Mix the pelleted virion suspension with an equal volume of Freund’s complete
adjuvant, for subcutaneous inoculation into rabbits. The authors boosted the
rabbits, once every 2 wk for 10 wk, with a mixture of SVV nucleocapsids and
Freund’s incomplete adjuvant.

6. At the end of 10 wk, obtain serum and determine titer of anti-SVV antibodies.
7. Absorb a 1:10 dilution of the rabbit antiserum with normal BSC-1 cells at 37°C

for 1 h and at 4°C for 16 h. Then adsorb the serum with normal monkey liver

Fig. 6. SVV-infected monkey lung. Lung from a 3-mo-old monkey 10 d after
infection with SVV-GFP. Photomicrograph showing necrotizing pneumonitis (arrow-
heads) and destruction of alveolar walls with proteinaceous and hemorrhagic exudate
(arrow). H&E ×175. (A) Green fluorescence under 490 nm ultraviolet light (arrow),
in an area of lung with intact alveoli indicates productive SVV-GFP infection. Alveolar
space (SP) (B). (For optimal, color representation please see accompanying CD-ROM.)
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powder for 30 min at 37°C, and again for 20 h at 4°C. We found that the anti-
serum thus obtained reacted specifically with SVV-infected cells, but not with
uninfected BSC-1 cells.

8. After processing sections to remove paraffin, incubate the sections with a 10%
solution of normal sheep serum for 1 h followed by 1:10,000 dilution of either
normal rabbit serum or rabbit anti-SVV antiserum in PBS for 30 min (both rabbit
sera had been preabsorbed with normal monkey liver powder for 30 min, and
again for 20 h at 4°C).

9. Rinse the sections with PBS.
10. Incubate for 20 min with a 1:300 dilution of biotinylated goat antirabbit IgG in

PBS containing 5% normal sheep serum.
11. Wash 3× with PBS.
12. Incubate for 20 min with a 1:100 dilution of alkaline phosphatase-conjugated

streptavidin.
13. Wash 3× with PBS.
14. Develop the color reaction for 5–30 min with fresh fuchsin substrate system, and

mount sections, using an aqueous medium.

4. Notes
1. Selection of the most effective promoter and location on the target genome are

the two most important criteria for long-term expression. The mouse Moloney

Fig. 7. Immunohistochemistry. SVV-specific antigen is seen in monkey lung with
rabbit anti-SVV antiserum (ANTI-SVV) but not with normal rabbit serum (NRS).
×216. Results in Figs. 6 and 7 were all from adjacent 50-µm sections. (For optimal,
color representation please see accompanying CD-ROM.)
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leukemia virus long terminal repeat (MMLV-LTR) promoter has been used to
drive β-gal at four different locations on the herpes simplex virus type 1 genome.
Carpenter and Stevens (7) observed β-gal expression for 18 mo, when they used
the MMLV-LTR directly upstream from the latency-associated transcript pro-
moter region, and expressed mRNA from the DNA strand opposite to that
expressing latency-associated transcript.

2. For efficient transfection and homologous recombination, Petri dishes contain-
ing different ratios of uninfected to SVV-infected cells should be used.

3. Even after several rounds of colony purification, the recombinant virus may con-
tain small amounts of the wild-type virus. To purify recombinant virus further, a
stock of cell-free virus should be used to infect uninfected cells and to purify foci
displaying green fluorescence as described above.

4. We have noticed that prolonged storage (months) in fixatives such as buffered
formalin or 4% paraformaldehyde reduces the GFP signal in tissues, perhaps
because of the high solubility of GFP in an aqueous environment. Quick-freezing
tissues in OCT, and using frozen sections for GFP analysis, can overcome this
problem. Recently, GFP was detected in frozen sections of rabbit ganglia that
had been fixed in 4% paraformaldehyde at 4°C overnight, and mounted in OCT
compound (8).

5. GFP expression can also be used to study promoter activity. The authors have
recently used GFP expression to identify the promoter sequences for SVV
gene 21 (9).

6. A recombinant virus that expresses GFP (as a fusion to the virus capsid protein)
can be made and used to study virus infection.
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Green Fluorescent Protein in Retroviral Vector
Constructs as Marker and Reporter of Gene
Expression for Cell and Gene Therapy Applications

Nicoletta Eliopoulos and Jacques Galipeau

1. Introduction
The green fluorescent protein (GFP) was first observed in 1962, by

Shimomura et al., as co-existing with the photoprotein, aequorin, purified from
the bioluminescent jellyfish, Aequorea victoria (1a). Aequorin, activated
through complex formation with Ca2+ and the cofactor coelenterazine, emits
blue light that is absorbed by GFP, a 238-amino acid polypeptide. In response
to this energy, GFP emits green light via the excitation of its fluorophore.

The cloning of the GFP gene was reported in 1992 (2). Two groups of inves-
tigators in 1994 (3,4) determined that this cloned GFP gene can be successfully
expressed in a diversity of living beings, other than jellyfish, as assessed by the
production of fluorescence. GFP has a major excitation peak at 395 nm, with a
secondary peak at 475 nm, and an emission spectrum that reaches 508 nm (2,5).
An uncommon and important characteristic of GFP is that it does not necessi-
tate cofactors or substrates for its light-emitting feature (6). Consequently, the
fluorescence of GFP is valuable in a variety of biotechnological purposes, such
as in noninvasive detection in intact living cells and tissues.

