Preface

It has been just seven years since Volumes 273 and 274 of Methods in Enzy-
mology, which covered RNA polymerase and associated activities, were pub-
lished. Since then, there has been an explosion in the amount of information
that has come out on RNA polymerase and transcription, driven by the
intensification in technology. In Volumes 370 and 371, we try to take up where
Volumes 273 and 274 left off, but we include and emphasize what we feel is an
important aspect of RNA polymerase that was only touched on in the previous
volumes. It is quite clear now that RNA polymerase does not act alone. Its
associated factors are key in determining initiation, elongation, and termin-
ation occurrences. The reliance on the associated factors is often so great that it
is difficult to determine whether a given protein is an RNA polymerase-
associated factor or is, in fact, a subunit of the enzyme.

The chapters in these volumes describe the RNA polymerase enzymes and
the associated factors, and their effects on transcription initiation, elongation,
and termination. The chapters expose both prokaryotic and eukaryotic systems,
but they are purposely kept undivided irrespective of the origins of the RNA
polymerases. We predict that as more is learned about the prokaryotic and
eukaryotic systems of transcription and gene regulation, we will realize how
similarly they behave rather than how differently.

SANKAR ADHYA
SusaN GARGES
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[1] Construction, Purification, and Characterization of
Escherichia coli RNA Polymerases Tagged with Different
Fluorescent Proteins

By JuLrio E. CaBRERA and DING JUN JIN

The green fluorescent protein (GFP) from Aequorea victoria and its
color variants, the cyan fluorescent protein (CFP) and the yellow fluores-
cent protein (YFP), have been widely used in cellular and molecular biol-
ogy studies.'™ These proteins are intrinsically fluorescent in a wide range
of hosts and, in most of the cases, remain fluorescent when fused to a target
protein. Some of these fusion proteins have both the physical properties
of the fluorescent proteins (i.e., fluorescence) and the biochemical proper-
ties of the target protein. This article describes a method used to generate
Escherichia coli strains with all their RN A polymerase (RNAP) molecules
labeled with GFP, CFP, or YFP. It also describes the physical and bio-
chemical properties of purified RNAP molecules tagged with different
fluorescent proteins.

Construction of E. coli Strains with Chromosomal Gene Fusions to the
rpoC Gene

Escherichia coli core RNAP is composed of four subunits, a,30'. The
and ' subunits are respectively encoded by the rpoB and rpoC genes in the
same operon. We fused gfp, cfp, or yfp genes at the 3’ end terminus of the
rpoC gene in the chromosome. The choice of fusing the C terminus of the 5’
subunit with a fluorescent protein was based on the previous finding that
the C terminus of the 3’ subunit can be fused to a 200 amino acid fragment
of the § galactosidase without loss of 3 function.* A schematic of the
construction of gene fusions is represented in Fig. 1.

LR. Y. Tsien, Annu. Rev. Biochem. 67,509 (1998).

2 M. Chalfie and S. Kain (eds.), “Green Fluorescent Protein, Properties, Applications and
Protocols.” Wiley-Liss, New York, 1998.

3 M. C. Southward and M. Surette, Mol. Microbiol. 45, 1191 (2002).

4 G. C. Rowland and R. E. Glass, Mol. Microbiol. 17, 401 (1995).

Copyright 2003, Elsevier Inc.
All rights reserved.
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Fic. 1. A schematic for the construction of chromosomal gene fusions to the rpoC gene.
Regions representing sequences of the E. coli chromosome and sequences with homology to it
are shaded in gray. The drawing is not to scale. (A) Plasmid DNA templates and relative
orientation of the oligonucleotides used in the PCR reaction. (B) Relative location of the
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Generating Linear DNA Fragments That Carry gfpuv, cfp, or yfp Genes
and the bla Gene Flanked by Chromosomal Sequences Near the End
of rpoC

We used the polymerase chain reaction (PCR) to generate linear frag-
ments to be used for recombination in the next step. The DNA templates
for these PCR reactions are pGFPuv (Clontech), pDJ2701 (which harbors
the cfp gene), or pDJ2702 (which harbors the yfp gene). Note. The GFPuv
protein is a mutant GFP optimized for higher bacterial expression and
maximal fluorescence when excited by UV light. The plasmids pDJ2701
and pDJ2702 are pGFPuv derivatives. They have been constructed by re-
placing the gfpuv gene by the cfp or yfp genes. The cfp and yfp genes were
obtained from the pDH3 and pDHS plasmids (University of Washington,
Seattle, Yeast Resource Center),” respectively. A schematic map of these
plasmids is shown in Fig. 1A. The relative positions of the two oligos nucle-
otides (oligo 1 and oligo 2) for these PCR reactions are also shown in Fig.
1A. The sequence of oligo 1 is 5’ CCAy GCCTGG CAG AACTGCTGA
ACG CAG GTC TGG GCG GTIT CTG ATA ACG AGC TAG AAA
TAA TGA GTA AAG GAG AAG AACTTT TCA CTG G 3. The se-
quence of oligo 2 is 5 CCC CCC ATA AAA AAA CCC GCC GAA
GCG GGT TTIT TAC GTIT ATT TGC GGA TTA TGG TCT GAC
AGT TAC CAA TGC 3. For oligo 1, the first 50 nucleotides (nt) of the
5" end (underlined) are identical to the last 50 nt coding sequence of rpoC
immediately before the stop codon, followed by an 9 nt (bold) encoding for
a three amino acid linker, Leu-Glu-Ile, that replaces the stop codon of the
rpoC gene. Downstream of the three amino acid linker, the oligo contains
sequences encoding the first 29 nt coding sequences of the gfpuv, cfp, or yfp
genes (the 5’ end sequences of the three genes are the same). For oligo 2,
the first 51 nt of the 5’ end (underlined) are identical to the bases located
4 bp downstream from the stop codon of the rpoC gene, and the remaining
21 nt are identical to the last coding sequences, including the stop codon
of the bla gene encoding ampicillin resistance (Amp"). The expected
PCR products are DNA fragments of ~ 2230 bp. The DNA fragments

5D. W. Hailey, T. N. Davis, and E. G. Muller, Methods Enzymol. 351, 34 (2002).

homolog regions between the linear DNA fragment and the chromosomal rpoC gene. The 5
end of the linear DNA fragment, represented as a solid gray bar (), is homolog to the 50 bp
upstream of the stop codon of the rpoC gene. The 3’ end of the linear DNA fragment,
represented as a gray wavy line ( ), is homolog to sequences located 4 bp downstream
of the rpoC gene stop codon. (C) Gene fusion at the rpoC locus. A linker of three codons
(Leu-Glu-Ile) replaces the stop codon and fuses the rpoC gene to genes encoding the
fluorescent proteins.
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are purified. The overall homology of this DNA fragment relative to the
end of the rpoC gene in the chromosome is shown in Fig. 1B.

Recombining the Linear DNA Fragment into the E. coli Chromosome

We used the recombination method described by Yu and collabor-
ators,® which is particularly useful for this purpose, and selected the recom-
binant candidates on LB + Amp plates (Fig. 1C). The Amp" colonies
obtained are checked to ensure they are recombinants because minute
amounts of intact plasmid templates could be present in the linear DNA
preparation and thereby transform into the recipient cells, resulting in
Amp’ colonies. A rapid method used to check this is to analyze total pro-
teins from the Amp" colonies by Western blot followed by immunostaining
with either an anti-GFP antibody or a monoclonal anti-g' antibody. Pro-
teins from recombinant Amp" cells show a reactive band corresponding
to a fusion protein with a molecular weight higher than that of the 5’ poly-
peptide. To confirm that the fusion is correct, we sequenced the rpoC
regions flanking the insertion points, including the gfpuv, cfp, or yfp genes.
rpoC—gfpuv and other fusions can be transferred to other strains’ back-
grounds by phage P1 transduction using the bla gene (Amp") as a selection
marker (the linkage between rpoC fusion and bla is almost 100%). Note.
Cells expressing (' fusion proteins have a reduced ability to grow at tem-
peratures higher than 37°. This defect is probably caused by a misfolding
of the fluorescent proteins, which alters the conformation of the entire
fusion protein at temperature higher than 37°.”~? Thus, strains containing
rpoC fusions should be grown at 32°.

Purification of RNAP Tagged with Green, Yellow, or Cyan
Fluorescent Proteins

RNAP fused with different fluorescent proteins are purified essentially
as described for the purification of RNAP.' The only modification is that
before Mono Q chromatography, the ammonium sulfate precipitates of
RNAP fusion proteins are resuspended in 0.2 M NaCl in TGED instead
of TGED only. This is done because the NaCl apparently facilitates the

SD. Yu, H. M. Ellis, E. C. Lee, N. A. Jenkins, N. G. Copeland, and D. L. Court, Proc. Natl.
Acad. Sci. USA 97, 5978 (2000).

7P. A. Levin, I. G. Kurtser, and A. D. Grossman, Proc. Natl. Acad. Sci. USA 96, 9642 (1999).

K. R. Siemering, R. Golbick, R. Sever, and J. Haseloff, Curr. Biol. 6, 1653 (1996).

° G. S. Gordon, D. Sitnikov, C. D. Webb, A. Teleman, A. Straight, R. Losick, A. W. Murray,
and A. Wright, Cell 90, 1113 (1997).

19M. V. Sukhodolets and D. J. Jin, J. Biol. Chem. 273, 7018 (1998).
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FiG. 2. SDS-PAGE of wild-type (WT) RNAP and RNAP tagged with green, yellow, or cyan
fluorescent proteins. Positions of the bands corresponding to the different subunits are indicated.

solubilization of RNAP fluorescent fusion proteins. It has been reported
that the GFP dimerizes in solutions of ionic strengths less than
100 mM""; it is possible that at a very low ionic strength the highly concen-
trated RN AP fluorescent fusion proteins become insoluble. A typical yield
for core and holo RNAP fusion proteins is about 15 mg from about 100 g
of wet cell paste, similar to that of RNAP preparations. When purified,
each RNAP fusion protein has the characteristic color of the corresponding
fluorescent protein. Figure 2 shows a SDS-PAGE analysis of purified wild-
type and different RNAP fluorescent fusion proteins. As expected, 3’ sub-
units from RNAP fusion proteins, due to fused fluorescent proteins, exhibit
a higher molecular weight than that of wild-type RNAP.

Physical and Biochemical Properties of RNAP Tagged with Green,
Yellow, or Cyan Fluorescent Proteins

We studied purified RNAP fusion proteins by fluorescence spectros-
copy. Each tagged RNAP has emission and excitation spectra that are co-
incident with spectra of the corresponding isolated fluorescent protein.’

'E Yang, L. G. Moss, and G. N. Phillips, Nature Biotechnol. 14, 1246 (1996).
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For example, peak values in excitation and emission spectra of the RNAP-
GFPuv protein fusion are 396 and 507 nm, respectively (Fig. 3A). Peak
values in excitation spectra of the RNAP-CFP protein fusion are between
436 and 450 nm, whereas the peak value in emission spectra of the fusion
protein is 474 nm (Fig. 3B). Peak values in excitation and emission spectra
of the RNAP-YFP protein fusion are 517 and 530 nm, respectively (Fig. 3C).

RNAP fluorescent fusion proteins are fully active in RNA synthesis.
The fact that cells carrying chromosomal fusions between the rpoC gene
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Fic. 3. Excitation (dotted line) and emission spectra (continuous line) of RNAP enzymes
labeled with green, yellow, or cyan fluorescent proteins. Data were collected with a Quanta
Master fluorometer (Photon Technology International).
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FiG. 4. In vitro transcription assays with wild-type RNAP or RNAP tagged with green,
yellow, or cyan fluorescent proteins. In vitro transcription reactions were carried out as
described previously'? in a transcription buffer containing 50 mM KCI. The DNA template
was plasmid pDJ631 containing the fac promoter, and RNAs were labeled with (a->2P) UTP.
Reactions were analyzed in an 8% sequencing gel. An autoradiograph of the gel is shown.
Positions of transcripts synthesized from fac and RNAI promoters are indicated.

and the genes encoding fluorescent proteins are viable demonstrates that
RNAP fusion proteins are functional in vivo. In vitro, transcriptional activ-
ities of purified RN AP fluorescent fusion proteins are comparable to those
of the purified wild-type RNAP (Fig. 4). Furthermore, RNAP fluorescent
fusion proteins are as active as the wild-type RNAP in in vitro transcription
assays at 37° and 42° (data not shown). These results are consistent with the
notion that the folding step of fluorescent proteins, rather than the function
of RNAP fluorescent fusion proteins, is temperature sensitive in vivo.””

Potential Uses of RNAP Tagged with Green, Yellow, or Cyan
Fluorescent Proteins

RNAP fused with fluorescent proteins will provide a powerful new
tool to study RNAP functions and transcriptions both in vivo and in vitro.
The following examples are potential uses of RNAP fusion proteins. In
vivo, the distribution of RNAP inside cells under different physiological

12y, N. Zhou and D. J. Jin, Proc. Natl. Acad. Sci. USA 95, 2908 (1998).
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conditions could be visualized using a fluorescence microscope.'® Also, the
locations of RNAP and another transcription factor(s) could be addressed
simultaneously by imaging cells expressing both RNAP tagged with CFP (or
YFP) and a transcription factor(s) tagged with YFP (or CFP), respectively.
Many transcription factors are interesting candidates for these experiments:
the o factors, RapA, NusA, and SspA, just to mention a few. In addition,
analyses of fluorescence resonance energy transfer (FRET) between the
tagged RNAP and a tagged transcription factor could be used to analyze
the physical interaction between RNAP and the transcription factor.

In vitro, the movements of single RNAP molecules could be followed
or visualized under different transcription conditions using these RNAP
fluorescent fusion proteins. In addition, the FRET experiments mentioned
earlier could also be used to study the interactions of RNAP and another
transcription factor(s) and to follow the association and/or dissociation of
a different transcription factor(s) during the transcription cycle under
defined conditions.

Acknowledgments

We thank Drs. Wenxue Yang and Huijun Zhi for their assistance in the purification of
RNAPs.
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[2] Purification of Bacillus subtilis RNA Polymerase
and Associated Factors

By JonN D. HELMANN

Introduction

Bacterial RNA polymerase (RNAP) has been purified using a wide var-
iety of techniques. In addition to continuing interest in its fundamental en-
zymatic properties, purified RNAP is used as a tool for the investigation of
transcriptional control mechanisms and for the preparation of specific
RNA transcripts. This article focuses on techniques developed for the puri-
fication of RNAP and its associated factors from the model gram-positive
bacterium Bacillus subtilis.

Bacillus subtilis RNAP has a complex subunit structure. The minimal
catalytic moiety, consisting of the 33 «, complex, is associated with two w
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subunits (of uncertain function) to generate the core enzyme (E = 35 a,w'
w?). The core enzyme interacts with a 21-kDa auxiliary specificity factor
known as § and a variable population of specificity (¢) factors.' Altogether,
the B. subtilis genome encodes at least 17 o factors.” The primary o, 0™, is the
most abundant ¢ during logarithmic growth and the only essential o factor in
B. subtilis. The remaining o factors are present at much lower amounts
during growth, but some become quite abundant during sporulation. The
identity and relative proportions of the various o factors vary depending
on growth stage and whether the cells have initiated sporulation.*”

As purified, B. subtilis RNAP is a complex mixture of core (E), core-6
(E6), core-o (Eo), and core-0-6 (E§c).® Only the forms of RNAP associ-
ated with a o factor (Eo or Ec6) can recognize promoter sites. During chro-
matography on DNA-cellulose® or heparin—agarose,” those fractions
enriched in ¢ tend to elute at lower salt concentrations. Conversely, frac-
tions containing the o**-saturated holoenzyme are often depleted of 8. This
is consistent with the observation that ¢** and § bind to the core with
negative cooperativity, although binding does not appear to be mutually
exclusive.® § has dramatic effects on the transcriptional properties of the
B. subtilis enzyme and, therefore, its presence should be monitored
closely.”* For consistency, it is possible to add stoichiometic amounts of
purified 6 to RNAP preparations or, alternatively, to start with strains
(rpoE mutants) deficient in 6.

This article describes methods used for the purification of E, Eé, Eo?,
and Eéc™. Methods are also summarized for the production and purifica-
tion of individual o factors and the é subunit, important reagents for the
reconstitution of defined holoenzyme species. For some applications, it
may be desirable to purify individual RNAP subunits or associated factors.

!'W. G. Haldenwang, Microbiol. Rev. 59, 1 (1995).

2J. D. Helmann and C. P. Moran, Jr., in *“Bacillus subtilis and Its Relatives: From Genes to
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TABLE 1
RNA POLYMERASE SUBUNITS AND INITIATION FACTORS

Protein  Gene Function(s) Amino acid  Reference
I¢] rpoB Core RNAP 1193 —
Ic4 rpoC Core RNAP 1199 —
« rpoA  Core RNAP 314 15,16
6 rpoE Increases selectivity, stimulates recycling 173 13
Wt ykzG ~ Unknown 69 —
o yloH Chaperone ? 67 —
ot sigA Primary o 371 36,3947
B sigB General stress response 264 4
oP sigD Flagella, chemotaxis, autolysins 254 3
oF sigE Sporulation—early mother cell 239 24
of sigF Sporulation—Ilate mother cell 255 ]
oS sigG Sporulation—late forespore 260 16b, 42
ot sigH  Sporulation, competence 218 3
o! yvkoZ Heat stress 251 —
o sigK Sporulation, late forespore —
ot sigl Levanase, amino acid catabolism 436 —
oM sigM Salt resistance 163 —
A sigV’ Unknown 166 —
oV sigW Antimicrobial resistance 187 160,42
o sigX Cell surface properties 194 40
oY sigY Unknown 178 —
o sigZ Unknown 176 —
o¥1ac ylaC Unknown 173 —

For example, the purified B. subtilis o subunit binds DNA at upstream
promoter (UP) element sequences,”” and RNAP can be denatured and
then reconstituted with truncated or mutant « subunit to test for cont-
acts between activator proteins and the « carboxyl-terminal domain
(CTD).'® Where procedures have been described for overproduction and
purification of RNAP subunits, they are referenced in Table 1.

General Considerations

Prior to embarking on a purification of RNAP, one must first determine
the quantity and purity of the material desired. Because most isolation
procedures lead to a complex mixture of enzyme forms, individual

15 K. Fredrick, T. Caramori, Y. F. Chen, A. Galizzi, and J. D. Helmann, Proc. Natl. Acad. Sci.
USA 92, 2582 (1995).

16 M. Mencia, M. Monsalve, F. Rojo, and M. Salas, Proc. Natl. Acad. Sci. USA 93, 6616 (1996).

1621, Duncan, S. Alper, and R. Losick, J. Mol. Biol. 260, 147 (1996).