GFP mutants have been engineered with enhanced features, compared to the
wild-type GFP, by modifications to its primary structure, facilitating
fluorescence identification in prokaryotic and eukaryotic cells (7). Improved
fluorescence and photostability are achieved with the red-shifted variant
generated by a mutation of amino acid serine at position 65 to threonine (S65T)
(8). The enhanced GFP (EGFP) (Clontech, Palo Alto, CA) with mutations that
include F64L (mutation of Phe64 to Leu), to enhance protein folding, over and
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above mutation S65T, produces yet superior fluorescence (9). EGFP, which
shows an excitation peak at 488 nm and an emission peak at 507–509 nm, is
the GFP variant employed in the procedures described in this chapter.

Genetic reprogramming of cultured cell lines with recombinant DNA is rou-
tinely carried out as a means to decipher the molecular mechanisms of disease.
Gene transfer and expression is a powerful tool that may also be exploited for
therapeutic purposes. Strategies can be devised in which the introduction of
synthetic genetic information will alter the biological behavior and phenotype
of cultured cell lines. If cultured, immortalized cell lines can be engineered,
the same could be done in normal or diseased tissue of patients (10). The devel-
opment of fluorescent reporter transgenes, such as GFP, has markedly
enhanced our ability to track the fate of genetically engineered cells in the
experimental setting. The GFP cDNA may be introduced on its own in target
cells for the expressed purpose of gene marking. With the assumption that GFP-
expressing cells maintain the biological properties of parental cells, marked
cells and their progeny can thereafter be readily identified and their function
and fate observed in vitro and in vivo.

A closely related use of GFP cDNA would involve its expression in tandem
with a second, linked transgene. In this setting, GFP would serve as a genetic
marker, reporter, and selectable agent for engineered cells concurrently
expressing the second, linked transgene. A double gene or bicistronic vector
can be designed by the insertion of the encephalomyocarditis virus internal
ribosomal entry site (IRES) between a therapeutic gene and the GFP reporter
gene (11,12). The expression cassette contains the two cDNAs and a single
promoter, which, in combination with IRES, allows the translation of the two
open reading frames from one mRNA. GFP would permit the noninvasive
assessment of therapeutic gene transfer efficiency since GFP expression would
be easily determined by fluorescence microscopy (3). Alternatively, GFP/
transgene fusion proteins can be devised, although functional integrity of the
fusion protein needs to be validated, a step unnecessary in bicistronic con-
structs, in which the second linked transgene is expressed in its native form.

Genetic engineering consists of three components: target cells, synthetic
genetic information, and delivery vehicle. In cell biology, and especially in
gene therapy applications, transgene delivery often remains the most impor-
tant variable for high-efficiency gene transfer. Various kinds of vectors are
used for gene transfer into target cells. Although there is considerable research
on expression vectors, an ideal vector does not yet exist.

Each method of gene delivery has advantages and disadvantages. Alterna-
tive gene delivery methods include transfection of naked plasmid DNA and the
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use of replication-defective viral vectors. Transfection of traditional eukary-
otic expression vectors into cultured cells is usually inefficient, requiring pro-
longed drug selection to enrich for engineered cells. Viral vectors, such as
adenovectors and retrovectors, will readily transduce cultured cells and are the
means of choice for high-efficiency engineering of normal primary cells.

A variety of commercially available, GFP-expressing adenovectors are cur-
rently marketed. They are characterized by broad tissue and species tropism,
high titers, and, usually, high levels of expression (13). Adenovectors do not
integrate in the genome of the target cells. If the engineered cells proliferate
subsequent to viral gene transfer, the number of replication-defective
adenovectors per cell will decrease as cells multiply and reporter expression
will be lost. If long-term expression in proliferating cultured or primary cells is
sought, integrating vectors, such as murine oncoretrovectors or lentiviral vec-
tors, are more desirable (14,15).

For experimental work, the authors have chosen to use a retroviral vector for
gene transfer. The advantages of employing retroviral vectors include the sim-
plicity of their genetic architecture, the size of the gene of interest (up to ~9 kb)
that can be inserted, and the efficiency of gene transfer into target cells. More-
over, the foreign gene stably integrates into the chromosomal DNA of the host
cell, and subsequently into progeny cells, and these vectors may evoke, if any,
only a minor immune response in the host (16–19).

The disadvantages and risks associated with the use of retroviral vectors
encompass their capacity to infect only cells actively dividing, their suscepti-
bility to inactivation by serum complement, the risk of replication-competent
virus arising in large-scale preparations of retroviral vectors, their inability to
infect certain cell types which may result from the absence of specific recep-
tors on these target cells, and considering that retroviral particles are generated
in cell culture, that some cellular contaminants may thus coexist (10,16–21). In
addition, the integration of the retrovirally transferred gene into the host cell
genome is random and consequently there is theoretical risk of insertional
mutagenesis.

This chapter outlines the methodology for cloning therapeutic genes into
retroviral vectors comprising the GFP, the transient and stable transfection of
resulting constructs into retroviral packaging cell lines, the titering of infec-
tious retroviral particles produced, and the stable gene transfer by transduction
of target cell lines and primary cells. Also discussed are the methods of detec-
tion and measurement of GFP expression, and the isolation by fluorescence
activated cell sorting (FACS) of high transgene-expressing genetically engi-
neered cells.
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2. Materials
1. Restriction enzymes and buffers (Pharmacia, Baie d’Urfe, PQ).
2. Retroviral vector plasmid DNA, such as AP2 (22).
3. T4 DNA ligase and buffer (Gibco-BRL, Gaithersburg, MD).
4. Large fragment of DNA polymerase I, buffer, and deoxynucleoside triphosphate

(Gibco-BRL).
5. Agarose, Tris-borate EDTA (TBE) 1X buffer; ethidium bromide: 10 mg/mL stock

solution.
6. QiaQuick Gel Extraction Kit (Qiagen, Mississauga, ON).
7. Luria-Bertoni (LB) broth, LB agar, and ampicillin: 50 mg/mL in distilled water

as a 1000X stock solution.
8. QIAquick Spin Miniprep Kit (Qiagen).
9. Phosphate buffered saline (PBS) (Gibco-BRL).

10. Trypsin solution : 0.05% trypsin and 0.53 mM EDTA (Wisent, St. Bruno, PQ).
11. Cell culture media (DMEM) (Wisent). The authors recommend using media,

PBS, and trypsin following warming at 37°C or at room temperature.
12. Fetal bovine serum (FBS) (Wisent), heat-inactivated: Aliquot, and store at –20°C.
13. Penicillin/streptomycin (Pen/Strep) (Wisent): 50 U/mL penicillin and 50 µg/mL

streptomycin.
14. Retrovirus packaging cell lines, such as GP+E86, and GP+envAM12 (23,24).
15. Sodium acetate: 2 M solution maintained at room temperature.
16. Glycogen (Gibco-BRL): 20 mg/mL stock solution at –20°C.
17. Drug resistance plasmid for co-transfection and the corresponding agent for selec-

tion. For instance, pJ6Ωbleo (25) generously provided by Richard C. Mulligan
(Children’s Hospital, Boston, MA), and Zeocin (Invitrogen, San Diego, CA):
100 mg/mL stock solution.

18. Lipofectamine (Gibco-BRL): 2 mg/mL stock solution, and polybrene (Sigma,
St. Louis, MO): 6 mg/mL stock 1000X solution prepared in distilled water, and
stored at 4°C for up to ~1 mo, or at –20°C, good for several months.

19. Target cell lines (NIH3T3 from American Type Culture Collection [ATCC]).
20. Polypropylene round-bottomed tubes (5 mL), 12 × 75 mm (Falcon, VWR Canlab,

Mississauga, ON).
21. Low-protein binding filters (0.45 µm) (Gelman, Ann Arbor, MI), 10 and 20 mL

syringes, and 18, 21, and 25 gage needles (Beckton Dickinson, Missis-
sauga, ON).

22. Fluorescence microscope (inverted preferred) and flow cytometry apparatus.
23. Trypan blue (Gibco-BRL).
24. Mice (C57Bl/6) and/or rats (Lewis).
25. Dissection instruments.
26. 3% paraformaldehyde: Store at –20°C.
27. 22-mm square microscope cover glasses (Corning, Cambridge, MA).
28. Precleaned frosted-end microscope slides (Fisher, Nepean, ON).
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3. Methods
3.1. Cloning of Therapeutic Genes
into GFP-Encoding Retroviral Vector Plasmids

Bicistronic plasmid retroviral expression vectors, incorporating GFP and
yellow fluorescent protein, have been reported, and are commercially avail-
able (Clontech). This laboratory has designed a bicistronic MSCV/MFG hybrid
retrovector plasmid, primarily MSCV-derived, termed “AP2” (Fig. 1; 22). This
construct can express the EGFP reporter gene unaccompanied, or concomitant
with, an inserted cDNA upstream of an IRES, and by means of a cytomega-
lovirus promoter in transfected cells and long terminal repeat (LTR) promoter
element in transduced cells.

For the introduction of a transgene cDNA into the bicistronic AP2 back-
bone, a cloning strategy must be devised based on the restriction enzyme maps
of the AP2 plasmid and of the construct encompassing the desired cDNA.
Whenever feasible, generate compatible ends by selecting enzymes that cleave
once or twice in the multiple cloning site of AP2 and near the perimeters of the
coding region of the sought gene excluding its polyadenylation signal. Final
construct will be structured as follows: promoter-cDNA-IRES-GFP-LTR.
Penultimately, transfected and retrovirally transduced cells will express a
bicistronic mRNA structured as follows: 5' cap-cDNA-IRES-GFP-poly(A).
The level of GFP translation is dependent on the IRES, which in turn can be
influenced by the secondary structure conferred to the whole RNA molecule
by the cDNA sequence (26). Hence, different AP2-derived constructs will lead
to varying levels of GFP expression. Yet, in the authors’ experience, virtually
all AP2-derived constructs will express GFP at a level detectable by FACS,
although some may not be detectable by fluorescence microscopy (which the
authors find to be much less sensitive for GFP detection). Therefore, when
possible, FACS analysis is utilized to measure GFP expression derived from
these constructs, although, often, fluorescence microscopy alone will suffice.

1. Execute a restriction enzyme digest of >1 µg of each of vector, and of insert-
containing plasmid DNA. Utilize 1–3 U enzyme(s)/µg DNA/h at 37°C (or at
other temperature required for a particular enzyme).