165 F M. Kellner, A. Decatur, and C. P. Moran, Jr., Mol. Microbiol. 21, 913 (1996).
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holoenzymes are generally reconstituted by the addition of a molar excess
of the desired o factor (see later). Alternatively, procedures have been de-
veloped for the reconstitution of bacterial RNAP from individually over-
produced subunits, but this approach has not been widely adopted.'”'®
Moreover, Escherichia coli RNAP reconstituted from overproduced g, [,
«, and o subunits lacks the w polypeptide and other less abundant factors
that often copurify with RNAP (e.g., GreA and GreB). As a result, the re-
constituted enzyme is not necessarily a good model for the enzyme present
in cells.

In growing cells, RNAP is about 1% by weight of soluble protein and
yields of >10 mg of partially purified enzyme are typical from 50 g (wet
weight) of cells. The use of strains containing a histidine-tagged 4’ subunit
allows recovery of >1 mg of high-purity enzyme starting with 10 g of cell
paste (~2 liters of culture volume).'**" In a typical in vitro transcription
reaction, RNAP is added at concentrations of 40-50 pg/ml, so a purifica-
tion yielding a milligram of enzyme is sufficient for many reactions. How-
ever, because RNAP can be stored for months or years with little loss in
activity, it may be worth preparing a larger amount of enzyme to have as
a laboratory stock.

For most investigators, the desired end product is likely to be a holoen-
zyme: either the ¢** holoenzyme or one containing an alternate o factor.
Conditions have been described for the isolation of RNAP fractions en-
riched in various holoenzymes beginning with cells in various growth
stages.””?! For example, RNAP fractions containing o, ", 6%, and o
are all purified from late logarithmic or early stationary phase cells,
whereas fractions containing sporulation ¢ factors are isolated from sporu-
lating cells. The multiple holoenzymes present in the cell can be separated
by chromatography on DNA-cellulose® or heparin-agarose.” This ap-
proach could be combined with the initial isolation of His-tagged RNAP
populations from sporulating cells.” However, the resulting fractions will
have variable and usually substoichiometric amounts of ¢ factors. For
biochemical studies, it is most convenient to reconstitute the desired
o-saturated holoenzyme starting with purified RNAP (see later).

7N. Fujita and A. Ishihama, Methods Enzymol. 273, 121.

8 H. Tang, Y. Kim, K. Severinov, A. Goldfarb, and R. H. Ebright, Methods Enzymol. 273,
130.

Y. Qi and F. M. Hulett, Mol. Microbiol. 28, 1187 (1998).

207, Anthony, I. Artsimovitch, V. Svetlov, R. Landick, and R. R. Burgess, Protein Exp. Purif.
19, 350 (2000).

2 M. Fujita and Y. Sadaie, Gene 221, 185 (1998).
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Buffers and Reagents

Many of the buffers used during the purification of RNAP and its asso-
ciated factors are based on TGMED [10 mM Tris, pH 8.0, 10% (v/v) gly-
cerol, 10 mM MgCl,, 0.1 mM EDTA, 0.1 mM dithiothreitol) (DTT)] or
derivatives of TGMED lacking one or more component (as indicated by
the abbreviation). Protease inhibitors, such as phenylmethylsulfonyl fluor-
ide (PMSF), should be included in the early stages of RNAP isolation and
all procedures should be performed as rapidly as practical. Much valuable
background information is contained in previous reviews by Chamberlin
et al** and Doi.°

Method 1. Purification of His-Tagged RNAP Core Enzyme

Probably the simplest purification procedures take advantage of strains
engineered to have a His-tagged [-prime subunit. Such strains have
been developed in both the Hulett' and Fujita®' laboratories. Strain
MHS5636 encodes a hexa-histidine tag on the carboxyl-terminal end of the
(-prime subunit.'” Purification of the core enzyme starting from this
strain has been described in detail by Anthony et al.?® Briefly, cells are
grown to late logarithmic phase, harvested, and lysed by sonication in
buffer P (300 mM NaCl, 50 mM Na,HPO;, 3 mM 2-mercaptoethanol,
5% glycerol, and a protease inhibitor mix). After clarification, a slurry of
Ni-NTA agarose (1/10th volume) is added and mixed for 30 min at 8°
for 30 min. The mixture is collected in a column and washed extensively
(20 volumes) with buffer P + 60 mM imidazole. RNAP is then eluted
with buffer P + 400 mM imidazole and assayed by SDS-PAGE for the
presence of RNAP. At this stage the partially purified RNAP contains
significant amounts of ¢® and can be used for in vitro transcription
reactions.

For purification of the core enzyme, RNAP-containing fractions are
pooled and further purified by sizing gel chromatography (FPLC Super-
dex-200) followed by an FPLC Mono Q ion-exchange column. The RNAP
core enzyme elutes in the first peak (0.38 M NaCl) from Mono Q. A yield
of >1 mg of 98% pure core enzyme is obtained starting with 10 g (wet
weight) of cell paste. Inspection of the published SDS-PAGE gel* indi-
cates that this fraction contains at least some 6. Immunoblot analysis indi-
cates that the resulting enzyme is free from detectable o, NusA, or
GreA.” However, when this enzyme was used for in vitro transcription

22 M. Chamberlin, R. Kingston, M. Gilman, J. Wiggs, and A. DeVera, Methods Enzymol. 101,
540.
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reactions, numerous specific products appeared to result from the presence
of low levels of o factors.”?

Method 2. Purification of RNAP Using Polymin P, DNA-Cellulose, and
A1.5M Chromatography

Because RNAP has a high affinity for DNA, most purification proced-
ures begin with one or more steps designed to remove nucleic acids. Three
common approaches include (i) PEG/dextran phase partitioning, (ii) poly-
ethyleneimine (polymin P) precipitation, or (iii) heparin—agarose affinity
chromatography. A method for purification of the ¢ holoenzyme using
PEG/dextran phase partitioning has been described previously.>* Here, a
method for the large-scale preparation of RNAP beginning with polymin
P precipitation is presented.

This procedure, based loosely on the procedure of Burgess and Jendri-
sak,”” was developed to allow the preparation of high-purity RNA poly-
merase in quantities of 80 to 100 mg.”**?’ The essential steps in this
procedure are the use of polymin P to precipitate DNA (and RNA poly-
merase) from the crude extract, elution of RNAP with elevated salt, and
desalting and affinity chromatography using DN A—cellulose, followed by
sizing chromatography. DNA cellulose is prepared as described®® or can
be obtained commercially. Unless noted otherwise, all fractionation steps
should be performed at 4°. The purification procedure presented begins
with ~500 g of cell paste (equivalent to the yield from a 50-liter fermenter
culture grown in rich medium to late logarithmic phase) and is similar to
that described by Helmann et al.*” This procedure can also be scaled down
by ~10-fold if desired.

Lysis

Cell paste (stored frozen at —80° prior to use) is broken into small
pieces using a hammer and is suspended by the gradual addition of 2 liters
of lysis buffer 1 [50 mM Tris, pH 8.0, 10 mM MgCl,,2 mM EDTA, 0.1 mM
DTT, 1 mM 2-mercaptoethanol, 233 mM NaCl, 10% (v/v) glycerol] using
a Waring blender. Lysis is achieved by at least two passages through a

2 M. Cao, P. A. Kobel, M. M. Morshedi, M. F. Wu, C. Paddon, and J. D. Helmann. J. Mol.
Biol. 316, 443 (2002).

24K. M. Tatti and C. P. Moran, Jr., Methods Enzymol. 273, 149.

2 R. R. Burgess and J. J. Jendrisak, Biochemistry 14, 4634 (1975).

26 J. Jaehning, J. Wiggs, and M. Chamberlin, Proc. Natl. Acad. Sci. USA 76, 5470 (1979).

27]. D. Helmann, F. R. Masiarz, and M. J. Chamberlin, J. Bacteriol. 170, 1560 (1988).

2 B. Alberts and G. Herrick, Methods Enzymol. 21, 198.
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Manton-Gaulin homogenizer at approximately 10,000 psi. For smaller
preparations (e.g., 50 g of cell paste), a French pressure cell or sonication
can be used for lysis. The efficiency of cell lysis can be improved optionally
by the addition of lysozyme (0.1 mg/ml final) to weaken the cell wall. How-
ever, it is important that lysozyme be added after the cells are suspended
uniformly in lysis buffer or the increased viscosity resulting from released
DNA can make it difficult to complete the resuspension process. To inhibit
proteolysis, freshly prepared PMSF (100 mM in absolute ethanol) is added
to 1 mM during the lysis procedure.

Immediately following lysis, the cell extract is diluted twofold with 2
liters of TGMED + 0.2 M NaCl. This buffer is prepared in advance and
stored overnight at 4°. Alternatively, some or all of this buffer can be frozen
at —20° (e.g., using ice cube trays). This has the advantage that the addition
of frozen buffer between passages through the Manton—Gaulin homogen-
izer (or French pressure cell) helps maintain a low temperature. A therm-
ometer can be used to monitor the temperature of the lysate, which
should not rise above 15°. The lysate is clarified by centrifugation at
10,000 g for 45 min in a prechilled rotor in a refrigerated centrifuge (4°).
For smaller volumes, the length of the centrifugation can be shortened.

Polymin P Fractionation

The clarified lysate (~3.5 liter) is poured carefully into a clean beaker,
avoiding the carryover of pellet material. Polymin P precipitation is
achieved by the addition, with stirring, of a 10% polyethyleneimine solution
(polymin P; BASF) to a final concentration of 0.5% over a period of 10 to
20 min. For details on the preparation of polymin P stocks, the reader is re-
ferred to Jendrisak and Burgess.”” The solution is stirred for an additional
30 min at 4°, and the precipitate is collected by centrifugation for 15 min
at 10,000 g in a refrigerated (4°) centrifuge. The polymin P supernatant is
stored at 4°, and purification continues with the polymin P pellet, which con-
tains both chromosomal DNA and associated proteins (including RNAP).

The polymin P pellet is washed by suspension in 1.6 liters of TMED +
0.4 M NH,4CL. This can be achieved by scraping the pellet with a spatula
into a cuisinart or blender and then adding wash buffer prior to mixing.
Care should be taken to avoid excessive foaming. Alternatively, the wash
buffer can added directly to the centrifuge bottles and the pellet suspended
using a spatula. Centrifugation is repeated as described earlier, and the
supernatant fraction (0.4 M wash) is stored for later analysis. To elute
RNAP, the pellets are suspended thoroughly in 1.0 liter of TMED +

297.J. Jendrisak and R. R. Burgess, Biochemistry 14, 4639 (1975).
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1.0 M NH,4Cl, incubated at 4° for 5 min., and centrifuged again. The super-
natant fraction is the 1.0 M eluate. Note that this procedure uses NH,ClI for
the elution of the polymin P pellet, as suggested in the original description
of the procedure,’ rather than NaCl as in Burgess and Jendrisak.?> This
substitution increases the efficiency of the subsequent ammonium sulfate
fractionation greatly.”’

Ammonium Sulfate Fractionation

Proteins are precipitated from the 1.0 M eluate by the gradual addition
of solid ammonium sulfate (0.40 g/ml of eluate) while the pH is main-
tained between 7 and 8 by the addition of 5 N NH,OH. After stirring at
4° for 30 min, the precipitate is collected by centrifugation at 16,000 g for
1 h. The pellet is suspended in a minimal volume (ca. 150 ml) of TGED
+ 50 mM NaCl and is desalted rapidly by passage over a 600-ml P-6
desalting column (48 x 4 cm; Bio-Rad) equilibrated previously in the same
buffer. Note that Mg(II) is omitted to increase the stability of the DNA-
cellulose during the subsequent chromatography step. Prior to running
the DN A—cellulose affinity column, fractions from the initial stages of puri-
fication are analyzed by SDS-PAGE to determine if polymin P precipita-
tion and elution led to a good recovery of RNAP. The g and 3’ subunits,
diagnostic of fractions containing RNAP, should be enriched in the
desalted ammonium sulfate pellet and the 1.0 M eluate and not present
in significant amounts in the polymin P supernatant or the 0.4 M wash.

DNA-Cellulose Chromatography

Protein containing fractions from the P-6 column are pooled and
applied to a 500-ml DNA-cellulose column (40 x 4 cm) equilibrated in
TGED + 50 mM NaCl. The column is washed overnight with at least 1 liter
of the same buffer, and then RNAP is eluted with a 1.5-liter linear gradient
from 0.05 to 1.0 M NaCl in TGED. MgCl, is added to the fractions to a
final concentration of 10 mM to help stabilize RNAP.® Fractions contain-
ing RNAP, as judged either by an enzymatic assay or by SDS-PAGE (to
monitor fractions containing the large 5 and (3’ subunits) are pooled and
precipitated with ammonium sulfate (0.42 g/ml).

Al.5M Sizing Chromatography

The ammonium sulfate pellet is suspended in a minimal volume (ca.
10 ml) of TGMED + 0.5 M NaCl and chromatographed over a 500-ml
Bio-Gel A1.5M column (110 x 2.5 cm; Bio-Rad) equilibrated in the same

30y, Zillig, K. Zechel, and H. Halbwachs, Hoppe-Seyler’s Z. Physiol. Chem. 351,221 (1970).
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buffer at a flow rate of ca. 25 ml/h. Alternatively, the A1.5M column can be
substituted with Sephacryl S-300 as suggested by Hager et al.’’ RNAP-
containing fractions are dialyzed into RNAP storage buffer [TMED, 50%
(v/v) glycerol, 100 mM NaCl] and stored at —20°. These fractions retain
activity for at least several years. At this stage, the purified RNAP contains
all the core subunits (including ¢) and a substoichiometric complement
of 0. Other ¢ factors are also present at much lower levels. For example,
preparations from late logarithmic phase cells contain ¢® at levels of about
1-2% saturation relative to core.”’

Separation of Ec** from core (E§ containing a small amount of E§c®)
can be achieved using heparin—agarose chromatography and a shallow gra-
dient’ or using FPLC MonoS chromatography (see later). The aforemen-
tioned purification procedure can be modified by substituting heparin—
agarose chromatography in place of steps 2 and 3 (polymin P precipitation/
ammonium sulfate precipitation). For an example of this approach, see
Cummings and Haldenwang.’® Heparin-containing columns are available
commercially or may be prepared using published procedures.*?

Method 3. Purification of RNAP Using Heparin—-Sepharose, Sephacryl
S-300, and Mono-Q

Procedures beginning with direct loading of crude extracts onto heparin
columns have been highly successful for RNAP (and for many other DNA-
binding proteins). Heparin is an anionic (sulfated) polysaccharide that acts
as both an ion exchange and an affinity column for DN A-binding proteins.
Heparin columns have the advantage that RNAP will bind even in the
presence of large amounts of DNA. As a result, crude extracts can be
loaded directly onto heparin-containing columns and, after extensive wash-
ing to remove nucleic acids, the bound proteins can be eluted relatively
free of contaminating DNA or RNA.?** We have used this procedure to
prepare RNAP from strains lacking 6 or ¢".** However, it should be ap-
plicable to most B. subtilis strains. Note that an FPLC Superose 6 column
can be used in place of Sephacryl S-300.

Eight liters of B. subtilis RP17 (rpoE::ASspl-Bglll::cat) cells is grown
to late logarithmic phase in 20 g/liter tryptone, 10 g/liter yeast extract,
3 g/liter disodium phosphate, 30 g/liter glucose, and 5 pug/ml chlorampheni-
col to yield ~35 g of cells."* The cells are harvested, resuspended in lysis

3'D. A. Hager, D. J. Jin, and R. R. Burgess, Biochemistry 29, 7890 (1990).

32 C. W. Cummings and W. G. Haldenwang, J. Bacteriol. 170, 5863 (1988).

3 B. L. Davison, T. Leighton, and J. C. Rabinowitz, J. Biol. Chem. 254, 9220 (1979).
Y. F. Chen and J. D. Helmann, J. Mol. Biol. 249, 743 (1995).
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buffer 2 (50 mM Tris HCI, pH 8.0, 10 mM MgCl,, 2 mM EDTA, 100 mM
NaCl, 0.1 mM DTT, 5% glycerol, 1 mM PMSF), and lysed by three pas-
sages through a French pressure cell at 20,000 psi. After centrifugation
at 23,000 g for 10 min, the supernatant fraction is loaded on a 60-ml
heparin-sepharose CL-2B (Pharmacia) column equilibrated in TMED
with 5% glycerol and 0.1 M NaCl. After washing with 10 column volumes
of the same buffer, proteins are eluted with a 400-ml gradient of 0.1 to
1.0 M NaCl. RNAP-containing fractions are pooled and precipitated with
ammonium sulfate (65% saturation), and the precipitate is collected by
centrifugation (17,000 g). RNAP-containing fractions are resuspended in
a minimal volume of TMED and loaded on a Sephacryl S-300 column in
TMED with 5% glycerol and 0.5 M NaCl. The peak fractions are pooled,
diluted threefold with TMED with 5% glycerol, and loaded on to an
FPLC Mono Q HR5/5 column. After elution with a NaCl gradient, RNA
polymerase-containing fractions (~ 3 mg) are dialyzed against storage
buffer 2 (50 mM Tris acetate, pH 8.0, 10 mM MgCl,, 0.1 mM EDTA,
0.1 mM DTT, 50% glycerol) and stored at —20°.

Method 4. Core RNA Polymerase Containing § (Ed)

E¢ is prepared by dialysis of RNAP (fractions from either A1.5M in
Method 2 or Mono Q in Method 3) into HMGED buffer [50 mM
Na-HEPES, pH 8.0, 10 mM MgCl,, 50% (v/v) glycerol, 0.1 mM EDTA,
and 1 mM DTT] and application to an FPLC Mono S column. Core
enzyme containing approximately stoichiometric amounts of ¢ protein
flows through this column and is dialyzed into storage buffer."!