2. Subsequently, terminate the enzymatic activity as recommended for the enzyme(s)
used and as instructed on the specific manufacturer’s information sheet.

3. Proceed, if required for the particular cloning strategy, with the ensuing DNA
modifications, to generate compatible ends.

4. Perform agarose gel electrophoresis of the restriction-enzyme-digested DNA
samples, including nondigested DNA as control for comparison purposes, to
reveal the completion of the cleavage reactions.
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5. Using a scalpel, harvest from the gel the desired bands, corresponding to the
vector and insert fragments. Maneuver expeditiously, with adequate skin and eye
protection and over low-intensity ultraviolet radiation, in order to minimize con-
sequent DNA damage.

6. Purify the DNA from the gel slices by employing e.g., the QiaQuick Gel Extrac-
tion Kit (Qiagen), and quantitate the resulting DNA.

7. Ligate the vector to the insert in accordance with the T4 DNA ligase
manufacturer’s protocol. Prepare several ligation reactions comprising, initially,
40 ng vector, with a 3, 5, and 10 molar excess of insert, and also taking into
account the dissimilar fragment sizes (see Note 1).

8. Transform DH5α-competent bacteria (subcloning efficiency or maximum effi-
ciency) (Gibco-BRL), as indicated on information leaflet. For cloning realized
with the AP2 vector, spread bacteria on LB agar plates containing ampicillin at a
final concentration of 50 µg/mL. Position plates inverted in a 37°C incubator.

9. The following day, touch emerged colonies, such as with sterile toothpicks, and
release them into tubes (14-mL polypropylene tubes [Falcon]), containing 4 mL
LB broth and 50 µg/mL ampicillin (see Note 2). Place tubes at 37°C for ~12 h
with ~200 rpm shaking.

10. Isolate plasmid DNA from 2 mL of each bacterial culture, utilizing, e.g., the
QiaQuick Spin Miniprep Kit (Qiagen). Aliquot the resulting DNA and store
at –20°C.

11. Confirm correct sequence of the recombinant constructs by a series of restriction
enzyme digests and later, by DNA sequencing.

12. Once the DNA is validated, prepare 15% glycerol stocks of the remaining 2 mL
bacterial culture, freeze rapidly as in a bath of dry ice and ethanol, and store
at –80°C.

Fig. 1. Schematic representation of the AP2 retroviral construct. The bicistronic
vector contains a multiple cloning site, and the EGFP reporter separated by an IRES.
The CMV promoter drives transgene expression in cells transfected with the retroviral
plasmid; the LTR controls expression in cells transduced (or infected) with the
retroviral particles derived from producer cell lines. (Also on CD-ROM.)
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3.2. Stable Transfection of Retroviral Packaging Cells
with Retroviral Expression Vectors Containing GFP

Infectious retroviral particles can be generated with the use of retroviral
packaging cell lines (27). These cell lines have been engineered to express all
the protein components of a retroparticle (Gag, Pol, and Env), except for the
RNA viral genome. Transfection of these packaging cells with a retroviral
expression vector construct, bearing the necessary retroviral cis-acting
sequences (such as the packaging signal, polypurine tract and a LTR), leads to
a retroviral producer cell line. The possibility of recombination between the
vector and the helper viral genome present in packaging cells has been lowered
by the utilization of the packaging cells in which the genome of the helper
virus is divided on two separate plasmids (23,24,28). From these retroviral
producer cells, retroviral particles budding from the cell membrane will bear
two (+) single stranded RNA viral genomes derived from the retroviral
expression vector construct. The released retroparticles can be collected and
subsequently utilized for gene transfer experiments. Packaging cell lines are
defined by the retroviral envelope protein they express, which in turn dictates
the species tropism of sythesized retroparticles. The ATCC provides at least
four packaging cell lines, including: GP+E86 (ecotropic, useful for gene trans-
fer in murine cells only), GP+envAM12 and PA317 (amphotropic, useful for
gene transfer in most mammalian species, including mice), and PG13 (useful
for gene transfer in some mammalian species, excluding mice). Other retroviral
packaging cell lines can be obtained directly from investigators or from commer-
cial sources. GFP expressing retrovectors have significant added benefit when
the isolation of retroviral producer cells is feasible by cell sorting (based on green
fluorescence), and where measurement of retroviral titer can be easily done
with a straightforward cytometry-based assay as described in Subheading 3.5.

Although generally employing lipid-mediated transfection, we have had suc-
cess as well with the calcium phosphate protocol of transfection. This proce-
dure is described with ecotropic GP+E86 packaging cells. GP+E86 cells stably
transfected with a retroviral expression vector such as AP2 will continuously
produce infectious retroviral particles. Described below is a detailed transfec-
tion protocol to generate retroviral producer cells:

1. Prepare the retroviral plasmid DNA for stable transfection into GP+E86 cells by
linearizing 10 µg with a restriction enzyme that cleaves only in the plasmid
backbone and not in the region confined by the 5' and 3' promoters (see Note 3).

2. Precipitate the linearized DNA, by adding to it in an Eppendorf tube, one-tenth vol
2 M sodium acetate, 2 vol 100% ethanol, and 1 µL glycogen (stock: 20 mg/mL).
Mix and place at –20°C for a sufficient minimum of 1 h.
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3. Pellet the DNA in a microcentrifuge at maximum speed for 15 min at a recom-
mended but not essential temperature of 4°C.