Method 5. Core RNA Polymerase Lacking ¢ (E) and Purified § Protein

Separation of core RNAP from ¢ factors can also be achieved by chro-
matography on Bio-Rex-70 as originally reported for the E. coli core.*
Often, this procedure needs to be repeated to remove trace amounts of
the o factor that remain bound during the first passage over Bio-Rex-70.
This procedure has been used to prepare the B. subtilis core enzyme and
removed all detectable ¢ and o™.3°

We have used Bio-Rex-70 to prepare core RNAP starting with Eé
(Method 4). The Mono S flow-through fractions (2 ml at ca. 0.7 mg/ml)
containing E§ are loaded on a 1-ml Bio-Rex-70 column equilibrated

in TGED buffer. Purified § is recovered in the flow-through fraction by

3 P. A. Lowe, D. A. Hager, and R. R. Burgess, Biochemistry 18, 344 (1979).
3 M. Fujita and Y. Sadaie, J. Biochem. 124, 89 (1998).
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washing the column with 15 ml of TGED buffer. Core RNA polymerase
(E) is recovered by elution with TGED containing 1 M NaCl. All fractions
are dialyzed into RNAP storage buffer and stored at —20°."!

Method 6. Overexpression and Purification of ¢

6 is a highly charged polypeptide (net charge at neutral pH of —47) with
a structured amino-terminal domain and a largely unstructured, polyanio-
nic carboxyl-terminal domain.'® Perhaps because of these unusual proper-
ties, 6 is highly soluble and does not form inclusion bodies upon
overproduction in E. coli. The purification developed for ¢ takes advantage
of the high net negative charge density."?

Three liters of E. coli BL21/DE3 (pFL31) is grown in 2xYT medium
containing 0.2% (w/v) glucose and 100 pg/ml ampicillin; at an ODygy of
0.6, Isopropyl-3-D-thiogalactoside (IPTG) is added to 0.8 mM and cell
growth continues for 1.5 h. Cells (ca. 9 g) are harvested, resuspended in
20 ml of lysis buffer 2 (100 mM Bis-Tris, pH 6.0, 2 mM EDTA, 0.1 mM
DTT, 1 mM 2-mercaptoethanol, 100 mM NaCl), and lysed by three pas-
sages through a French pressure cell. PMSF is added to a final concentra-
tion of 1 mM, and the lysate is clarified by centrifugation at 30,000 g for
30 min. ¢ is found in the supernatant fraction.

The supernatant fraction is diluted to a final volume of 200 ml with
buffer A (50 mM Bis-Tris, pH 6.0, 1 mM EDTA) plus 100 mM NaCl
and is applied to a 11-ml QAE-Sepharose column. At this pH, ¢ is still
negatively charged and binds tightly to QAE, whereas other less acidic pro-
teins (p/ > 6.0) tend to flow through. After washing with 100 ml of buffer A
plus 100 mM NaCl, the bound proteins are eluted with a 200-ml gradient
from 0.1 to 1.0 M NaCl in buffer A. Using this approach, aproximately
120 mg of 6 is isolated in a broad peak containing nucleic acids as the major
contaminant (as judged by A,g0/Asgp ratio). Initial attempts to concentrate
6 by ammonium sulfate precipitation were unsuccessful until we elected
to lower the pH to near the p/ of § (pH 3.6). Subsequent experiments es-
tablished that § precipitates at pH 3.6 even in the absence of ammonium
sulfate.

To concentrate ¢ by isoelectric point precipitation, é-containing frac-
tions are pooled and sodium acetate buffer (pH 3.6) is added to 50 mM.
The abundant precipitate is collected by centrifugation at 12,000 g for
5 min. § is dissolved in 50 mM TrisHCI (pH 8.0), 1 mM EDTA at about
6 mg/ml and is stored at —20°. As a final purification step, ¢ is fractionated
on an FPLC Mono Q column with a gradient of 0 to 1.0 M NaCl in 50 mM
Tris=HCI (pH 8.0), 1 mM EDTA. 6 elutes between 0.5 and 0.8 M NaCl as a
single sharp peak.'?
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Method 7. Purification of o Factors

In general, o factors can be overproduced to high levels in E. coli using
T7 RNAP-driven expression systems. For an excellent review of the T7
system, readers are advised to consult Studier et al.>’ Because o factors
are often toxic in E. coli, and many T7 expression systems are leaky, care
must be taken to avoid selection against the overproduction plasmid. To
avoid plasmid loss, the overproduction plasmid is transformed into E. coli
BL21/DE3, and transformants are selected on ampicillin plates containing
0.4% glucose. In some cases, it is necessary to use strains also carrying
either pLysS or pLysE plasmids.*’

Most ¢ factors form inclusion bodies after overproduction.*® Washing
of inclusion bodies with Triton X-100 improves the purity of the recovered
o factors. While we have often used guanidine-HCI to denature the inclu-
sion bodies, we have shifted to the anionic detergent Sarkosyl, as described
for E. coli o factors.”® Sarkosyl has the advantage that it tends to help avoid
protein loss due to aggregation during refolding. In general, renatured o
factors can often be purified using cation exchange (e.g., DEAE, QAE-
Sephadex, or a Mono Q column)****3*4% followed by a sizing column
(e.g., Sephadex 75). High-purity preparations can usually be achieved with
one or two column chromatography steps. However, at least one o factor
does not bind to cation-exchange columns and is purified instead using
heparin-sepharose.*! It is also possible to purify the overproduced o factors
starting with the soluble fraction, particularly if steps are taken to limit in-
clusion body formation. These can include growth at 30° rather than 37°.
Examples of this approach, for o and o*, are described in Lord et al.** Al-
ternatively, procedures for the purification of o factors as His-tagged or
glutathione—sulfuryl transferase (GST) fusions* or self-cleavable intein
tags** have been described. Other approaches include the use of an affinity
column containing an immobilized anti-o factor*’ or coexpression of a o
factor and anti-o factor to form a more soluble complex.*®

37F. W. Studier, A. H. Rosenberg, J. J. Dunn, and J. W. Dubendortf, Methods Enzymol.
185, 60.

3 R.R. Burgess, Methods Enzymol. 273, 145.

%Y. L. Juang and J. D. Helmann, J. Mol. Biol. 235, 1470 (1994).

40X. Huang, A. Decatur, A. Sorokin, and J. D. Helmann, J. Bacteriol. 179, 2915 (1997).

41X, Huang, K. L. Fredrick, and J. D. Helmann, J. Bacteriol. 180, 3765 (1998).

“2M. Lord, D. Barilla, and M. D. Yudkin, J. Bacteriol. 181, 2346 (1999).

4 A. J. Dombroski, Methods Enzymol. 273, 134.

4 0. Delumeau, R. J. Lewis, and M. D. Yudkin, J. Bacteriol. 184, 5583 (2002).

45T, Magnin, M. Lord, and M. D. Yudkin, J. Bacteriol. 179, 3922 (1997).

“E. A. Campbell and S. A. Darst, J. Mol. Biol. 300, 17 (2000).
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Purification of o

o™ is purified from E. coli BL21/DE3 containing plasmid pLC2, a
pBSK™ (Stratagene) derivative that supports T7-driven overproduction of
0. The procedure described here is very similar to that first reported
by Chang and Doi.*” Cultures (50 ml) are grown at 37° in 2xYT medium
containing 0.4% glucose and 100 pg/ml ampicillin. At an ODsgs of 0.7,
IPTG is added to 0.4 mM and growth continued for 2 h. Cell pellets are
suspended in 1.2 ml of lysis buffer 3 (lysis buffer 1 without MgCl,), hen
egg white lysozyme is added to 130 pg/ml, and the suspension is incubated
on ice for 10 min. Sodium deoxycholate is added to 0.05% (w/v), and the
cell suspension is disrupted by pulsed sonication for 2 min. Lysates are di-
luted with 1.2 ml of TGED containing 200 mM NaCl and clarified by cen-
trifugation for 30 min in a microcentrifuge (4°). The cell debris is washed
three times by suspension in 5 ml of TGEDX [TGD containing 0.5%
(w/v) Triton-X-100 and 10 mM EDTA] followed by centrifugation for
20 min.

The o® protein is solubilized from the washed cell debris with 0.8 ml of
6 M guanidine hydrochloride. Insoluble material is separated by centrifu-
gation, and the soluble portion is diluted by a gradual addition of 55 ml
of TGED buffer. One milliliter of a DE-52 suspension in TGED +
100 mM NaCl is added, mixed thoroughly, and allowed to settle for 30 min.
min. The supernatant fraction is decanted and the settled DE-52 is washed
twice with 2-ml portions of TGED buffer containing 200 mM NaCl. The o
protein is then eluted twice with 2-ml portions of TGED buffer containing
330 mM NaCl and dialyzed into RNAP storage buffer. If desired, o** can
be purified further by application to an FPLC Mono Q (HRS5/5) column
and elution with a 0.25 to 0.4 M NaCl gradient in TGED buffer. The
o™ protein elutes at 330 mM NaCl. This procedure was used for the
purification of 0 and many altered function ¢** mutants.

Purification of o”

Eight liters of BL21/DE3 (pYFC11)* is grown and induced as de-
scribed for 0. After centrifugation, cells are suspended in 60 ml of lysis
buffer 3 and lysed, and the cell pellet containing inclusion bodies is re-
covered by centrifugation. ¢ is renatured using 6 M guanidine hydro-
chloride as described for o, batch adsorbed to 80 ml QAE-Sepharose,
and then poured into a column. The column is washed with TED +
0.15 M NaCl and ¢ eluted with 0.40 M NaCl. Using this procedure,
160 mg of o is recovered with peak fractions containing 8 mg/ml protein.™

47B. Y. Chang and R. H. Doi, J. Bacteriol. 172, 3257 (1990).
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At this high concentration, ¢ tends to aggregate slowly. To avoid this
problem, the protein is stored in aliquots at —80°, and samples are removed
for further purification by chromatography on an FPLC Superdex-75
column in TED buffer containing 0.15 M NaCl.

Purification of o

One liter of E. coli BL21/DE3(pXH10)* is grown and induced as for
0. Cells are suspended in 20 ml lysis buffer 3 and lysed by sonication,
and the inclusion bodies are recovered by centrifugation. Inclusion bodies
are washed and denatured with TGED + 6 M guanidine hydrochloride,
and then ¢ is renatured by dilution with TGED + 0.01% Triton X-100.
Renatured o™ is recovered using a 5-ml QAE-Sepharose column equili-
brated with the same buffer. After washing with 50 ml TGED + 0.15 M
NaCl + 0.01% Triton X-100, o is eluted with TGEDG + 0.4 M NaCl +
0.01% Triton X-100. o™ can be purified further using an FPLC Superdex-
75 column in TGED buffer containing 0.2 M NaCl followed by dialysis into
TGED + 0.1 M NaCl + 0.01% (v/v) Triton X-100 + 50% (v/v) glycerol and
storage at —80°.

Purification of ¢"

One liter of E. coli BL21/DE3 (pKF86)*' is used for the production of
o™ as described for ¢. Cells are suspended in 20 ml of lysis buffer 3 and
lysed by sonication, and the inclusion bodies are recovered by centrifuga-
tion. The inclusion bodies are washed twice with 100 ml TGEDX and then
dissolved in 20 ml TGEDX plus 0.4% (w/v) Sarkosyl. The dissolved " is
diluted gradually to 200 ml with TGEDX to allow renaturation of o,
and the diluted o" is dialyzed twice for 8 h against 10 volumes of TGEDX
at 4°. The dialyzed material is centrifuged to remove any precipitate and
loaded onto a 20-ml heparin—-Sepharose CL-6B column equilibrated with
TGEDX. After washing with 200 ml of TGEDX and 0.2 M NaCl, ¢ is
eluted with TGEDX and 0.5 M NaCl. The peak fraction of ¢" is purified
further by chromatography on an FPLC Superdex-75 column in TGEDX
plus 0.2 M NaCl buffer, and the peak fractions are stored frozen at —80°.

Method 8. Reconstitution of Holoenzyme

For many biochemical and in vitro transcription studies, it is desirable
to have a homogeneous population of holoenzyme. To reconstitute holoen-
zymes, one can start with a purified RNAP fraction such as those resulting
from Methods 1 through 3. Because the various o factors bind competi-
tively to a common core enzyme, the desired holoenzyme can be generated
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most simply by adding a large molar excess of the desired ¢ and incubating
for 10 to 20 min. However, this does not remove the other o factors that
were originally present in the sample.

To separate the desired holoenzyme from excess o (and other displaced
o factors), sizing gel chromatography (e.g., FPLC Superose-6 or Superdex-
200) is convenient.'* An alternative approach, although not one yet
reported in the literature, is to bind a His-tagged RNAP to a Ni-NTA affin-
ity column and wash the column thoroughly with the o factor of interest.
Subsequent elution is expected to yield an RNAP fraction highly enriched
for the holoenzyme of interest. It may also be possible to use a His-tagged o
factor to bind an excess of RNAP (not containing a His tag). Other holoen-
zymes should flow through the column, whereas the core enzyme could po-
tentially bind to the immobilized o to form the holoenzyme. Regardless of
the approach used to generate the holoenzyme, the presence or absence
of the ¢ subunit should also be monitored closely. For convenience, we rou-
tinely include an approximately fivefold molar excess of ¢ in our in vitro
transcription reactions.
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Structure by Single Particle Cryoelectron Microscopy
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Transmission electron microscopy (TEM) is an important technique for
studying large biological macromolecular complexes. TEM provides pro-
jection images of the macromolecules, and elaborate three-dimensional
(3D) image processing then yields structures of the complexes. This ap-
proach can be applied to a wide range of different molecules of sizes typic-
ally greater than 200 kDa. The quality of the resulting reconstructions
depends on many factors, including the sample quality; the size of the com-
plexes; their internal (‘“point group”) symmetry; the type of electron
microscope used and the imaging parameters applied; and, to a very large
extent, on the computing procedures applied. The resolution obtained in a
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reconstruction indicates the size of the smallest individual detail that may
be reliably interpreted in a structure. Using single particle analysis, the best
resolutions achieved are for a highly symmetrical icosahedral viral struc-
ture? of about 7, 5.9, and even 4.5 A.* For asymmetrical molecules, reso-
lution levels of ~7.5 A have been achieved.’ Although better structural
details can be obtained using the established techniques of X-ray crystal-
lography and nuclear magnetic resonance (NMR) spectroscopy, electron
microscopy offers unique opportunities to study large, uncrystallized pro-
tein complexes, which are available only in small quantities and at low
concentrations.

Cryoelectron microscopy (cryo-EM) provides 3D images of frozen-
hydrated particles or “‘solution” structures of the investigated molecules
with minimal structural distortions. Although there is no real upper limit
to the size of the molecular complexes that can be examined, a lower prac-
tical limit of 150-200 kDa arises because a minimum contrast is required
for recognizing the individual molecules in the electron micrographs prior
to all image processing. A limiting factor for cryo-EM is the low homogen-
eity of samples, a restriction that also affects X-ray crystallography and
NMR spectroscopy. Classification approaches® can help sorting of hetero-
geneous populations of single particles according to their composition or
conformational states.

The multisubunit RNA polymerase (RNAP) enzyme from Escherichia
coli has undoubtedly been the most extensively structurally studied bac-
terial polymerase.®’” The structural organization of the subunits was first
visualized in 1989 by electron crystallography,® but for many years the
structural interpretation of the enzyme had been restricted by the low-
resolution levels of the reconstructions.” More flexible advanced single-
particle structure analysis methods® have now opened new alleys of
structure determination for the E. coli core RNA polymerase, a relatively
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2J.F. Conway, N. Cheng, A. Zlotnick, P. T. Wingfield, S. J. Stahl, and A. C. Steven, Nature
386, 91 (1997).
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small particle (~380 kDa) with no internal symmetry.'” The combination
of cryo-EM and X-ray crystallography has helped the interpretation of
the single-particle electron density map, leading to a molecular model of
the enzyme.'! The approach has allowed the identification of large se-
quence insertions (so-called dispensable regions) and carboxy-terminal
domains of the « subunits (a-CTD). Comparison of the low-resolution
E. coli RNAP cryo-EM structure with X-ray crystal structures of other
bacterial RNAPs,'>"® and of the Saccharomyces cerevisiaee RNAP 1II,'
demonstrates a striking conservation between bacterial and eukaryotic
enzymes.'”'® The comparisons help establish the principal features of the
multisubunit RNAP enzyme that have been retained through evolution
and that common mechanisms of transcription are used among prokaryotes
and eukaryotes.

Purification of Escherichia coli Core RNA Polymerase

A 200-liter culture of E. coli strain MRE600 is grown in Luria Bertoni
media to midlog phase in a fermentor at 37° with constant agitation to
maintain an aerobic growing environment. The cells are harvested and im-
mediately flash frozen in liquid nitrogen. Frozen cells (250 g) are resus-
pended in a lysis buffer solution consisting of 10 mM Tris, pH 8.0, 5%
glycerol, 1 mM dithiothreitol (DTT), 0.1 mM EDTA (TGED), 200 mM
NaCl containing a cocktail of protease inhibitors (Roche). Cells are lysed
using a French press under high pressure (1400 kg/cm?®). The lysate is cen-
trifuged at 4° for 45 min at 18,000 rpm in a Beckman JA-20 rotor. Polymin
P is added to the supernatant from a stock of 10% (w/v) in H,O to a final
concentration of 0.35% under constant stirring at 4° and allowed to stir for
30 min. The precipitate is then pelleted by centrifugation at 18,000 rpm
for 30 min at 4° in a JA-20 rotor. The supernatant is discarded, and the
pellet is resuspended in TGED buffer containing 0.4 M NaCl, which

19R. D. Finn, E. V. Orlova, B. Gowen, M. Buck, and M. van Heel, EMBO J. 19, 6833 (2000).
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selectively solubilizes many of the unwanted contaminants. Core RNAP is
solubilized between 0.5 and 0.7 M NaCl."” The supernatant containing
RNAP is separated from the remaining polymin P precipitate by centrifu-
gation. Solid ammonium sulfate is added to the supernatant to 50% (w/v)
concentration over a 30-min period at 4°. After centrifugation in a JA-20
rotor at 18,000 rpm for 40 min at 4°, the ammonium sulfate precipitate
is resuspended in TGED buffer containing 200 mM NaCl and dialyzed
against 1 liter of this buffer over 16 h with two changes to remove the
ammonium sulfate.