4. Decant the supernatant, air-dry the pellet ~5 min and resuspend the DNA in
300 µL DMEM without serum. Withhold 10 µL for agarose gel electrophoresis
to ascertain successful linearization of the DNA.

5. 1 d prior to transfection, plate GP+E86 cells at a cell density of 500,000 cells in
3 mL complete media (DMEM supplemented with 10% FBS and 50 U/mL Pen/
Strep), in each of two 60-mm tissue culture plates, one to serve for the nontrans-
fected control and one for the transfection.

6. For the reason that selection of stably transfected cells is desired, co-transfection
with a drug-resistance plasmid is imperative. In the tube holding the resuspended
DNA, add 1 µg (i.e., 10-fold less) of a drug-resistance plasmid such as pJ6ΩBleo
(25), or any other drug selection plasmid that would be suitable.

7. In a separate Eppendorf tube, mix without vortexing, 25 µL lipofectamine
Reagent (Gibco-BRL) with 275 µL DMEM.

8. Combine the DNA and the Lipofectamine solutions from the two tubes into one
15-mL-capacity sterile tube, swirl gently to mix and incubate at room tempera-
ture for 30 min.

9. Blend 2.4 mL DMEM into the 600 µL DNA–Lipofectamine mixture, and dispose
over one 60-mm plate of packaging cells previously rinsed with serum-free media.

10. Place cells in a humidified 37°C incubator with 5% CO2 for 6–8 h.
11. In the aftermath, add 2 mL complete media to cells, and return them to the incubator.
12. The following day, dissociate using trypsin solution, both the transfected and the

control cells from the 60-mm plates, resuspend in ~25 mL complete media and
replate each in one 150-mm plate.

13. 2 d later, when peak level of GFP expression is expected, commence drug
selection of stable transfectants. Aspirate the media from the control and the
transfected cells and replace with complete media containing selection drug
(see Note 4).

14. Replace the media every 3–4 d with fresh drug-containing complete media up to
the end of selection, i.e., until the nontransfected control cells have all succumbed
from drug toxicity (~3–4 wk). Throughout this period, cells may necessitate pas-
saging, if overconfluency is reached.

15. Colonies of stable transfectants may have arisen, and those containing the
retroviral vector will be readily recognizable by the expression of GFP. If single
colonies cannot be discerned, and are sought, plate cells at a low density. For
the generation of monoclonal populations of virus-producing cells, pick colonies
using, e.g., sterile cloning cylinders or, utilize, based on GFP expression, FACS
(see Subheading 3.8.).

16. For a polyclonal population of stable transfectants, simply trypsinize and replate,
consequently pooling all cells and colonies.

17. Subject monoclonal or polyclonal cell populations to flow cytometry analysis for
GFP expression (see Note 5). Producers may be sorted based on GFP fluores-
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cence if the proportion of GFP positive cells or the mean intensity of expression is
lower than optimal or desired (see Subheading 3.9. and Fig. 2). We recommend a
population of at least 50% GFP-positive cells for virus harvesting and utilization.

18. Freeze, as soon as possible, the virus-producing cell lines generated, in many
vials and at various instances. Early-passage cells should be mostly utilized for
frozen stock preparations.

3.3. Transient Transfection of Retroviral Packaging Cell Line
with GFP-Encoding Plasmids

Small quantities of retrovector can be generated quickly by transient
transfection of retroviral packaging cells. Supernatant from the transiently trans-
fected producer cells will contain retroviral particles in the 48–72 h following
transfection. Retroparticle production is usually self-limited to no more than a
few days, and is usually 1–2 orders of magnitude less than seen in stably trans-
duced producers. This protocol comprises steps 4–12 of  Subheading 3.2. It is
essentially identical except for the variations listed below.

1. The plasmid construct need not be linearized.
2. A drug-resistance plasmid is not utilized, since it is only required for the selec-

tion of stable transfectants.
3. To transduce cells, the viral supernatant is employed at 48–72 h posttransfection.

Fig. 2. Flow cytometry analysis of GFP expression in AP2 stably transfected
GP+E86 retrovirus-producing cells (AP2-GP+E86 cells), following dominant
selection by cell sorting. Left, unsorted AP2-GP+E86 retroviral producers. Right,
sorted producers. The percent GFP-positive cells is indicated in upper right of panel.
(Also on CD-ROM.)
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3.4. Harvesting of Retroviral Particles Generated
by Virus Producing Cells

Budding retroviral particles are released continuously in the culture media
overlaying the retroviral producer cells. These distribute randomly in the
media. Media enriched with particles can be used “as is,” to gene-modify target
cells. However, free-floating cells and subcellular debris must be removed from
retroviral supernant prior to use on target cells.

1. Plate retroviral producer cells in a 10-cm tissue culture plate. When over 80%
confluent, replace the media with a lower volume of complete media (~6 mL),
thus enhancing the concentration of the released retrovirus.

2. The next day, collect and pass the virus-containing media through a syringe-
mounted 0.45-µm, low-protein-binding filter so as to remove any cells or cellular
debris present. Retroparticles have a diameter of ~100 nm, and will not be affected
by filter process.

3. Place complete media over the producers and repeat previous step 10–24 h later,
for subsequent transduction round.

4. For the genetic engineering of target cells, utilize viral supernatant immediately
(see Subheading 3.6.), or store at –20°C for later use. Repeat freeze–thaw cycles
will inactivate a substantial amount of retroviral particles and are not recom-
mended. Transduction efficiency is greatest when the retroparticles from GP+E86
or GP+envAM12 cells are employed at time of harvest.

3.5. Assay for Titer Determination of Viral Particles Based
on GFP Expression in Target Cells

A polyclonal population of stably transfected GP+E86 producer cells will
continuously generate retroparticles. The amount of retroparticles made
(titer) will be dependent on many variables, including retrovector RNA
stability, volume:surface area ratio of media/producer cells, and confluency
of producer cells in tissue culture plate. In most instances, subconfluent cells
(~80%) with ~1 mL media/cm2 surface area of adherent cells will yield a titer
range of 0.5–15 × 105 infectious retroparticles/mL. The GFP reporter incor-
porated in retroviral constructs greatly facilitates the measurement of titer
and a method utilizing flow cytometric analysis is described below. For
titering the ecotropic GP+E86 producer, NIH3T3 murine fibroblast cells may
be utilized.

1. Plate target cells (NIH3T3 or A549) in each well of two 6-well plates, at a density
of 1.5–4 × 104 cells in DMEM + 10% FBS + 50 U/mL Pen/Strep.

2. The next day, just preceding transduction, enumerate cells in two wells, and
calculate the average, to provide the approximate number of cells/well at time of
virus addition.
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3. For transduction, aspirate the media from eight other wells, and add the following
amounts of viral supernatant diluted in complete media in a final volume of
1 mL/well, and in the presence of polybrene or lipofectamine at a final concen-
tration of 6 µg/mL: 1000, 100, 10, 5, 1, 0.5, 0.1, and 0 µL for the control well.

4. The next day, add 2 mL complete media to each well.
5. 2 d later, corresponding to 72 h since virus addition and when GFP expression

has reached maximum levels, visualize cells using a fluorescence microscope to
estimate transduction efficiency.

6. For a precise quantitation of the percentage of GFP-positive cells, trypsinize cells
in each well, resuspend in media, position half in tubes (e.g., 5 mL polypropylene
tubes [Falcon]), and analyze by flow cytometry. Figure 3 illustrates the flow
cytometry read-out for titer determination of AP2-GP+E86 stable transfectants.

7. Calculate the titer with the equation below by considering the dilution of virus
that leads to 10–50% of cells expressing GFP (see Note 6).

[(Percentage GFP-positive cells) × (Number of cells at time
of transduction)]/(Volume of virus added in mL)

3.6. Transduction of Cell Lines and/or Primary Cells
with GFP-Expressing Retroviral Particles In Vitro

Replication-defective retroparticles will adhere and fuse to target cells
expressing the appropriate retroviral receptor. In the hour following fusion,
reverse transcription of the retroviral RNA to DNA will occur and the integra-
tion complex consisting of retroviral DNA and the Pol protein will remain in
the cytoplasm. The integration complex is incapable of penetrating the intact
nuclear membrane and will remain transcriptionally silent. If, in the 8–12 h
following fusion, the target cell undergoes mitosis, the integration complex
will access the genomic DNA and integrate. Transcription of the retroviral vec-
tor will then follow in a continuous manner as dictated by the cluster of
enhancer elements contained within the LTR (29,30). Retroviral vectors are
very good at transducing cycling cells with efficiencies approaching 100% if
the ratio of viral particles to target cells is >1. This high-efficiency gene transfer
is particularly useful if the goal is to genetically engineer short-lived cycling
cells, such as normal primary cells, in which long-term drug selection is not
feasible or desirable. The added benefit of incorporating the GFP reporter as
part of the retroviral construct is the unambiguous confirmation and
identification of gene-modified cells. Further, since retrovectors integrate in
the genome of target cells, all daughter cells arising from subsequent mitosis
will also bear the synthetic retroviral expression vector, (a desirable feature, if
one seeks to establish a transgenic cell line). The following details the use of
retroviral particles for gene transfer into generic immortalized murine cell lines
commonly used in cell biology applications, and an example of gene transfer
into primary rodent bone marrow stromal tissue is also given.

29/Eliopoulos/353-371/F[4.15.2] 05/02/2002, 12:27 PM363



364
E

liopoulos and G
alipeau

364

Fig. 3. Titer determination of AP2-GP+E86 producers by flow cytometry evaluation of GFP fluorescence. Left, Untransduced
NIH3T3 mouse fibroblast cells and gene-modified 3T3 cells generated by exposure to 100, 10, 5, and 1 µL, respectively, of media
containing AP2 retroviral particles. GFP expression was evaluated 72 h posttransduction. The percent GFP-positive cells is shown,
and titer was assessed, based on the dilution giving GFP-expression ranging between 10 and 50% (see Note 6). (Also on CD-ROM.)
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3.6.1. Adherent Cell Lines

This procedure is similar in principle to that utilized to determine the titer of
virus-producing cells.

1. Plate target cells in a 10-cm tissue culture plate. Once cells are ~60% confluent,
aspirate the media, and replace with viral supernatant freshly harvested from
GP+E86 or GP+envAM12 producers (depending on target cell type). Cell
division is required for retrovirus integration. Hence, if target cells are too
confluent or if contact inhibition occurs, gene transfer is lessened.