Prior to ion-exchange chromatography using FPLC (Amersham Phar-
macia), the protein is dialyzed against buffer A2°P" containing 20 mM
imidazole, 200 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 5% (v/v) glycerol,
pH 7.0. The dialysate is centrifuged at 18,000 rpm in a JA-20 rotor for
45 min at 4° and loaded at a rate of 1 ml/min onto a 10-ml Q-Sepharose
column (Pharmacia) preequilibrated with buffer A2P", The protein is
eluted with a salt gradient from 200 mM to 1 M NaCl at a rate of 2 ml/
min. Fractions containing core RNAP are analyzed using SDS-PAGE
and dialyzed against TGED buffer containing 200 mM NaCl. After centri-
fugation of the dialysate, 1 M MgCl, is added to the protein solution to a
final concentration of 10 mM and loaded onto a 5-ml Hi-Trap heparin
column (Pharmacia) at 1 ml/min equilibrated previously, with TGED
buffer, pH 8.0, containing 10 mM MgCl, and 200 mM NaCl (buffer A™°P).
After a 10 column volume wash with buffer AP, the protein is eluted with
a staggered gradient of buffer B"? (TGED containing 1 M NaCl and
10 mM MgCl,) at 1 ml/min. Core polymerase elutes at 0.6 M NaCl. Separ-
ation of the core enzyme from the holoenzyme is achieved using a BioRex-
70 column. The protein is dialyzed into TGED containing 200 mM NaCl
and, after centrifugation at 18,000 rpm using a JA-20 rotor for 45 min at
4°, is loaded at a flow rate of 0.2 ml/min onto a 3-ml column containing
Bio-Rad BioRex-70 resin, equilibrated previously with TGED buffer, pH
8.0, containing 150 mM NaCl (buffer AB°Re¥) The ¢7° holoenzyme elutes
in the flow through and wash. The core enzyme is eluted with a NaCl gra-
dient of 0% buffer BB°Re* (TGED with 1 M NaCl) to 50% buffer BPoRx
over 40 column volumes at a rate of 1 ml/min.

An alternative method for purifying core RNAP involves using a 5-ml
Hi-Trap heparin column with buffer A™P as the starting buffer at a flow
rate of 2 ml/min. Core polymerase elutes with a salt gradient at 0.6 M
NaCl. Fractions containing core polymerase are dialyzed against 20 mM
Tris, pH 8.3, 200 mM KCI, 0.1 mM DTT, 0.1 mM EDTA, 5% glycerol.

R, R. Burgess and Jendrisak, Biochemistry 14, 4634 (1975).
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Protein (1.5-1.8 ml) is loaded onto a 120-ml Sephacryl 300 column (Phar-
macia) at a flow rate of 0.8 ml/min. Core RNAP elutes after 40 min over
12 ml. This is dialyzed into TGED containing 200 mM NaCl. A solution
of 1 M MgCl, is added to the dialysate to 10 mM concentration and rechro-
matographed on a 1-ml Hi-Trap heparin column, which concentrates the
protein. The protein elutes at 0.6 M NaCl. The protein is dialyzed into
TGED, pH 8.0, 200 mM NaCl containing 50% glycerol for storage. Con-
centration is determined using bovine serum albumin (BSA) as a standard
and reagents from Bio-Rad,” measuring absorbance at 595 nm.

Verification of RNA Polymerase Composition and Purity

The purity, presence, and integrity of «, 3, and ' and w subunits are
verified by SDS-PAGE analysis on an 18% acrylamide gel and compared
to commercially available RNAP samples (Epicentre Technologies). The
presence of the w subunit is confirmed by loading 4 ug of core polymerase
onto the aforementioned gel and following the manufacturer’s protocol for
blotting using a Bio-Rad Sequi-Blot PVDF membrane for protein sequen-
cing. Bands corresponding to 14 and 30 kDa are analyzed and cut out for
N-terminal sequencing and identification as the w subunit and E. coli ProQ,
the major contaminant.

Characterization of Core RNA Polymerase

The core RNAP is characterized by in vitro reconstitution of the RNA
polymerase holoenzyme as outlined in Buck et al.*!

Core RNA Polymerase Catalytic Activity Assay

This assay””> measures the catalytic activity of the core RNAP by its
ability to nonspecifically bind and transcribe from a poly(dA-dT) template
(Sigma). The reaction mixture contains 3.4 ul of ATP (30 mg/ml), 40 ul of
poly(dA-dT) (0.5 mg/ml), 4.5 ul of DTT (0.1 M), 390.1 ul of H,O, and
562 pl of 2x master mix (consisting of 142 uM Tris—-HCI, pH 8.0, 357 uM
EDTA, 15 mM MgCl,, 1.5 mM KPO,, 1.78 mg/ml of BSA).

Of the reaction mixture, 25 pl is mixed with 2 ul of core RNA poly-
merase (final concentrations ranging from 2.5 to 250 nM) and 10 uCi of

20'M. Bradford, Anal Biochem 72, 248 (1976).

' M. Buck, S. R. Wigneshweraraj, S. Nechaev, P. Bordes, S. Jones, W. Cannon, and
K. Severinov, Methods Enzymol. 370, [53] 2003 (this volume).

228, Borukhov and A. Goldfarb, Methods Enzymol. 274, 315 (1996).
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a-P¥-UTP and incubated at 37° for 10 min; 1 ul of unlabeled UTP
(1.5 mg/ml) is added and the mix is incubated at 37° for an additional
10 min. The reactions are stopped by placing them on ice. The transcrip-
tion products are analyzed by spotting 2 ul of each reaction mixture on a
strip of a polyethyleneimine-cellulose TLC plate, 8 mm up from the
bottom. After air drying, the bottom 5 mm of the plate is placed in 2 M
HCI and left until the HCI chromatographs to the top of the plate. The ac-
tivity of the polymerase enzyme is quantified by a phosphoimager, which
indicates the presence of incorporated **P-UTP at the origin.

Electron Microscopy

Preparation of Holey Carbon Grids

Glass slides are sonicated twice in acetone for 10 s and allowed to air
dry. This procedure is repeated twice. The slides are transferred to a
0.5% aqueous solution of Osvan (alkylbenzyldimethyl-ammoniumchlor-
ide) for 30 min, which renders the slide hydrophobic, rinsed in distilled
water, and then dried. The dry slides are placed onto a metal block (pre-
cooled to —20°) to allow water droplets to condense on the surface for
15-20 s, depending on the ambient humidity and the desired hole size,
which is more or less proportional to the amount of time the slide is left
on the metal block. The optimum number of holes per grid square in a
300 mesh size grid (Agar Scientific) is ~100. About 2 ml of 0.5% Triafol
(cellulose acetobutyrate) is pipetted over the slide on the surface contain-
ing the condensation droplets and excess liquid is removed by blotting. This
yields a plastic film containing holes where the Triafol cannot penetrate
through the water droplets. The slide is then submerged in Pellex (dioctyl
sulfosuccinate sodium salt) for a minimum of an hour to render the film
hydrophilic. The film is removed from the slide by slowly entering the slide
at an acute angle into a beaker of distilled water. The water penetrates be-
tween the glass slide and the Triafol film and the film floats off onto the
water meniscus. Three hundred square mesh-size dry copper grids, cleaned
previously by sonication in acetone for 2 min, are placed onto the floating
film, transferred onto blotting paper, and air dried. The grids are placed
in a carbon coater. Thin carbon films of equal thickness are required to
maintain a thin layer of vitrified ice within the holes and therefore subse-
quently provide good contrast in the images of the molecules. The Triafol
film is dissolved from the grids by placing them in ethyl acetate. The holey
carbon grids are glow discharged in an inert atmosphere of argon to render
the ngbon hydrophilic to facilitate the entry of the samples into the
holes.
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Vitrification of Protein Samples

Vitrification of the protein solution is achieved when a layer of sample
is less than 2 ym in thickness and the rate of cooling of the sample is
greater than 10*°/s.>*2° A 3-l aliquot of purified RNAP (0.3 mg/ml) is ap-
plied to a holey carbon grid for a minute to allow the sample to pass into
the holes. Although the presence of NaCl and glycerol in the protein solu-
tion is necessary to maintain RNAP in a monodispersed state, the presence
of these buffer components causes phase separation upon cooling and di-
minishes image contrast. Therefore the concentration of these components
is reduced by floating the holey carbon grid on a drop (~40 ul) of distilled
water.?’ This method is applicable only in situations where dilution of the
divalent ion concentration will not affect the stability of the protein com-
plexed to its associated factors. After the application and washing of the
sample on the grid, the grid is secured with a pair of forceps and is placed
in a guillotine-like device (similar to the one depicted in the review by
Dubochet et al.>*). Prior to vitrification, the grid is blotted nearly dry by
pressing a piece of Whatman filter paper directly against the grid for
2-3 s on the same side to which the sample was applied. The guillotine is
then released, and the grid is plunged rapidly into liquid ethane. Excess
drying of the grid prior to vitrification should be avoided because it
forms empty holes and leads to increased solute concentrations, which
may distort the structure.”®

Cryo-EM of RNA Polymerase

The main difference between cryo-EM and conventional TEM is that in
cryo-EM, the sample is always kept below the devitrification temperature
(~—170°)* so as to prevent conversion of water to a crystalline state. Grids
are transferred to a FEG CM-200 Philips transmission electron microscope
using a Gatan side-entry cryoholder. The EM grids are searched for suit-
able specimen areas at low magnification x 3800 and low irradiation level
(less than 0.05 e_/Az). Once good areas are found, the electron beam is
switched to high magnification and the beam is moved by ~3 pm to an ad-
jacent area for focusing (“‘low-dose”” mode). The micrographs are recorded

23J. Dubochet, M. Adrian, J. J. Chang, J. C. Homo, J. Lepault, A. W. McDowall, and
P. Schultz, Q. Rev. Biophys. 21, 11056 (1988).

2 W. Chiu, K. H. Downing, J. Dubochet, R. M. Glaeser, G. H. Heide, E. Knapek, M. K.
Lamvik, J. Lepault, J. D. Robertson, E. Zeitler, and F. Zemlin, J. Microsc. 141, 385 (1986).

25 J. Berriman and N. Unwin, Ultramicroscopy 56, 241 (1994).

26T, S. Baker, N. H. Olson, and S. D. Fuller, Microbiol. Mol. Biol. Rev. 63, 862 (1999).

27T M. Cyrklaff, N. Roos, H. Gross, and J. Dubochet, J. Microsc. 175, 135 (1994).

2 E. M. Mandelkow and E. Mandelkow, J. Mol. Biol. 181, 123 (1985).
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under an electron dose of ~10 ¢ /A at a nominal magnification of x50,000
(calibrated magnification: x48,600) using an acceleration voltage of
200 KV and an exposure time of 1 s on Kodak S0163 film (yielding micro-
graphs with an optical density between 0.4 and 1.2). The micrographs are
collected using a range of defocus values (~1.5-4 um underfocus). Kodak
S0163 negatives are developed in a D19 Kodak developer for 12 min and
fixed for 5-10 min before being rinsed in tap water and dried.

Image Processing

Structure determination of individual macromolecular complexes by
single-particle cryo-EM techniques involves several image processing
steps, applied to the data in two and three dimensions. Biological samples
are very sensitive to radiation damage even at liquid nitrogen (or liquid
helium) temperatures. The overall electron dose to which the specimens
are exposed must therefore be kept at a minimum. At the same time, a
minimum electron dose has to be maintained to provide sufficient signal
to find the molecular image in the micrographs. For single particles, this
dose is typically ~10 e /A2 Therefore, an inherent problem of cryo-EM
is the low signal-to-noise ratio (SNR) of the molecular images in the
low-dose electron micrographs (see Fig. 1A).

The following section presents an overview of the main image process-
ing steps partitioned into the preprocessing phase and the structure deter-
mination phase. Preprocessing covers the digitization of the micrographs,
particle selection, correction of the contrast transfer function (CTF), and
band-pass filtering of the selected particle images. The structure determin-
ation phase encompasses image alignments, multivariate statistical analy-
sis, including automatic classification, Euler angle assignments by angular
reconstitution (AR), 3D reconstruction, and interpretation of the final
maps. Finally, assessment of the resolution of the final 3D reconstruction
is described.

Preprocessing

Digitization of Images. Good micrographs, selected for the absence of
astigmatism and drift using an optical diffractometer, are digitized using a
high-resolution Image-Science patchwork densitometer.” The images are
digitized with a 5.0-um pixel size, corresponding to a pixel size of 1.05 A pixel
size at the specimen level as can be derived by dividing the densitometer
pixel size by the overall electron microscopical magnification.

For this RNA polymerase project, the images are coarsened by a factor

of 2, i.e., 2x2 pixels from the digitized images, a total of four pixels, are
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Fic. 1. An overview of preprocessing. (A) Patches of two digitized micrographs of E. coli
RNA polymerase holoenzyme (in this case with a fragment of the sigma factor?®) taken at
calculated defocus values of 2.18 ym (left) and 5 ym (right) with a 10 pm step size. The
original micrographs were taken from two different regions of the holey carbon grid.
Individual particles, which were selected from the micrographs, are ringed. (B) Four
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merged into a single pixel. The final pixel size of the digitized data set is
thus 2.1 A. Under optimal conditions, the best achievable resolution is
equal to three times this pixel size®® and thus for this RNAP data set, 3D
reconstructions could yield a resolution of, at best, around 6 A.

Particles Selection. RNA polymerase, like all biological molecules, has
poor electron-scattering properties, leading to low contrast molecular
images in the micrographs. As the contrast in the low-frequency image com-
ponents is typically much stronger than in very noisy high-frequency
components, the visibility of the particles can be increased by low-pass
filtering the electron images. Such low-pass filtered images are used for
interactive or semiautomatic particle selection only. Selected particles are
extracted into individual frames from the original images, rather than low-
pass filtered ones, with a linear size of approximately twice the maximum
particle diameter.

Correction of the Contrast Transfer Function. Images obtained from
weak-phase biological specimens are influenced strongly by the character-
istics of the imaging process, such as the accelerating voltage, the spherical
aberration of the objective lens, and the exact focus setting for each area of
the sample or even for each individual macromolecule. The combined in-
fluence of these imaging parameters, some of which are constant (e.g.,
spherical aberration, acceleration voltage) but some of which differ from
image to image (defocus), can be expressed in a contrast transfer function
(CTF). The CTF is a function of spatial frequency, meaning that it affects
the different sinusoidal components of the images differently. If the elec-
tron microscopical imaging system is rotationally symmetric, i.e., free of
such aberrations as astigmatism, the CTF is also rotationally symmetric
and real (as opposed to complex).” The net effect of differences in defocus
within a data set is that in some molecular images, the details correspond-
ing to, say, 8 A are depicted as dark, whereas in other images they are

22 M. Buck, M. T. Gallegos, D. J. Studholme, Y. Guo, and J. D. Gralla, J. Bacteriol. 182, 4129
(2000).

30 B, V. Orlova, P. Dube, J. R. Harris, E. Beckman, F. Zemlin, J. Markl, and M. van Heel,
J. Mol. Biol. 271, 417 (1997).

individual particles selected from the corresponding micrograph in A and excised into smaller
images (150 x 150 pixels). (C) Power spectrums derived from all individual particle images
from the corresponding micrographs in A. (D) Squares of theoretical CTF curves. The lines
from C correspond to the same distance in Fourier space. Resolution derived from
measurement of the radii of the individual Thon rings in C corresponds to the zero points in
the plots in D when the defocus is estimated correctly. This defocus value is used for CTF
correction. (E) The four particles in B after application of CTF correction, band-pass filtering
(to remove frequencies below 0.005 and above 0.9), and normalization.
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depicted as light, or even not depicted at all if the CTF has a “‘zero cross-
ing” in that frequency range. In principle, one would like to know the CTF
parameters associated with each individual particle. This information
is needed in order to apply reliable CTF correction, which is crucial for
a high-resolution structure determination. Without such a CTF correc-
tion, the high-frequency image components from different particles will
have wildly fluctuating phases, which will therefore cause these image
components to fully disappear from the averaged final results.

Spherical aberration and acceleration voltage are parameters that can
be considered constant during the experiment and the same may even
apply to some uncorrected astigmatic component in the imaging system;
the parameter one needs to concentrate on here is the defocus value. First
of all, one cannot at any time focus the instrument precisely on the desired
specimen area, as the electron exposure required for this operation is an
order of magnitude more than the sensitive biological specimen can toler-
ate. Thus low-dose techniques are applied in which one focuses on adjacent
specimen areas for imaging rather than on the area of interest itself.”! The
electron microscopy specimens are normally not really flat, and local
fluctuations of the grid topology can lead to significant defocus differ-
ences within a single micrograph. The molecules may also lie at different
heights within the layer of vitreous ice; this type of unintended defocus dif-
ference is especially hard to account for.> Apart from such unintended or
unavoidable defocus differences, one typically (and deliberately) collects
the micrographs over a range of different defocus values (e.g., 1.5-4 um),
the reason being that apart from contrast reversals, the zeroes of the CTF
represent missing information. The collection of images over a range of
defocus values ensures that the collected information covers all relevant
frequency ranges, without information gaps.

Defocus parameters are measured based on the position of the maxima
and minima in the power spectrum, which are used for fitting theoretical
(squared) CTF curves (Fig. 1D). Differences between maxima and minima
within the power spectra (here based on individual single-particle images)
are amplified by removing the very low-frequency component background
of the rotationally averaged sums of Fourier transforms. Defocus estimates
of RNAP data have been performed using either a semiautomated “CTF
wizard”” based method®” or IMAGIC-5 CTF software.> CTF correction is
achieved by pure phase flipping on individual particle images using the
“transfer”” option of IMAGIC-5; this approach ensures maintaining the
continuity of the measured experimental amplitudes precisely.

3P, N. Unwin and R. Henderson, J. Mol. Biol. 94, 425, (1975).
32 R. D. Finn et al., unpublished.
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Band-Pass Filtering. Prior to alignment, CTF-corrected images are
band-pass filtered and normalized.*® The band-pass filter is a combination
of low-pass and high-pass filters. This suppresses some very low frequencies
that are not correlated to the actual structure and some high frequencies,
which, certainly in the early phases of the analysis, contain predominantly
noise. Typically for these RNA polymerase data sets, a low-frequency cut-
off of 0.01 (about ~400 A for a 2.1-A pixel size) and a high-frequency
cut-off of 0.9 (5.6 A) are used. To apply such filtering, the particle images
are Fourier transformed, multiplied by the band-pass filter function, and
Fourier transformed back to real space to yield the filtered images.

Structure Determination

Reference-Free Alignment and Multireference Alignment. All the indi-
vidual molecules embedded in vitreous ice are in arbitrary orientations
and positions. The aim of the alignment procedure is to ensure that all
the individual images in any one particular orientation are brought into
register so that they can subsequently be analyzed and averaged.