2. Add polybrene or lipofectamine for a final concentration of 6 µg/mL to enhance
transduction efficiency. However, these agents may exert some toxicity on certain
cell types although the authors have not yet encountered any serious occurrence
of this phenomenon.

3. Repeat the procedure once (or twice) a day for 3 consecutive d (see Note 7).
4. 1 d after the final round of transduction, discard the added viral supernatant, rinse

cells twice with media and expose to fresh complete media.
5. 2 d later, visualize transduced cells by fluorescence microscopy to detect GFP

and evaluate gene-transfer efficiency through flow cytometry analysis for GFP
expression.

6. Continue the transduction (steps 2 and 3 above) if high gene-transfer efficiency
is not yet achieved.

3.6.2. Rodent Primary Bone Marrow Stromal Cells

Marrow stromal cells are a primary cell type that can be harvested and
maintained in culture for many weeks. They proliferate well, and are highly
receptive to retroviral gene transfer (31). Fibroblasts, hematopoietic precursors,
and lymphocytes are also primary cells reported to be susceptible to retroviral
gene transfer. Described below is a methodology we have developed for
stromal cell retroviral gene transfer.

1. Sacrifice mouse or rat, and collect bone marrow cells by flushing the hind leg
femurs and tibias with DMEM supplemented with 10% FBS and 50 U/mL Pen/
Strep utilizing a needle (25- or 21-gauge, for mouse or rat, respectively) mounted
syringe.

2. Prepare a single-cell suspension by multiple (5–10) passages through a needle
(21- or 18-gage)-mounted syringe.

3. Plate mouse marrow in four 10-cm tissue culture dishes, and rat marrow in four
175-cm2 flasks, in complete media, and incubate at 37°C with 5% CO2.

4. 5 d later, discard the nonadherent hematopoietic cells, trypsinize the stromal cells
and replate in an equivalent number of plates or flasks (see Note 8). Rinse the
cells with PBS prior to applying trypsin solution (0.05% trypsin, 0.53 mM EDTA)
for ~4 min.
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5. The following day, twice a day (~8–10 h intervals) for 3 consecutive d, replace
the media over the stromal cells with viral supernatant.

6. For each round of transduction, add lipofectamine for a final concentration of
6 µg/mL. We have obtained significantly enhanced gene-transfer efficiencies
in marrow stroma with the inclusion of lipofectamine.

7. 3 d after transduction completion, evaluate cells for GFP expression, and, if
superior results are desired, repeat steps 5 and 6. Figure 4 illustrates the GFP
fluorescence in mouse bone marrow stromal cells, generated by transduction with
retroparticles twice per day for 3 consecutive d and for each of 3 wk.

3.7. Fluorescence Microscopy for Noninvasive Detection
of GFP Expression in Intact Cells

Often, the simplest way to determine GFP expression is by visualization of
live cells directly from the incubator using an inverted fluorescence micro-
scope equipped with a mercury lamp for GFP excitation, thereby not demand-
ing plating of cells on glass cover slips and their fixation (32). For visualization
of GFP expression, ample excitation light is critical, in order to yield an easily
perceivable fluorescence signal. Although novel filter sets exist, which are con-
ceived especially for optimal GFP detection, GFP can be readily seen by using
a standard fluorescein isothiacyanate (FITC) filter set if the extent of gene
expression is sufficient as has been the case in this lab (9,33). A beneficial
aspect of GFP is its utilization in living cells as a real-time reporter. Of
significance for superior detectability of GFP, is to enhance the intensity of the
GFP signal and diminish the greenish yellow background signal of cellular
autofluorescence. The methods by which this may be achieved encompass

Fig. 4. GFP expression in murine bone marrow stromal cells transduced with
retroviral particles from AP2-GP+E86 producers. (A) Nontransduced marrow stroma.
(B) AP2-transduced stromal cells. The percent GFP-positive cells is indicated in top
right of panels. Identical settings were employed for both test samples. (C) Fluores-
cence microscopy analysis of GFP expression in mouse marrow stroma. Photomicro-
graph exposure time utilized was 50 ms, and magnification is ×400. (For optimal,
color representation please see accompanying CD-ROM.)

29/Eliopoulos/353-371/F[4.15.2] 05/02/2002, 12:27 PM366



GFP in Retroviral Constructs 367

utilizing a wavelength of excitation that reduces autofluorescence, employing
a narrower bandpass emission filter using the GFP variant best-suited for a
sample (33).

Cell culture media may cause autofluorescence and thus some investigators
have reported discarding and replacing the media with PBS prior to assessing
fluorescence with an inverted microscope (32). The phenol red that is included
in numerous growth media has been found to interfere with GFP fluorescence
(34). Nevertheless, our experience has been to view the cells primarily with
their media.

GFP brightness is influenced by pH. The S65T and F64L GFP variant has a
stronger, more intense fluorescence signal at pH 7.0 vs pH 6.0 (33,35). Another
major obstacle in fluorescence microscopy is photobleaching, which although
not of principal importance here, because of the low rate of GFP photobleach-
ing, it can nonetheless restrict the intensity of the GFP signal achieved (33).

GFP not only fluoresces in live cells and tissues, but also after fixation with
glutaraldehyde or formaldehyde (1,3). Sometimes, however, fixation may
extinguish GFP fluorescence by possible protein denaturation caused by utili-
zation of strong organic solvents, high acidity of the fixative solution, or
lengthy exposures (1,35a). The authors have had problems visualizing the GFP
signal in glutaraldehyde-fixed cells, especially in fixed tissue sections, and
therefore recommend the exploration of numerous fixation conditions for one
deemed satisfactory.