In order to center and eventually position the particle images rotation-
ally, two types of alignments can be performed. Cross-correlation functions
are used to find the best translational and rotational alignments of the par-
ticle images. The reference-free alignment by classification uses the rota-
tionally averaged total sum of all particle images as a reference for a
translation-only alignment of the particles.** This reference-free alignment
(RFA) method avoids bias resulting from using specific reference images.
The RFA is the initial step for any new structure determination where no
similar 3D structure is already available. This translational alignment (in x
and y directions) results in centering of the images so that an automatic
multivariate statistical classification can be run that provides the first char-
acteristic views (classes) of the molecule. The resulting class averages can
then be used as a first set of references for multireference alignment
(MRA). Whereas the RFA starts with a translational alignment with re-
spect to a single amorphous, rotationally symmetric “‘blob,”” MRA uses
whole series of reference images with an—in the course of the interative
refinement scheme—increasing level of image detail.” For the later rounds
of MRA during the structure refinements, a larger number of reference
images are used, which are generated by reprojections of the previous 3D
result in directions ~15° apart. Whereas analysis of the RNAP core struc-
ture is initiated from scratch with a RFA step for determining the 3D

33 M. van Heel and M. Stoffler-Meilicke, EMBO J. 4, 2389 (1985).
34 P. Dube, P. Tavares, R. Lurz, and M. van Heel, EMBO J. 15, 1303 (1993).
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structure of RNAP holoenzyme complexes, the 3D RNAP core structure is
used to generate the first set of reference images for MRA.

Multivariate Statistical Analysis and Classification. The overall statis-
tical analysis of data sets comprises of two main steps: data compression
by multivariate statistical analysis (MSA) of the whole data set (i.e., all
centered/aligned particle images), followed by hierarchical ascendant clas-
sification into classes and summing into classums.*® The classification
allows similar images and/or classes to be merged with the constraint of a
minimal increase in intraclass variance. Depending on the original SNR
values in the raw molecular images, the number of images per clas-
sum differs: for a negatively stained specimen, 3-5 particle images can be
sufficient, whereas cryo-EM micrographs typically require 10-20 class
members, depending on the defocus value (see Figs. 1A and 1B for the
effect of different defocus values on the contrast). Using MSA analysis, it
is possible to group images (aligned previously by MRA or RFA) of par-
ticles that have the same orientation and to obtain averages (‘‘classums”)
of these images with enhanced SNRs.? The next steps are the assignment
of Euler angles to each characteristic view, i.e., determination of the orien-
tation of each classum relative to that of all other characteristic views, and
finally the calculation 3D reconstruction of the complex.

Euler Angle Assignment. To be able to perform a 3D reconstruction
based on 2D projection images of a 3D object, one needs to obtain relative
Euler angle orientations of the projection images, i.e., the classums in this
case. The basis for the Euler angle assignment is the common line projec-
tion theorem: two 2D projections of a 3D object share a common line pro-
jection.**? In theory, three different projections of an asymmetric object
are sufficient to find their relative Euler angle orientations.”*" In practice,
however, many projection images are required to achieve a good 3D re-
construction with an isotropic resolution. Hence an object can be recon-
structed from its projection images as long as we have enough different
views available to fill the information volume.

Common line projections are determined in real space with the angular
reconstitution program,®’ as implemented in the IMAGIC-5 software
system.*! First, all possible line projections (“‘sinograms”) are determined
for each classums and then all possible correlation functions between the

35 M. van Heel, Ultramicroscopy 13, 16 (1984).

3 M. van Heel, Optik 82, 114 (1989).

37L. Borland and M. van Heel, J. Opt. Soc. Am. A7, 601 (1990).

* G. Golub and C. van Loan, “Matrix Computations,” 3rd Ed. The John Hopkins Univ.
Press, London, 1996.

* M. van Heel, Ultramicroscopy 21, 111 (1987).

40 A. B. Goncharov and M. S. Gelfand, Ultramicroscopy 25, 317 (1988).
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sinogram of each new classum and a set of sinograms derived from well es-
tablished views are determined (“‘sinogram correlation functions”).” What
follows finally is a ‘brute-force’ search over all possible Euler orientations
of the new classum in order to find its best possible orientation.

Three-Dimensional Reconstruction. Three-dimensional reconstructions
based on the angles found by angular reconstitution are achieved using the
exact-filtered back-projection algorithm,**** an approach that not only re-
duces the overweighting of low frequencies generated by overlapping of
the central sections in Fourier space in the proximity of the origin of the
coordinates,” but also takes into account the nonhomogeneous distribution
of projections over the unit sphere covering all possible particle orienta-
tions. Reprojection of the 3D reconstruction, using the Euler directions
found for each individual classum, allows one to verify the correctness of
the angle assignment: a high correlation coefficient is expected between a
classum and its corresponding reprojection. In order to obtain an isotropic
resolution for the final 3D reconstruction, it is important to ensure a full
distribution of views without gaps or ‘“‘missing cones.”

Refinements. Multiple iterations of MRA, MSA, Euler-angle assign-
ment, and 3D reconstructions (see Fig. 2) are required to refine the RNAP
structures. At the end of each refinement cycle, the most recent 3D model
is masked in order to remove noise outside the model and is reprojected to
generate a large number of reference images for the next round of refine-
ments. The same 3D reconstruction is also used for generating a small set
of anchor reprojections (typically 30 images).>*** These reprojections
have a reduced level of noise compared to the classums and are fully con-
sistent with each other. Therefore they are used as an ““anchor set” for re-
fining the angular orientations of the set of classums. The various
refinement scheme details are discussed in van Heel et al.’

Resolution Estimation and Filtering of the Final
Three-Dimensional Reconstruction

Upon convergence of the structure, resolution of the final 3D recon-
struction is assessed by calculating the Fourier shell correlation (FSC)*
between two independent 3D reconstructions obtained from the set of

M. van Heel, G. Harauz, E. V. Orlova, R. Schmidt, and M. Schatz, J. Struct. Biol. 116,
17 (1996).

42 G. Harauz and M. van Heel, Optik 73, 146 (1986).

43 M. Radermacher, J. Elect. Microsc. Tech. 9, 359 (1988).

* M. Schatz, E. V. Orlova, P. Dube, J. Jiger, and M. van Heel, J. Struct. Biol. 114, 28 (1995).

S Serysheva, E. V. Orlova, M. Sherman, W. Chiu, S. Hamilton, and M. van Heel, Nature
Struct. Biol. 2, 18 (1995).
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Cryo-electron
microscopy

Structure
interpretation

Angle
assignment

F1G. 2. An overview of postprocessing steps. (A) Images of individual particles are noisy
and have to be averaged. To average like images, the images are aligned and classified into
groups of approximately 17 like images, which are averaged together to produce classes (B).
The relative orientation of each class with respect to one another is determined (angle
assignment). The classes are then used to reconstruct a three-dimensional volume (C). This
structure is reprojected (D) either to refine the alignment or for angular assignment. The
whole procedure is applied in an iterative manner until a stable structure is achieved. Adapted
from Finn et al.” with permission.

classums data split into two subsets. The different ways of determining
resolution are discussed in detail elsewhere.*® Here it suffices to say that
the 3o threshold curve indicates at which resolution one has collected infor-
mation significantly above the random noise fluctuations. Finally, it should
be noted that reliable visualization of the 3D maps may require additional

46 M. van Heel and M. Schatz, in preparation (2002).
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band-pass filtering of the 3D reconstruction; low frequencies heavily affect
the interpretation, and frequencies higher than the real maximal resolution
would only add noise. This issue is discussed elsewhere in detail.*’

Interpretation of RNA Polymerase Three-Dimensional Cryo-EM Maps

The following sections describe the interpretation of the core E. coli
RNAP cryo-EM map derived from single particle analysis with help of
the crystal structures of core RNAP from Thermus aquaticus'> and RNAP
I1 from Saccharomyces cerevisiae.**

Fitting of the RNAP Crystal Structure from T. aquaticus

The fitting of the RNA polymerase crystal structure from 7. aquaticus'*
into the density map of the E. coli RNAP is achieved in two steps: (i) a
global fitting of the structure as a rigid body, first interactively and eventu-
ally by reciprocal space fitting, and (ii) an interactive fitting of the individ-
ual subunits and their domains. Real space refinement trials with the
program ESSENS (part of the RAVE suite, http:/xray.bmc.uu.se/usf/
rave.html) for fitting of RNA polymerase domains are not appropriate be-
cause of extremely long calculation times. A molecular replacement solu-
tion is obtained by interactive fitting using “O” software,*® whereas
reciprocal space fitting, achieved using the program X-PLOR,* is used to
further refine the fit. For the latter procedure, the electron density map is
Fourier transformed into a P1 cell (using the SFTOOL subroutine of the
CCP4 program suite http://www.ccp4.ac.uk/main.html). The resulting
structure factors are used as a target for rigid body positional refinement
(X-PLOR) of the T. aquaticus RNAP coordinates.'” The subsequent global
fit allows the identification of structural domains that required interactive
fitting, achieved by small translational and rotational movements respect-
ing the molecular connectivity.” Least-square refinement of the crystal
structure of the holoenzyme from 7. thermophilus™ to the T. aquaticus
core RNAP crystal structure using the program “O” reveals their high
similarity. Thus the T. thermophilus structure provides no significant
additional information for interpretation of the E. coli core RNAP map.

47 M. van Heel, Curr. Op. in Struct. Biol. 10, 259 (2000).
“ST. A.Jones, J. Y. Zou, S. W. Cowan, and M. Kjeldgaard, Acta Crystallogr. A 47,110 (1991).
T, Briinger, “XPLOR Manual,” Version 3.1, Yale Univ. Press, New Haven, 1993.
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Homology Modeling of the E. coli RNA Polymerase

In order to generate a molecular model of the E. coli RNA polymerase,
two steps follow the fitting of the 7. aquaticus RNA polymerase crystal
structure: (i) amino acid sequence alignments and (ii) homology modeling.
Multiple sequence alignments between E. coli RNA polymerase and
T. aquaticus and S. cerevisiae RNA polymerase are performed using the
ClustalX program.’® For every RNAP subunit, sequence alignments are
guided by secondary structure profiles and verified interactively. Final
sequence alignments are used to carry out homology modeling using
MODELLERG6a.’' For each RNAP subunit, 10 models are made to iden-
tify poorly modeled regions, which arise from the sequence present in the
E. coli RNAP but absent in 7. aquaticus RNAP. These insertions cor-
respond to the dispensable regions (DRs) in the 3 and ' subunits of
the E. coli enzyme and cannot be modeled based on the 7. aquaticus or
T. thermophilus RNAP crystal structures.'*'? The obtained model is fitted
interactively to the map using individual RNAP subunits and some of their
domains as described earlier. The global fit of the E. coli homology model
is shown in Fig. 3 (top). Locations of the a-carboxy-terminal domains
(a-CTDs) relative to their respective N-terminal domains based on their
crystal structures™>> are shown in Fig. 3 (bottom). This is consistent with
the various modes of interaction of the o-CTD with activators presented
at different promoters.>

The additional density remaining after fitting the E. coli homology
model to the cryo-EM electron density map corresponds to the DRs. These
can be described by certain subunits of the yeast RNAP II when the coord-
inates of the S. cerevisite RNAP II'* are superimposed to the E. coli
RNAP homology model using the LSQ option in the program “O.” The
overall architecture of the E. coli and S. cerevisiae enzymes is the same.
At the subunit level, the a;-NTD is structurally homologous to the Rpb3
and Rpbl1 subunits of the S. cerevisiae RNAP II enzyme. DR2, which is
located close to the C terminus of the § subunit, in the vicinity of the
a1-NTD of E. coli RNAP, appears to be structurally homologous to the
S. cerevisiae RNAP II subunits Rpb10 and Rpb12. Finally, the interaction
of DR1 (5 subunit) with DR (3’ subunit) of E. coli RNAP is similar to that
between Rpb9 and a fragment of Rpbl in S. cerevisiae.!
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Fi1G. 3. (Top) Stereo view of the global fit of the E. coli homology model of RNAP into the
three-dimensional map derived from cryo-EM studies. This orientation of RNAP—Iooking
into the active site of the enzyme—illustrates its typical “crab claw” shape. The Ca backbone
is represented as cylinders for « helices and arrows for 3 sheets. (Bottom) Stereo views of
the refined fit illustrate localization of the «o; and «y C-terminal domains relative to the
corresponding N-terminal domains based on their individual crystal structures. Relative to
the global view above, these domains have been rotated anticlockwise by 90° about an
axis perpendicular to the plane of the paper and flipped 180° around a horizontal axis in the
plane of the paper.

Concluding Remarks

Single particle cryoelectron microscopy has allowed determination of
the structure of a bacterial mesophile RNAP. When compared with the
crystal structures of RNAP from bacterial thermophiles, the medium-reso-
lution electron density map highlights features that are unique to the E. coli
enzyme and has allowed the localization of domains that otherwise appear
disordered in crystal structures of bacterial RNAP. Promoter specificity of
RNAP is conferred by the additional sigma factor in the RNAP holoen-
zyme. Comparison of the different functional states of RNAP in E. coli
should prove valuable in examining the structural basis of the transcription
cycle. Single particle cryo-EM studies can be extended to encompass the
interaction of RNA polymerase with transcription factors in ternary
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complexes. The technique allows the study of different complexes in differ-
ent functional states without the necessity to grow crystals first. Atomic fit-
tings and homology modeling based on cryo-EM structural studies can be
used to ascertain the functional role of such transcription complexes.
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RNA in all cellular organisms is synthesized by a complex molecular
machine, the DNA-dependent RNA polymerase (RNAP). The catalyti-
cally competent bacterial core RNAP (subunit composition a,33'w) is con-
served evolutionarily in sequence, structure, and function from bacteria to
humans.'™ In both prokaryotes and eukaryotes, promoter-specific initi-
ation of transcription requires protein factors in addition to the catalytic
core RNAP, ranging from an ~750-kD collection of more than a dozen
basal initiation factors for messenger RNA (mRNA) synthesis in eukary-
otes’ to a single polypeptide in bacteria, the o subunit, which binds core
RNAP to form the holoenzyme.® The holoenzyme locates specific DNA se-
quences called promoters, forms the open complex by melting the DNA
surrounding the transcription start site, and initiates the synthesis of an
RNA chain.

To understand the molecular mechanism of transcription initiation, it is
necessary to solve the structures of the holoenzyme and holoenzyme-DNA
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complex. We have reported structures of the bacterial RNAP holoenzyme
and a holoenzyme—promoter DNA complex at 4 and 6.5 A resolution,
respectively.®” These structures shed light on the first steps of RNA synthe-
sis. This article reports on details of the purification, crystallization, and
structure determination of these macromolecular complexes.

Purification

Core Enzyme

By far the best-characterized cellular RNAP is that from Escherichia
coli. However, despite years of effort by many groups, three-dimensional
crystals of E. coli RNAP suitable for X-ray analysis have never been
obtained. We expanded our investigations to thermophilic eubacteria,
focusing on Thermus aquaticus (Taq) because of the relative ease with
which large amounts of biomass could be obtained. The core RNAP isol-
ated from Taq comprised four distinct polypeptides, &', 8, a, and w, of
about 170, 125, 35, and 11 kDa, respectively.'” The preparative procedure
for Tag core RNAP was similar to the preparation of E. coli core RNAP."!
A schematic outlining the purification procedure is shown in Fig. 1.

Polymin-P Precipitation. Approximately 100 g of frozen cell paste is
thawed and mixed with 70 ml of lysis buffer [SO mM Tris—=HCI (pH 8.0 at
4°), 2mM EDTA, 233 mM NaCl, 5% glycerol, 1 mM dithiothreitol
(DTT), 1 mM B-mercaptoethanol] using a Waring blender. During mixing,
3.5 ml of a 100x protease inhibitor cocktail [696 mg phenylmethylsulfonyl
fluoride (PMSF), 1.248 g benzamidine, 20 mg chymostain, 20 mg leupep-
tin, 4 mg pepstain, 40 mg aprotinin in 40 ml cold ethanol], an additional
35 ml of lysis buffer, 8% Na-deoxycholate (final 0.2%), and 100 ml of
TGED buffer [10 mM Tris-HCI (pH 8.0 at 4°), 0.1 mM EDTA, 5% gly-
cerol, 1 mM DTT] are added. The cells are lysed using a continuous flow
French press (~15,000 psi), centrifuged for 30 min at 30,000 g, and the
supernatant collected. The supernatant is diluted with TGED buffer until
the conductivity is equal to TGED + 0.15 M NaCl and stirred gently while
slowly adding a 10% Polymin-P, pH 7.9, solution to a final concentration of
0.6%. The mixture is centrifuged for 30 min at 30,000 g. The pellet is

8 K. S. Murakami, S. Masuda, and S. A. Darst, Science 296, 1280 (2002).

%K. S. Murakami, S. Masuda, E. A. Campbell, O. Muzzin, and S. A. Darst, Science 296, 1285
(2002).

19G. Zhang, E. A. Campbell, L. Minakhin, C. Richter, K. Severinov, and S. A. Darst, Cell 98,
811 (1999).

1 A, Polyakov, E. Severinova, and S. A. Darst, Cell 83, 365 (1995).
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Schematic for Purification Total Protein (mg)

| Thermus aquaticus cells |

| French press to break up cells |

| Polymin P precipitation | 1000

| Ammonium sulfate precipitation |

| Heparin sepharose column | 150
| Superdex 200 gel filtration column | 40
| SP Sepharose column | 35

“

FiG. 1. Schematic for the purification of Tag RNAP core enzyme.

washed twice by resuspending in 400 ml of TGED + 0.3 M NaCl and is re-
covered by centrifugation. RNAP is eluted from the pellet by resuspending
in 200 ml of TGED + 1 M NaCl buffer. Solid ammonium sulfate is added
to a final saturation of 60% (100% saturation = 4 M) and pelleted by
centrifugation.

Heparin—-Sepharose Column Chromatography. Prior to loading the
sample, the heparin-Sepharose (heparin-Sepharose FF, Amersham Bios-
ciences) column must be regenerated to obtain the maximum RNAP yield.
The column is washed with 2 column volumes (CV) of regeneration buffer
(50 mM Tris—-HCI, pH 7.5,1 mM EDTA,2 M KCl, 6 M Urea) and 2 CV of
acetate buffer (60 mM sodium acetate, 0.5 M NaCl, pH 5.5) at least twice.
The column is equilibrated with TGED + 0.2 M NaCl. The ammonium sul-
fate pellet is suspended in TGED buffer, and the solution is diluted with
TGED until the conductivity is equal to TGED + 0.2 M NaCl. During dilu-
tion, the solution may become cloudy, presumably due to precipitate protein
and residual Polymin-P. Apply the whole sample to the column without
clarification. The protein sample is loaded onto a 50-ml column (2.5 X
10 cm) at 5 ml min~'. The column is washed with TGED + 0.2 M NaCl
until A,gg reaches background and then RNAP is eluted with TGED +
0.6 M NaCl. The sample is precipitated with ammonium sulfate (final
concentration of 60% saturation) and pelleted by centrifugation.
Approximately 1 g of total protein is loaded onto the heparin column for
each run.
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Superdex 200 Gel Filtration Column Chromatography. The ammonium
sulfate pellet is suspended in TGED buffer and fractionated over a
Superdex 200 (Amersham Biosciences) gel filtration column (120 ml,
1.6 x 60 cm) equilibrated with TGED + 0.5 M NaCl.

SP Column Chromatography. Pooled fractions containing RNAP are
diluted with TGED buffer until the conductivity is equal to TGED +
0.1 M NaCl and then loaded onto an SP-Sepharose (Amersham Bio-
sciences) ion-exchange column (20 ml, 1.25 x 20 cm) equilibrated with
TGED + 0.1 M NaCl. The protein is eluted with a gradient from 0.1 to
0.5 M NaCl. The RNAP peak elutes at around 0.3 M NaCl.

Mono Q Column Chromatography. Fractions containing RNAP are di-
luted with TGED buffer until the conductivity is equal to TGED + 0.15 M
NaCl and then loaded onto a Mono Q (Amersham Biosciences) ion-
exchange column (8 ml, 1 x 10 cm) equilibrated with TGED + 0.15 M
NaCl. The protein is eluted with a gradient from 0.15 to 0.5 M NaCl.
The RNAP peak elutes at around 0.3 M NaCl. Peak fractions containing
RNAP are pooled, and glycerol is added to a final concentration of 15%
(v/v). The samples are then aliquoted, frozen in liquid nitrogen, and stored
at —80° until use. One hundred grams of wet cell paste typically yields
30 mg of core RNAP, which is more than 99% pure as judged from
overloaded, Coomassie-stained SDS gels (Fig. 2A, lane 1).

GA

The gene encoding for wild-type Tag o or a region 1.1 deletion mutant
(Tag 0™[92-438], or A1.16™*)'*!3 is PCR subcloned into the Ndel/Bpul1021
sites of the pET2la expression vector (Novagen). E. coli strain
BL21(DE3)pLysS transformed with the expression plasmid is grown at
37° in 2 liter of LB medium supplemented with ampicillin (100 zg/ml)
and chloramphenicol (34 pg/ml) to an Aggp of ~0.5. Expression is induced
by adding 1 mM isopropyl-3-p-thiogalactopyranoside (IPTG) for 3 h. Cells
are harvested and stored frozen at —80°.

Frozen cells are suspended in 50 ml of TGED + 0.5 M NaCl, lysed
with a continuous flow French press or by sonication, and centrifuged
at 20,000 g for 10 min at 4°. The supernatant is heat treated at 65° for
30 min, and ¢ is recovered from the supernatant by centrifugation. The
supernatant is diluted until the conductivity is equal to TGED + 0.1 M
NaCl and is then applied to a cation-exchange column [HiTrap SP-sepharose

121.. Minakhin, S. Nechaev, E. A. Campbell, and K. Severinov, J. Bacteriol. 183, 71 (2001).
BE A Campbell, O. Muzzin, M. Chlenov, J. L. Sun, C. A. Olson, O. Weinman, M. L.
Trester-Zedlitz, and S. A. Darst, Mol. Cell 9, 527 (2002).
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FIG. 2. (A) SDS-PAGE analysis of Taq core RNAP (lane 1) and recombinant ¢** (lane 2,
wild-type o*; lane 3, A1.16*) stained with Coomassie blue. (B) In situ proteolysis. The Tag
holoenzyme was incubated for several months in hanging drop crystallization trials and then
analyzed by SDS-PAGE and Coomassie blue staining. Core enzyme subunits and the major,
stable proteolytic fragments of o are labeled. N-terminal cleavage sites of these fragments
are (band, residue) 1, 35; 2, 49; 3, 58; 4, 71; and 5, 92.

(Amersham Biosciences) or an equivalent] equilibrated with TGED +
0.1 M NaCl. Proteins are eluted with a linear gradient of 0.1 to 0.8 M NaCl
in TGED buffer. The protein is purified further by gel filtration over Super-
dex 200 (Amersham Biosciences) equilibrated with TGED + 0.5 M NacCl.
The wild-type 0 (50 kDa) shows slower mobility than expected based on
the molecular weight, but Al.16** (40 kDa) runs with the expected mobil-
ity on a denaturing gel (Fig. 2A, lanes 2 and 3). Peak fractions containing
o™ are pooled, and glycerol is added to a final concentration of 15%,
aliquoted, frozen in liquid nitrogen, and stored at —80° until use.

DNA

Lyophilized, tritylated, single-stranded oligonucleotides (Oligos Etc.)
are detritylated and purified as described.'* Dried oligonucleotides are dis-
solved in annealing buffer (5 mM sodium cacodylate, pH 7.4, 0.5 mM
EDTA, 0.2 M NaCl) to a concentration of ~2 mM. Equimolar amounts
of complementary oligonucleotides are annealed at 1 mM concentration

14 A. Aggarwal, Methods 1, 83 (1990).
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by heating to 90° for 5 min and cooling to 25° at a rate of 0.01°/s. Annealed
oligonucleotides are stored at —20°.

Crystallization

Holoenzyme

The transcriptionally active Tag RNAP holoenzyme is reconstituted
in vitro by combining native Tag core RNAP and recombinant Tag o™
(molar ratio 1:1.2) in reconstitution buffer (10 mM Tris-HCI, pH 8.0,
0.2 M NaCl, 1 mM DTT, 0.1 mM EDTA, 15% glycerol) and is then incu-
bated at 30° for 30 min. Initial crystallization trials yield small, needle-like
crystals. Examination of the protein present in the crystals by SDS-PAGE
reveals in situ degradation of ¢ by unknown contaminating proteases.
N-terminal sequencing shows that the o polypeptide is cleaved at its N
terminus at residues 35, 49, 58, 71, and 92 (Fig. 2B). The shortest ¢ frag-
ment (residues 92-438), which lacks the entire o region 1.1 (A1.16™), is then
cloned, expressed, and purified from E. coli (described earlier) and used for
reconstitution and crystallization. Crystals are grown by vapor diffusion
with microseeding. To prepare crystal seeds, the Al.16”~holoenzyme solu-
tion (15 mg/ml) is mixed with the same volume of crystallization solution
containing 0.1 M HEPES-NaOH, pH 8.0, 3 M sodium formate, and the
mixture is incubated as a hanging drop over the crystallization solution.
Needle-like crystals grow in a week. These can be stabilized and stored in
crystallization solution. Fresh Al.16"~holoenzyme solution (15 mg/ml) is
mixed with the same volume of crystallization solution containing crystal
seeds, and the mixture is incubated over the crystallization solution con-
taining 2.4-2.6 M sodium formate. Plate-like crystals with typical dimen-
sions of 0.4 x 0.1 x 0.02 mm grow in 2 months at 22°. The crystals
belong to the primitive space group P2; (a = 155.0 A, b =2712 A,
c=1553A,3= 91.4°), with two 430-kDa Al.16*~holoenzyme molecules
per asymmetric unit and a solvent content of 65%. For cryocrystallography,
crystals are presoaked in crystallization solution, followed by four 10-min
soaks in crystallization solution containing increasing concentrations of
sodium formate to a final concentration of 6 M. Crystals are then flash
frozen by dunking in liquid ethane and held at liquid nitrogen temperature.

Holoenzyme/Fork—Junction DNA Complex

The holoenzyme/fork—junction DNA complex is prepared by mixing
holoenzyme and annealed fork—junction DNA (molar ratio 1:1.5) in
10 mM Tris—-HCI (pH 8.0 at 4°), 0.1 M NaCl, 20 mM MgCl,, 1 mM DTT,
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Fic. 3. Crystals of the Taq holoenzyme/fork—junction DNA complex.

0.1 mM EDTA, and incubated for 30 min at room temperature. Crystals
are grown by vapor diffusion. The protein/DNA solution (1 ul at a final
RNAP holoenzyme concentration of 15 mg/ml) is mixed with an equal
volume of 1.6-1.8 M (NH,4),SO, (pH adjusted to 8.0 with NaOH), 0.1 M
Tris—-HCI (pH 8.0 at 22°), 20 mM MgCl,, and incubated as a hanging drop
over the same solution at 4°. Crystals grow in about 3 weeks to typical
dimensions of 0.3 x 0.1 x 0.1 mm (Fig. 3). The crystals belong to the space
group P4322 (unit cell parameters a = b = 182 A, ¢ = 522 A), with one
450-kDa protein/DNA complex per asymmetric unit and a solvent content
of 75%. Unfrozen crystals mounted in a capillary do not show any diffrac-
tion. For cryocrystallography, the crystals are presoaked in 1.8 M
(NH4),SOy4, 0.1 M Tris-HCI, pH 8.0, 20 mM MgCl,, then soaked directly
in 6 M sodium formate, 0.1 M Tris—-HCI, pH 8.0, 20 mM MgCl,, for 10 min
before flash freezing by dunking in liquid ethane at liquid nitrogen tem-
perature. Crystals larger than 0.4 mm in length are damaged during cryo-
protectant soaking. The frozen crystals diffract to 7 A resolution from
an in-house X-ray generator. Spots can sometimes be observed, in one
direction, to 4.5 A resolution at synchrotron beam lines.

Data Collection

Holoenzyme

Because of the thin, plate-like shape (0.4 x 0.1 x 0.02 mm) of the crys-
tal, most holoenzyme crystals are somewhat bent during freezing, resulting
in poor diffraction with elongated spots. We attempted annealing the
frozen crystals'® but with no improvement. Third-generation synchrotron
beam line SBC-19ID at APS produced an extremely intense X-ray beam,
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allowing a fairly small beam (0.1 x 0.1 mm) to be used without intensity
reduction. Searching with the small beam over the surface of the crystal,
a relatively flat region could be found that gave sharp diffraction spots at
all orientations of the crystal. Diffraction to 4 A resolution was obtained.
Diffraction data were processed using DENZO and SCALEPACK.'®

Holoenzyme/Fork—Junction DNA Complex

Crystals were aligned with the long ¢ axis approximately along the
spindle axis to minimize reflection overlaps. Low-resolution data were ex-
tremely important in obtaining a continuous electron density map for
model fitting described later. Using a small beam stop and a large crystal-
to-detector distance (900 mm) at CHESS-F1 beam line allowed collection
of data down to 80 A resolution. Low-resolution data sets were collected
from 80 to 9 A, and high-resolution data sets were collected from 10 to
6.5 A; these data sets were combined to obtain 80 to 6.5 A.

Phasing, Model Building, and Refinement

Figure 4 shows strategy used to solve the structures of the holoenzyme
and holoenzyme/fork—junction DNA complex (RF). At resolutions less
than about 3.5 A, it would normally not be possible to construct an accur-
ate model de novo. However, the availability of atomic structures of both
core RNAP'” and domain structures of o facilitated the construction of
a model for RF at 6.5 A resolution and holoenzyme at 4 A resolution."
We attempted to obtain phases from RF crystals, as the crystallization
was highly reproducible, the crystals were isomorphous, and only one
macromolecular complex was contained in the asymmetric unit (as op-
posed to a dimer in the asymmetric unit of the holoenzyme crystals).
Because the crystals diffracted in the worst direction to only around
6.5 A resolution and contained a large molecular mass (~450 kDa) in the
asymmetric unit, we used heavy metal clusters for multiple isomorphous
replacement (MIR) phasing. Soaks were done with tungsten clusters'’
(ng, K(,P2W18062; le, K5HCOW12040) and tantalum bromidelg
(TagBry4). The Wig cluster disrupted the crystals, but the Wy, cluster
showed excellent phasing, which was the milestone in determining the

BF A Samatey, K. Imada, F. Vonderviszt, Y. Shirakihara, and K. Namba, J. Struct. Biol. 132,
106 (2002).

167, Otwinowski and W. Minor, Methods Enzymol. 276, 307 (1997).
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Soc. 113, 5685 (1991).

18 G. Schneider and Y. Lindqvist, Acta Cryst. D50, 186 (1994).
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Strategy to solve structures

RF (6.5 A resolution) Holo RNAP (4 A resolution)
l MIR phasing with metal clusters ‘ """" W Molecular replacement ‘
v v
l SIR phasing with Ta.Br,, ‘
v ¥
[ Model fitting (Core, o & DNA) |
v v
l Rigid body refinement ]-
v
l Holo RNAP structure ﬁttingl< -------------- Model building at missing

parts in initial model

FiG. 4. Summary of structure determination procedures for holoenzyme and holoenzyme/
fork—junction DNA complex.

structures. The locations of three Wy,-binding sites were derived using
SHELX-97.' Initial phases were calculated using MLPHARE.?" Spheric-
ally averaged models®' for the structure of the W and Ta clusters were used
for heavy atom refinement and phasing calculations. The four-Gaussian fit
to the scattering curve yielded the following coefficients: Wy, (useful to 7 A
resolution): ¢ = —239.701, a; = 422.612, b; = 287.463, a, = 312.267, b, =
287.532, a3 = 215.955, b; = 286.933, a, = 162.945, b, = 287.325; TaecBr4
(useful to 4.5 A resolution): ¢ = 17976.4, a; = 27.1519, by = 673.365, a, =
6696.77, b, = 22.1632, a3 = 4994.74, b; = 22.1958, a, = —29267.1, b, =
6.99315. This treatment improved phases and map quality. The resulting
MIR map was not interpretable, but density modification using SOLO-
MON? improved the density map dramatically. A systematic variation of
the solvent content and truncation factors used as inputs to SOLOMON
was necessary to determine the optimal solvent-flattening procedure.”
For each set of these parameters, the electron density map was inspected
visually (e.g., four helix bundle of the « subunit N-terminal domain or

19 G. M. Sheldrick, in “Proc. CCP4 Study Weekend” (W. Wolf, P. R. Evans, and A. G. W.
Leslie, eds.), p. 23. SERC Daresbury Laboratory, Warrington, UK, 1991.
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David, and R. D. Kornberg, Cell 98, 799 (1999).

22, P. Abrahams and A. G. W. Leslie, Acta Cryst. D52, 30 (1996).
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FiG. 5. Tag RNAP holoenzyme/fork—junction DNA complex. The a-carbon backbones of
the holoenzyme subunits and the fork—junction DNA are shown. The three structural domains
of 0 (03, 03, and 0,4) are labeled. The direction of transcription (downstream) would be to the
right. The experimental electron density map, calculated using F, coefficients, is shown (net,
contoured at 1.5¢0) and was computed using MIR phases, followed by density modification.
The entire complex is viewed from in front of the 8 subunit (3’ is obscured behind).

the DNA double helix was easily recognized in the maps) and optimal
density modification conditions were noted. Solvent flattening using a solv-
ent content of 55% produced the best density map, even though the calcu-
lated solvent content was 75%. The protein phases were recalculated with
the heavy atom parameters refined against the solvent-flattened phase.”*

At 65 A resolution, the major and minor grooves of the double-
stranded DNA, as well as the 3’ single-stranded tail of the fork—junction
nontemplate strand, were readily apparent in the electron density maps.
Moreover, the protein/solvent boundary was clearly discernible, and rod-
like densities were interpretable as protein « helices. The core RNAP
structure was divided into five “modules”.® Using the program O, the
modules were fit manually as rigid bodies into the density, mainly by
aligning « helices with the rod-like densities (Fig. 5).

After fitting the core RNAP modules, the three structural domains of
o™ (02, 03, and 04") were readily placed into the density map, and the
DNA model was then added and adjusted manually to fit the density. Crys-
tallographic rigid body refinement was carried out using CNS.?° The model

2 M. A. Rould, J. J. Perona, and T. A. Steitz, Acta Cryst. A48, 751 (1992).

T, A. Jones, J.-Y. Zou, S. Cowan, and M. Kjeldgaard, Acta Cryst. A47, 110 (1991).

26p. D. Adams, N. S. Pannu, R. J. Read, and A. T. Brunger, Proc. Natl. Acad. Sci. USA 94,
5018 (1997).
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of holoenzyme in RF was used for the molecular replacement search
against 4-A resolution data from the Taqg RNAP holoenzyme crystals.
Using diffraction data from 15 to 5 A resolution, rotation and translation
searches were performed using CNS (correlation coefficient of first peak,
0.111; second peak, 0.100; third peak, 0.035). After a solution for one mol-
ecule in the asymmetric was obtained, its position was fixed and another
search was performed (correlation coefficient of first peak, 0.217; second
peak, 0.091). The molecular replacement phases were improved by phase
combination with single isomorphous replacement (SIR) phases from a
TagBry4 derivative. The electron density map was improved further by
density modification and noncrystallographic symmetry averaging using
CNS. Comparison of the molecular replacement solution with the resulting
electron density map revealed significant deviations, indicating that model
bias was removed effectively by the inclusion of the Ta-cluster phases. The
structure was divided into modules and rigid body refinements were per-
formed by CNS. Adjustments to the model were then made by hand to
better fit the electron density map. Connecting segments of ¢* that were
not modeled in the original lower resolution RF complex (most signifi-
cantly the extended polypeptide chain and « helix comprising ¢ conserved
region 3.2), and segments of the RNAP subunits that were disordered and
not modeled in the core RNAP structure,'” were modeled as polyalanine.
Several solvent-exposed loops within the RNAP subunits were missing
electron density, presumably because of disorder within the crystals, and
were removed. A Zn>" ion was placed according to the ethyl mercury thio-
salicylate Fourier difference peak from the RF complex. Structural calcula-
tions were performed using CNS with very tight noncrystallographic
symmetry restraints (NCS restraint weight = 1000) between the two mol-
ecules in the asymmetric unit at all times. Map inspection and model build-
ing were done using O.*” The current, unrefined model has an R factor of
0.345 (JRfree = 0.397). Eventually, the final holoenzyme model derived from
the 4-A resolution holoenzyme crystals was fit into the RF electron density
map with the DNA model, conformations of domains were altered to fit
the density map, and a final round of rigid body refinement was executed
to obtain the final RF structure. The final round of rigid body refine-
ment yielded a crystallographic R factor of 0.448 (Rgee = 0.452), using
diffraction data from 15 to 6.5 A resolution.