We have observed that GFP-expressing cells well withstand the following
method of fixation.

1. Place a sterile 22-mm square microscope cover glass (Corning) into a 35-mm
tissue culture plate.

2. Plate cells over cover glass and once subconfluency is attained, rinse cells 3× with
PBS and expose to 2 mL 3% paraformaldehyde for 15 min at room temperature.

3. Remove the paraformaldehyde and wash cells 3× with PBS.
4. Using forceps, carefully lift the cover glass, and drop ~50 µL 37°C warmed

gelvatol over cells.
5. Mount cover glass onto a microscope slide such as precleaned frosted-end slides

(Fisher).
6. Visualize or photograph cells under fluorescence microscopy.

3.8. Flow Cytometry Analysis and FACS
of Gene-Modified Cells, Based on GFP Expression

Flow cytometry analysis for assessment of the proportion of GFP-positive
cells, and of their level of fluorescence is useful in gene transfer strategies. The
brighter variants of GFP, such as EGFP, generate a sufficient degree of fluo-
rescent signal to serve as selectable markers with flow cytometry and cell sort-
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ing (7). As shown in Fig. 4, stromal cells transduced with EGFP-containing
retroparticles (AP2) are discernable by the level of GFP expression from the
unmodified controls.

By FACS, cells genetically engineered with recombinant retroviruses con-
taining on a bicistronic construct the genes for a therapeutic protein and GFP
may be selected for those expressing GFP. Moreover, these genetically engi-
neered cells may be selected noninvasively for those displaying the desired
intensity of GFP fluorescence, because it is expected to be proportional to the
degree of therapeutic gene product expression in these cells (7). Figure 2 dis-
plays the flow cytometry analysis of GFP expression in stably transfected vi-
rus-producers, prior to and subsequent to FACS.

An important application of FACS is as a means to obtain single clones of
GFP-expressing stable, virus-producing cells other than picking colonies using
cloning cylinders (32,36). We have succeeded in generating stable GFP-
expressing producers with this method, which places one highly fluorescent
cell from a heterogeneous population into each well of a 96-well plate in which
150 µL complete media has been previously placed. 1–3 wk later, adding fresh
media once per week, populations of cells were noted in over 25% of the wells.

4. Notes
1. The quantity of insert relative to vector to be utilized in a ligation reaction may

be calculated based on the following equation:

Amount of insert = (Size of insert/Size of vector in base pairs) ×
Molar excess of insert × Amount of vector

For example, for 40 ng 6700-bp vector and a 3-molar excess of an insert
of 700 bp, 12 ng insert is required for the ligation.

2. If no colonies or incorrect constructs are obtained following transformation of
the recombinant plasmid DNA into bacteria, it may be wise to repeat the ligation
procedure using higher amounts of vector and insert, in addition to different ratios
of the fragments.

3. Linearization of the plasmid DNA prior to transfection is not absolutely neces-
sary since it will occur automatically, although randomly, for its integration into
the host genome. This step accords certain control over the way the proviral DNA
will integrate into the chromosomal DNA of the host cell.

4. The media used for drug selection of transfected cells varies according to a marker
plasmid co-transfected with the GFP-containing construct or to a selectable
marker existing on the plasmid vector. Moreover, the concentration of drug uti-
lized for drug selection is a factor of the sensitivity of the particular unmodified
cells to the cytotoxicity of the agent (32). Consequently, we deem it important to
expose in parallel with genetically engineered cells untransfected cells to the same
selective media to confirm an earlier assessment of drug concentration and expo-
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sure duration for cell eradication and to indicate the completion of the drug selec-
tion process. If many cells are still alive in the control plate after 4 wk of drug
exposure, selection may not be complete, because of high cell density, which
would have necessitated higher drug exposure.

5. GFP, particularly in mammalian cells, appears to necessitate a powerful promoter
to permit a level of gene expression adequate for detection. Vectors utilizing the
CMV promoter are, in the majority of cells, well-expressed. Numerous variables
influence the extent of expression and detectability of GFP (1). For instance,
there will certainly be a higher amount of protein produced in a cell that contains
many copies of the GFP gene and more powerful transcriptional promoters and
enhancers controlling transcription.

6. For instance, for the titer determination of AP2-GP+E86 stable transfectants, a
circumstance in which 5 µL viral supernatant transduced 44% of cells, numbered
at 17,500 cells/well at time of virus addition, as determined by GFP expression
(Fig. 3), the titer of these producers is ~1.5 × 106 infectious particles/mL volume

0.44 × 17,500 cells/ 0.005 mL virus

7. Primary cells, much more so than cell lines, often require a multiplicity of infec-
tion of >50 infectious particles/target cell. An alternative is to expose cells to
virus for several days, and even twice per day (8–12 h interval), if possible. Some
cell types tolerate virus exposure more than others. It is therefore recommended
to monitor cells, in order to estimate the number of times they may be subjected
to a transduction round.

8. Working with stroma we have observed that, following trypsinization and
replating of marrow stromal cells in a same-size plate, the transduction efficiency
is greater, and probably results from enhanced cell distribution of colonies arisen
in the 5 d after marrow harvest by dissociation.
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