Concluding Remarks

Some general conclusions for structure determination of large macro-
molecules can be drawn from this work. The interaction of RNAP holoen-
zyme with promoter DNA initiates a series of structural transitions from



[4] CRYSTALLOGRAPHIC ANALYSIS OF RNAP HOLOENZYME 53

the initial closed promoter complex to the transcription competent open
complex. The reaction is in rapid equilibrium with several intermediate
complexes and this equilibrium depends on many factors, including tem-
perature, Mg®" concentration, and DNA sequence. This presents challenges
for structure determination, where large quantities of a homogeneous
complex must be isolated. We used fork—junction DNA in order to
“freeze” the kinetics of RNAP-promoter DNA interaction and prepare
a homogeneous complex for crystallization.

With thin crystals of large asymmetric units, the small number of unit
cells in the crystal results in weak diffraction. This can be overcome by
the use of intense beams from undulator insertion device beam lines at
third-generation synchrotrons, where the beam size is matched carefully
to the crystal dimensions so that excess background scattering is minimized.
Also, the beam stop size is matched carefully to the beam to collect low-
resolution diffraction in order to obtain a continuous electron density map.

A sufficient heavy atom signal can be obtained even for very large
structures with low-resolution data using heavy metal clusters. The metal
cluster phasing (using the spherically averaged model as described in Fu
et al?") and solvent density modification generate excellent phases with
excellent low-resolution maps and can be used to determine sites of
additional derivatives using difference Fourier techniques.

The careful density modification protocol is essential in obtaining an
interpretable electron density map. In our practice, it was necessary to vary
the input parameters in SOLOMON iteratively in order to obtain the best
map with the most continuous chain density and to minimize truncation of
weak density. A visual inspection of many maps may be necessary to obtain
the best combination of parameters. While laborious and time-consuming,
the final results can be well worth the effort.
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[5] Purification of Rhodobacter sphaeroides RNA
Polymerase and Its Sigma Factors

By JENNIFER R. ANTHONY, HEATHER A. GREEN, and
TmMoTHY J. DONOHUE

Like other facultative bacteria, Rhodobacter sphaeroides has a variety
of metabolic lifestyles. In addition to generating energy by respiration or
photosynthesis, this a-proteobacterium uses catabolic, anabolic, or ener-
getic pathways of environmental, agricultural, or industrial interest." The
R. sphaeroides basal transcription apparatus includes the typical bacterial
RNA polymerase subunits (a,33'w) and 17 sigma factors.” R. sphaeroides
sigma factors include a homolog of the Escherichia coli housekeeping
sigma factor (hereafter referred to as o’ or RpoD),? two members of the
heat shock family of alternate sigma factors (RpoH; and RpoHy;),*> nine
proteins that are related to sigma factors in the extracytoplasmic stress
family, ECF (including one, o or RpoE, which is currently being ana-
lyzed),>*® and four members of the RpoN family.>’ When one considers
the metabolic activities that allow R. sphaeroides to generate energy, it is
not surprising that alternate sigma factors and regulatory strategies are pre-
sent that are not found in well-studied enteric or gram-positive bacteria.
There is also experimental evidence' and inference® that some of the
unusual signal transduction pathways from R. sphaeroides are present
in proteobacteria of environmental, agricultural, or medical interest.

This article presents methods used to obtain R. sphaeroides core RNA
polymerase and holoenzyme, as well as approaches used to purify active
sigma factors or their cognate antisigma factors. It also outlines assays to
monitor the ability of RNA polymerase to transcribe target genes, either
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alone or in the presence of specific transcription factors.'®!'! Many of these
methods are modifications of techniques used to monitor the activity of
analogous proteins from other well-studied prokaryotes. The systems de-
scribed here should be useful for analyzing many transcriptional regulatory
networks in R. sphaeroides and other bacteria.

I. General Considerations

When sonication is used to lyse cells, a VWR Scientific sonicator with a
microtip is used. SDS-PAGE is commonly used to assay for the presence
of RNA polymerase subunits.'? All dialysis steps are performed at 4°.

II. Purification of RNA Polymerase

For many experiments, samples containing a mixture of RNA polymer-
ase holoenzymes are sufficient. Such samples can be obtained rapidly and in
high yield using heparin-agarose chromatography (Section II, A)."? Crude
RNA polymerase holoenzymes can be used to confirm the location of puta-
tive promoters, to assess promoter strength, or to determine if a potential
transcription factor alters promoter activity, especially if the test promoter
is recognized by the housekeeping sigma factor.'®!! When it is necessary to
reconstitute holoenzyme preparations with a specific sigma factor,”*! it is
preferable to use core RNA polymerase holoenzyme that is free of en-
dogenous sigma factors. We present one approach to obtain R. sphaeroides
core RNA polymerase that uses affinity purification on monoclonal anti-
body resin (Section II, B)."> Other methods can be used to separate most
of the ¢’’-containing holoenzyme from core RN A polymerase or to provide
holoenzymes that are enriched for alternate sigma factors (Section II, C).'°

For RNA polymerase purification from small (<10 liter) quantities of
cells, we routinely use highly aerated, exponential phase aerobic cultures
of R. sphaeroides to minimize complications due to the large amount of
photosynthetic membrane that is made in the absence of O,.'” Larger
amounts of cells are typically grown at 30° in a fermentor, maintaining

10, C. Comolli and T. J. Donohue, Mol. Microbiol. 45, 755 (2002).
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the dissolved O, content by vigorous sparging and stirring. In either case,
late exponential phase cells (density ~2 x 107 cells/ml) are harvested by
centrifugation (8000 g, 10 min at 4°), the pellets frozen under liquid N»,
and stored at —80° until use.

A. Crude R. sphaeroides RNA Polymerase

This is a modification of a previously published protocol that allows one
to rapidly obtain a mixture of RNA polymerase holoenzymes from rela-
tively small quantities of cells.'""?

Approximately 2 g (wet weight) of freshly harvested or frozen (—80°)
R. sphaeroides cells are resuspended in 6 ml of 10 mM Tris—Cl, pH 8.0;
50 mM NaCl; 10 mM MgCl,; 1 mM EDTA; 0.3 mM dithiothreitol
(DTT); 7.5% glycerol; 0.5 mM phenylmethylsulfonyl fluoride (PMSF);
and 1.5 mg/ml lysozyme. The sample is incubated on ice for 10 min before
sonicating for five 1-min intervals at 50% duty cycle. The sample is centri-
fuged at 10,000 g for 40 min, and the supernatant is mixed for 60 min with
3 volumes of 50% heparin—agarose equilibrated in heparin—agarose buffer
(10 mM Tris—Cl, pH 8.0; 10 mM MgCl,; 1 mM EDTA; and 0.3 mM DTT).
This slurry is poured into a column and washed with 5 volumes of heparin—
agarose buffer containing 7.5% glycerol and 50 mM NaCl. RNA polymer-
ase is eluted in five ~5-ml fractions with heparin—agarose buffer containing
7.5% glycerol and 0.6 M NaCl. Samples containing RNA polymerase sub-
units are pooled and concentrated ~5-fold using a Centricon YM10 (Milli-
pore Corporation, Billerica, MA) concentrator prior to storage at —20°
where the activity is stable for months. Typically, approximately 10 ug of
RNA polymerase is obtained from 2 g of cells; this is sufficient for
50-100 in vitro transcription assays assuming that a final concentration of
50 nM RNA polymerase is used in a typical 20-ul assay.

B. Affinity Purification of R. sphaeroides Core RNA Polymerase

In this procedure, R. sphaeroides core RNA polymerase is purified via a
combination of affinity chromatography using the polyol-responsive 4RA2
monoclonal antibody (Dr. Richard Burgess laboratory, UW-Madison)'®
and anion-exchange chromatography.

Aerobically grown R. sphaeroides cells (~55 g wet weight) are resus-
pended in 60 ml of TE buffer (10 mM Tris—Cl, pH 8.0 and 0.1 mM EDTA)
containing 1 M NaCl, fresh 1 mM DTT, and 100 ug/ml of lysozyme.
Deoxycholic acid is added to 0.2%, and the cells are incubated on ice for
20 min. After cells are lysed by sonication (six 1-min bursts at 50% duty

18S. A. Lesley and R. R. Burgess, Biochemistry 28, 7728 (1989).
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cycle), the extract is centrifuged at 10,000 g for 25 min. The supernatant is
treated with 0.2% poly(ethyleneimine) (polymin P; P-3143, Sigma-Aldrich
Corp., St. Louis, MO) and incubated on ice for 15 min. After centrifuging
at 7000 g for 15 min, proteins in the supernatant are precipitated by adding
ammonium sulfate to 60% saturation. Samples are centrifuged at 10,000 g
for 20 min and the precipitate is resuspended in sufficient TE buffer
(~80 ml) to achieve a conductivity similar to 0.15 M NaCl. Samples are
loaded at a flow rate of ~2 ml/min onto an ~3-ml 4RA2 antibody column'®
preequilibrated with TE buffer containing 0.15 M NaCl. The flow-through
is collected, and proteins bound to the 4RA2 antibody column are eluted
by adding TE buffer containing 0.75 M NaCl and 40% polyethylene glycol.
SDS-PAGE analysis of fractions indicates that various RNA polymerase
holoenzymes are bound to the 4RA2 antibody column, while the desired
core enzyme is present in the flow-through. The 4RA2 column is regener-
ated by washing with 2 column volumes of TE buffer containing 2 M
KSCN followed by 2 column volumes of TE buffer. The previous flow-
through fractions, containing core RNA polymerase subunits, are pooled
and reapplied to the 4RA2 antibody column; the column is washed with
3 column volumes of TE buffer containing 0.15 M NaCl. The column is
washed with 3 column volumes of TE buffer containing 0.5 M NaCl. Core
RNA polymerase is eluted in ten 1-ml fractions by adding TE buffer con-
taining 0.75 M NaCl and 40% propylene glycol. After SDS-PAGE identi-
fies fractions containing RNA polymerase subunits, the appropriate
samples are pooled and diluted with sufficient TGED (10 mM Tris—HClI,
pH 7.9; 10% glycerol; 0.1 mM EDTA; and fresh 0.1 mM DTT) to achieve
a conductivity similar to a 0.15 M NaCl solution. The sample is filtered
through a 0.45-pm membrane and applied to a Mono Q anion-exchange
column (Amersham Pharmacia, Piscataway, NJ) equilibrated with TGED
and 50 mM NaCl at a flow rate of 1 ml/min.'° Core RNA polymerase is
eluted over 45 min with a linear gradient of 300-500 mM NaCl (core
RNA polymerase elutes at ~425 mM NaCl). After pooling fractions that
contain RNA polymerase, the sample is dialyzed against 1 liter of TGED
containing 50% glycerol and 100 mM NaCl. The material is separated into
0.3-ml aliquots and frozen in liquid N, prior to storage at —80°. We typic-
ally obtain 2.5 mg of high-purity core RNA polymerase from 55 g wet
weight of cells.

C. Highly Purified R. sphaeroides RNA Polymerase

This method is a modification'? of the traditional method for isolating
E. coli RNA polymerase'’ that provides enzyme with high in vitro tran-
scription activity. After cell lysis, all steps are performed on ice or at 4°.
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Typically, ~200 g wet weight of cells (from ~20 liters of cells) are resus-
pended in 320 ml (1.6 volume) of ice-cold 0.5 M Tris—-HCI (pH 7.9), 10%
glycerol, 2 mM EDTA (pH 7.9), 0.233 M NaCl, and fresh 0.1 mM DTT.
To this slurry, lysozyme is added to 1.5 mg/ml, and the sample is incubated
for 30 min and sonicated at 50% duty cycle until no longer viscous (ap-
proximately ten 1-min pulses). After adding PMSF to 0.1 mM and incuba-
tion for 45 min on ice, the suspension is placed in a prechilled blender
along with 150 ml ice-cold TGED (Section II,B) containing 0.2 M NaCl.
The mixture is blended at high speed for 30 s to shear DNA. The lysate
is centrifuged at 10,000 g for 45 min prior to treatment with polymin P to
precipitate DNA-binding proteins.

Before processing the entire sample, we add 0, 10, 20, 30, 35, 40, 50, or
60 pl of 10% (v/v) polymin P (pH 7.9) to 1.5-ml centrifuge tubes containing
1 ml of the lysate. The samples are mixed in a vortex and centrifuged in a
bench-top microfuge for 5 min, and the supernatant is observed to note the
minimum concentration of polymin P that gives a clear supernatant (typic-
ally ~0.2-0.3% polymin P). Using this information, the appropriate
amount of polymin P is added to the remaining lysate (e.g., if clarification
occurred at 0.3% polymin P, add 3 ml of 10% polymin P for every 100 ml
of sample) while blending at low speed over 5 min. After centrifugation at
9000 g for 10 min, the precipitate is resuspended in 400 ml TGED contain-
ing 0.5 M NaCl, blended at low speed for 5 min, and centrifuged (9000 g
for 10 min). To dissociate RNAP from DNA, the resulting pellet is resus-
pended in 400 ml TGED containing 1.0 M NaCl, blended, and centrifuged
(9000 g for 10 min). To the supernatant, ammonium sulfate is added to
35% saturation with stirring and incubated for >1 h (at this point, the
sample can be left refrigerated overnight). The sample is centrifuged
at 10,000 g for 30 min, and the pellet is suspended in sufficient TGED
+ 0.25 M NaCl so that the conductivity approximates that of TGED with
0.25 M NaCl. A final centrifugation at 10,000 g for 10 min removes
insoluble material.

To enrich for DNA-binding proteins, the sample is mixed with 30-40 ml
of single-stranded (ss)DNA cellulose (Worthington Biochemicals, 3 mg
of DNA bound per gram of cellulose) that was equilibrated previously
with 5 volumes of TGED plus 0.25 M NaCl, centrifuged at 50 g for 5 min,
min, and washed twice with 50 ml TGED + 0.25 M NaCl. The resulting
slurry is poured into a column and washed with ~100 ml of TGED +
0.25 M NaCl (flow rate 50 ml/h). Proteins are eluted in two steps. The first
elution is performed with 50 ml TGED + 0.4 M NaCl, collecting 4-ml frac-
tions. Next, 4-ml fractions are collected during a 50-ml elution with TGED

9R. R. Burgess and J. J. Jendrisak, Biochemistry 14, 4634 (1975).
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containing 1.0 M NaCl (flow rate ~35-40 ml/h). Spotting 1-ul samples on
nitrocellulose and assaying for protein by Amido black staining'” identifies
fractions enriched for protein, while SDS-PAGE monitors the polypeptide
composition of these fractions.

The ssDNA cellulose eluate can be used for in vitro transcription
assays, but chromatography on Sephacryl-300 increases the enzyme purity
and specific activity.'? Fractions from the ssDNA column that contain
RNA polymerase subunits are pooled, and proteins are precipitated by
adding ammonium sulfate to 35% saturation. The proteins are resuspended
in 0.5 ml TGED plus 0.5 M NaCl before being applied to a 100 ml Sepha-
cryl S-300 column (1.6 x 100 cm) that is equilibrated with TGED plus
0.5 M NaCl. The column is run at ~16 ml/h, collecting 1.0-ml fractions
(RNA polymerase generally elutes after ~60 ml). Amido black staining
and SDS-PAGE analysis are used to identify fractions enriched in RNA
polymerase; these samples are pooled and dialyzed against two changes
of 250 volumes of TGED + 0.5 M NaCl. We typically obtain ~17 mg of
RNA polymerase from 200 g wet weight of aerobically grown cells; enzyme
activity is stable for months at —80°.

This preparation contains a mixture of core RNA polymerase, Eo’,
and holoenzymes containing alternate sigma factors. We were initially sur-
prised at the relative abundance of several potential sigma factors in these
R. sphaeroides RNA polymerase samples,*!? as comparable preparations
from E. coli do not contain as many of these proteins.'® However, the poly-
peptide complexity of these preparations probably reflects the presence of
16 alternate sigma factors in R. sphaeroides,” some of which are present in
reasonably high abundance.*

III. Purification of Recombinant R. sphaeroides Sigma Factors

Sigma factors are commonly obtained by overexpression in E. coli. The
following procedures describe purification of these recombinant proteins
from either the soluble fraction or from insoluble inclusion bodies.

A. Purification of Recombinant R. sphaeroides RpoD

When RpoD is overexpressed in E. coli, it forms insoluble aggregates.
To obtain RpoD, these aggregates are isolated and the protein is refolded
and purified by anion-exchange chromatography.

One liter of E. coli M15pREP4 (Qiagen, Valencia, CA) cells containing
a plasmid-encoded N-terminal Hisg-tagged R. sphaeroides RpoD protein is
treated with 1 mM isopropylthio-3-p-galactoide (IPTG) for 3 h to induce
sigma factor expression. Cells (~2 g wet weight) are centrifuged at
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8000 g for 15 min, and the resulting pellet is resuspended in 10 ml phos-
phate-buffered saline (PBS, pH 7.4; 140 mM NaCl; 2.7 mM KCI; 10 mM
Na,HPO,; and 1.8 mM KH,PO,) containing 100 pg/ml lysozyme.
Following incubation on ice for 30 min, the cells are lysed by sonicating
five times for 1 min using a 50% duty cycle. The sample is centrifuged
at 14,000 g for 20 min, and the supernatant is discarded. The insoluble
material is washed with 5 ml PBS, centrifuged at 14,000 g for 20 min,
and resuspended in 10 ml of PBS containing 6 M guanidine-HCI. The
sample is dialyzed (Spectra/Por2, Spectrum Laboratories Inc., Rancho
Dominguez, CA) into refolding buffer (50 mM Tris—HCI, pH 8.0; 0.5 mM
EDTA; 5% glycerol; 50 mM NaCl; and 0.1 mM DTT) for 24 h with stir-
ring, the sample is removed and centrifuged at 15,000 g for 15 min to
remove any insoluble protein. The supernatant is applied to a Mono Q
anion-exchange column (Amersham Pharmacia) preequilibrated with
TGED and 50 mM NaCl at a flow rate of 1 ml/min. RpoD is eluted over
30 min with a linear gradient of 50-500 mM NaCl (RpoD elutes at
~320 mM NacCl). Peak fractions are analyzed by SDS-PAGE and those
containing RpoD are pooled for dialysis against 1 liter of storage buffer
(50 mM Tris—HCI, pH 7.9; 0.5 mM EDTA; 0.1 mM DTT; 50% glycerol;
and 100 mM NaCl) for 12 h and then stored at —80°. We routinely obtain
~1 mg of Hisg-RpoD per liter of cells.

B. Purification of Recombinant R. sphaeroides RpoH; and RpoH |,

Each of these heat shock sigma factors is purified as recombinant
N-terminal Hise-tagged proteins using pET-15b plasmids from E. coli
BL21 (DE3) (Novagen, Madison, WI). The purification procedures vary
based on the behavior of the recombinant proteins; His¢-RpoHj is soluble,
whereas most of the Hiss-RpoHy; is insoluble when overexpressed.’

The expression of Hiss-RpoH; is induced by treating a 100-ml culture
(ODgpp ~0.4 to 0.6) grown at 37° with 1 mM IPTG for 3 h. The cells are
centrifuged (5000 g for 10 min), resuspended in 4 ml binding buffer
(50 mM NaH,POy, pH 8.0; 300 mM NaCl; and 10 mM imidazole) contain-
ing 0.5 mg/ml lysozyme, incubated on ice for 30 min, and lysed by sonica-
tion at 50% duty cycle until no longer viscous (~six 20-s pulses). The lysate
is centrifuged at 10,000 g for 20 min and the supernatant is filtered through
a 0.45-ym membrane. The supernatant is mixed for 1 h on a rotary shaker
with 2 ml Ni**-NTA resin (Qiagen), that was equilibrated in binding
buffer. This slurry is poured into a 10-ml disposable column and washed
with 12 ml of wash buffer (50 mM NaH,POy,, pH 8.0; 300 mM NaCl; and
20 mM imidazole). Hisg-RpoH]j is eluted with four 1-ml samples of elution
buffer (50 mM NaH,PO,, pH 8.0; 300 mM NaCl; and 250 mM imidazole).
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Eluates containing Hise-RpoH; are pooled and dialyzed against storage
buffer (50 mM Tris-HCI, pH 7.9; 0.5 mM EDTA; and 50 mM NaCl con-
taining 50% glycerol). These samples are stable for months if stored at
—80°. We typically obtain 5-10 mg of recombinant Hiss-RpoH; from
100 ml of E. coli cells.

Active Hisg-RpoHy; is obtained from the soluble fraction of cells that
are grown at 20°. A 100-ml culture is grown to an ODggo of ~0.4 at 20°
and treated with 1 mM IPTG for 5-6 h to induce sigma factor expression.
The cells are centrifuged at 5000 g for 10 min, resuspended in 5 ml binding
buffer (as described earlier) containing 0.1% Triton X-100 and 1 mg/ml
lysozyme, incubated on ice for 30 min, sonicated for seven 20-s pulses at
50% duty cycle, and centrifuged at 10,000 g for 30 min. The supernatant
is added to 1 ml Ni*"-NTA resin (Qiagen) equilibrated in binding buffer,
mixed on a rotary mixer for 1 h, and loaded into a disposable 10-ml
column. The column is washed with 8 ml of wash buffer (as described
earlier) containing 0.1% Triton X-100 prior to eluting the Hiss-RpoHyy
with four 0.5-ml volumes of elution buffer (as described earlier) containing
0.1% Triton X-100. Most of the Hisg-RpoHy; elutes in the second fraction.
The eluate is dialyzed against the same storage buffer for Hisg-RpoH; con-
taining 40% glycerol. The protein is stable for months when stored at —80°.
We routinely obtain 0.3-0.5 mg of recombinant Hise-RpoHj; per 100 ml of
E. coli cells.

C. Purification of Recombinant R. sphaeroides RpoE

Rhodobacter sphaeroides RpoE is insoluble when overexpressed in
E. coli, and attempts to purify any soluble recombinant protein have
proved unsuccessful.”® However, denatured RpoE can be purified and
refolded into active protein.

One liter of E. coli M15pREP4 (Qiagen) cells containing a pQE plas-
mid-encoded N-terminal Hisg-tagged R. sphaeroides RpoE protein is
treated with 1 mM IPTG for 3 h to induce sigma factor expression. Cells
are centrifuged at 8000 g for 15 min, and the pellets (~2 g wet weight)
are resuspended in 10 ml PBS containing 100 pg/ml lysozyme. The sample
is then incubated on ice for 30 min. Following lysis by sonication for five
1-min intervals at 50% duty cycle, the sample is centrifuged at 14,000 g
for 20 min. The pellet is washed with 5 ml PBS and centrifuged at
14,000 g for 20 min. The resulting pellet is dissolved in 10 ml of PBS contain-
ing 8 M urea and mixed with ~2 ml Ni*"-NTA agarose (Qiagen) equili-
brated in PBS containing 8 M urea. The slurry is incubated at 4° for 1 h on
arotary shaker and then poured into a 5-ml gravity flow column. The column
is washed with five column volumes of PBS containing 8 M urea and 10 mM
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imidazole before eluting RpoE with five 1-ml aliquots of PBS containing
8 M urea and 300 mM imidazole. Samples containing RpoE are pooled
and diluted with FoldlIt buffer #16 (55 mM Tris-HCI, pH 8.2; 264 mM NaCl;
11 mM KCI; 0.055% PEG 3350; 550 mM guanidine-HCI; 2.2 mM MgCl,;
2.2 mM CaCl,; 440 mM sucrose; and 550 mM L-arginine; Hampton Re-
search, Laguna Niguel, CA) to a protein concentration of 0.4-0.5 mg/ml
and incubated on a rotary shaker at 4° for 12 h. The sample is then centri-
fuged at 15,000 g for 20 min to remove precipitate, and the supernatant is
dialyzed against 50 mM Tris—-HCI, pH 7.9; 0.5 mM EDTA; 0.1 mM DTT;
50% glycerol; and 100 mM NaCl for 12 h prior to storage at —80°. We
typically obtain 1.5-3.0 mg of Hisg-RpoE per liter of cells.

D. Purification of R. sphaeroides RpoE:ChrR Complex

A soluble RpoE-ChrR complex is obtained by affinity chromatography
from cells containing an intact rpoEchrR operon behind an inducible
promoter.8

One liter of E. coli M15pREP4 (Qiagen) cells containing a pQE plasmid-
encoded N-terminal Hisg-tagged R. sphaeroides RpoE gene cloned imme-
diately upstream of chrR is treated with 1 mM IPTG for 3 h. Cells are
centrifuged at 8000 g for 15 min at 4°, and the pellets (~2 g wet weight)
are resuspended in 10 ml PBS containing 100 pg/ml lysozyme and incubated
on ice for 30 min. Following lysis by sonication for five 1-min intervals at
50% duty cycle, cells are centrifuged at 14,000 g for 20 min. The supernatant
is applied to ~2 ml of Ni**-NTA agarose (Qiagen) preequilibrated with
PBS. The slurry is incubated for 1 h on a rotary shaker and is then poured
into a 5-ml gravity flow column. The column is washed with 5 column
volumes of PBS buffer containing 10 mM imidazole, and the RpoE:ChrR
complex is eluted with five 1-ml aliquots of PBS containing 300 mM imida-
zole. Eluates containing the RpoE:ChrR complex are pooled and dialyzed
against 1 liter of 50 mM Tris—HCI, pH 7.9; 0.5 mM EDTA; 0.1 mM DTT;
50% glycerol; and 100 mM NaCl prior to storage at —80°. We typically
obtain 10-12 mg of the Hise-c"~ChrR complex per liter of cells.

E. Purification of MBP-ChrR

When overexpressing ChrR, the majority of the protein is insoluble and
inactive.” By placing a maltose-binding protein (MBP) domain on the N
terminus of ChrR, the majority of the protein remains soluble when over-
expressed and an active protein can be purified by affinity chromatog-
raphy.® While the MBP protein can be removed by thrombin cleavage
after purification, this protease also cleaves ChrR, resulting in a truncated
protein that is not active in vitro.®
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One liter of E. coli cells containing a plasmid-encoded MBP-tagged
(New England Biolabs, Beverly, MA) chrR gene is treated with 1 mM
IPTG for 3 h to induce MBP-ChrR expression. Cells are centrifuged at
8000 g for 15 min at 4°, and the pellets (~2 g wet weight) are resuspended
in 10 ml PBS (Section III,A) containing 100 ug/ml lysozyme. The sample is
incubated on ice for 30 min. Following lysis by sonication for five 1-min
intervals at 50% duty cycle, cells are centrifuged at 14,000 g for 20 min at
4°, and the resulting supernatant is mixed with 40 ml of PBS containing
0.15 M KCI and fresh 2 mM DTT. This sample is mixed with ~4 ml of
amylose resin (New England Biolabs) that is equilibrated with PBS con-
taining 0.15 M NaCl and 2 mM DTT. The slurry is incubated for 1 h at
4° on a rotary shaker and poured into a 5-ml gravity flow column. The
column is washed with 5 column volumes of PBS buffer with 0.15 M KCI
and 2 mM DTT, and MBP-ChrR is eluted with seven 1-ml aliquots of
PBS buffer with 0.15 M KCI, 2 mM DTT, and 14 mM maltose. Eluates
containing MBP-ChrR are pooled, immediately concentrated ~2-fold
using a Centricon YM10 membrane (Millipore Corporation), and dialyzed
against 1 liter of 25 mM Tris—HCI, pH 7.5; 300 mM KCI; 50 % glycerol; and
2 mM DTT at 4° for 12 h. The protein remains active as an antisigma factor
if it is stored at —80°. We typically obtain 25-50 mg of MBP—ChrR per liter
of cells.

IV. Transcription Templates

We routinely use circular plasmids that contain a test promoter cloned
upstream of transcription terminators as templates (Fig. 1) because they
give rise to high levels of promoter-specific transcripts with several
R. sphaeroides RNA polymerase holoenzymes.*>7$10-1220 The yse of cir-
cular transcription templates also prevents complications associated with
the production of transcripts that arise from initiation by RNA polymerase
at the ends of linear DNA fragments. Because the plasmid templates also
contain the ¢’’-dependent oriV promoter,”’ the abundance of RNA-
1 serves as an internal control when testing the function of an activator
or when using a reconstituted holoenzyme in which a specific sigma factor
is added to core RNA polymerase. Two similarly sized transcripts are often
observed due to termination at adjacent sites by R. sphaeroides RNA
polymerase in vitro (Fig. 1).4>7810-12.20

V. Assay Conditions

Conditions used for in vitro transcription assays with R. sphaeroides
proteins and promoters are similar to those used with other bacterial
systems. However, the assay conditions are modified slightly depending
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Sse83871
HindIII PstI HincII BamHI BsaAl
aagcttgcatgcctgeaggtcgactctagaggatcee
L SphI Sall Xbal
~o Accl

EcoRI

pUC19 spf’
2795 bps

ori

Fig. 1. Relevant features of the pUC19spf’ plasmid used as a template for in vitro
transcription reactions.'® The ampicillin resistance gene (amp), the ColE1 origin of DNA
replication (ori), the site of a region containing an Eo’’-dependent promoter that encodes the
RNA primer used to initiate plasmid replication (RNA-1), and the region of the spf gene
(sequences indicated in bold) that was cloned within multiple cloning site in lacZ« of pUC19
are shown. The region of the spf gene includes the Spot 42 transcription terminator (indicated
by the inverted arrows). When test promoters are cloned upstream of this region (using the
indicated unique restriction sites), transcripts should terminate 103 or 104 nucletoides
downstream of the BamHI site, depending on the precise position of termination (vertical
arrows). The control RNA-1 transcript can be 102-108 nulceotides long depending on the site
of transcription termination.

on the source of R. sphaeroides RNA polymerase. When using either a
crude (Sections II, A and II, C) or a highly purified (Section II, B) enzyme
from R. sphaeroides, a final concentration of 25-100 nM RNA polymerase
is used in a total volume of 20 pl. When RNA polymerase holoenzymes are
reconstituted by adding recombinant sigma factors (Sections III, A-D) to

20R. K. Karls, J. R. Wolf, and T. J. Donohue, Mol. Microbiol. 34, 822 (1999).
2LJ. W. Erickson and C. A. Gross, Genes Dev. 3, 1462 (1989).
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core RNA polymerase (Sections I, B and II, C), we initially determine the
amount of sigma factor that is required to produce a maximal amount of
test transcript in the presence of 25-100 nM core enzyme. Depending on
the activity of the individual recombinant sigma factor, it is typically
present in a ~1- to 10-fold excess over core RNA polymerase.

Summary

This article summarized methods to obtain RNA polymerase and
sigma factors that can be used to analyze the in vitro control of gene
expression by the facultative phototroph R. sphaeroides. While not
a topic of this article, these purified components also allow one to ana-
lyze R. sphaeroides promoters that use activators to stimulate transcrip-
tion.'*!!Y We expect that these approaches will be increasingly useful as
investigators continue to dissect the number of unusual signal transduc-
tion pathways that control gene expression in this and other related
species.!” 22728
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[6] In Vitro Transcription Assays Using Components
from Methanothermobacter thermautotrophicus

By Yunwer XiE and JoHN N. REEVE

Eukarya, Bacteria, and Archaea have diverged to form the three
primary domains of life." Although Archaea are prokaryotes, archaeal
RNA polymerases (RNAP) are most similar to eukaryotic RNA polymer-
ase II,>* but transcribe both protein and stable RNA encoding genes.
A functional archaeal RNA polymerase has been reconstituted from 12
individual recombinant subunits,” and archaeal RNAP subunits were used
as surrogates in determining the RNA polymerase II structure.*” However,
the largest subunit of the archaeal RNAP does not contain a heptapeptide
repeat-containing C-terminal domain (CTD), consistent with this regula-
tory domain having evolved later during eukaryotic divergence.® In ad-
dition to RNAP, transcription initiation in Archaea requires at least two
general transcription factors, archaeal homologs of the eukaryotic TATA
box-binding protein (TBP) and transcription factor TFIIB, the latter
known as TFB in Archaea.” Archaea also contain a protein homologous
to the N-terminal, zinc ribbon-containing domain of the « subunit of eu-
karyotic TFIIE, and addition of this protein, designated TFE, stimulates
transcription in vitro from some but not all archaeal promoters.”® Based
on the available genome sequences, Archaea do not have homologs of
the § subunit of TFIIE, nor of TFIIA, TFIIF, or TFIIH and although some
Archaea have histones,” they do not appear to have their DNA packaged
into regular chromatin. There is also no evidence for archaeal homologs
of the multisubunit eukaryotic histone modification, chromatin remo-
deling, and transcription activation complexes. In contrast, the archaeal
transcription regulators investigated so far appear to function in a manner
analogous to bacterial repressors. They bind to the promoter region,
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preventing TBP and/or TFB binding to the TATA box/BRE region or they
block RNAP access to the site of transcription initiation.'

This article describes the purification and assay of RNAP from the
thermophilic, anaerobic Archaeon, Methanothermobacter thermautotrophi-
cus (formerly Methanobacterium thermoautotrophicum strain AH''), and
its use with recombinant M. thermautotrophicus TBP, TFB, and TFE to
obtain promoter-dependent transcription in vitro.'>!?

Growth of Methanothermobacter thermautotrophicus

Methanothermobacter thermautotrophicus is a thermophilic, obligately
anaerobic autotroph.'’ For growth it requires a highly reduced environ-
ment, H, plus CO, supplied at an 8:1 (v/v) ratio, and a buffered salt
solution. Sufficient cell mass (~20 g wet weight) for RNAP purification
(see later) can be obtained from one 20-liter culture, inoculated with the
cells from a 1- to 2-L culture, or the combined cell mass from several such
smaller cultures (see Fig. 1). The M. thermautotrophicus salts solution con-
tains (per L H,0), 4 g NaHCOs, 0.3 g KH,PO,, 1 g NH,CI, 0.6 g NaCl,
100 mg MgCl,-6H,0, 60 mg CaCl,-2H,0, a 10-ml trace element (TES) so-
lution, 0.5 g cysteine, 0.62 g Na-thiosulfate, and 1 ml resazurin (2 mg/ml).
To make 1 liter of TES, 12.8 g nitrilotriacetic acid is dissolved in 200 ml
H,O, the pH is adjusted to 6.5, and the following salts are added and
dissolved: 50 mg AIlCI;-6H,0, 100 mg CaCl,-2H,0, 100 mg CoCl,-6H,0,
25mg CuCl,-2H,0, 135g FeCl3-6H,O, 10 mg H3BO; 100 mg
MnCl,-4H,0, 1 g NaCl, 24 mg Na, MoO4-2H,0, 26 mg Na,SeO 46H,0,
120 mg NiCl,-6H,0, and 100 mg ZnCl,. This solution can be sterilized by
autoclaving at 121° for 20 min and it is then stable for an extended period
if stored at 4°. The growth salts solution is sterilized in situ inside a sealed
fermentor vessel (2 or 20 liter), allowed to cool to 65°, and then reduced
by sparging with an 8:1 mixture of H,:CO, (v/v). The resazurin redox indi-
cator is initially pink but with reduction the medium becomes colorless and
can then be inoculated using an ~10% volume inoculum. Provided that
strictly anaerobic conditions are maintained, aliquots of fully grown
M. thermautotrophicus cultures can be stored for at least 3 months at room

195, D. Bell and S. P. Jackson, Curr. Opin. Microbiol. 4, 208 (2001).

' A. Wasserfallen, J. Nolling, P. Pfister, J. Reeve, and E. Conway de Macario, Int. J. System.
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127, J. Darcy, in “In Vitro Analysis of Transcription from the Thermophilic Archaeon
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University, 1999.
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Fic. 1. Examples of fermentation equipment used to grow (A) small (1-2 liter) and (B)
large (~ 20 liter) cultures of M. thermautotrophicus at 65° under anaerobic conditions using a
8:1 gas mixture of Hy:CO,. The rate of growth is dependent on the rate of gas dissolution'®
with methanogenesis adding methane to the exhaust gas.

temperature for future use as inocula. The culture is incubated at 65° with
continuous H,:CO, sparging at a flow rate of ~200 ml/min and impellor
mixing at 600 rpm until the ODggyy reaches ~1. The cells should be har-
vested and maintained under anaerobic conditions. The resulting cell paste
is transferred into an anaerobic work chamber for immediate use or is
frozen rapidly by immersion in liquid N, and stored at —70° in an airtight
container.

Purification of M. thermautotrophicus RNA Polymerase

Stock solutions A (1 M KCl, 10 mM MgCl,, 50 mM Tris-HCl), B
(50 mM KCl, 10 mM MgCl,, 50 mM Tris—HCl), and C (10 mM MgCl,,
50 mM Tris-HCl) are adjusted to pH 8, and glycerol [20% (v/v) final con-
centration] and resazurin (100 pl of 2 mg/ml) are added. After filtration,
autoclaving at 121° for 20 min, and cooling, these solutions are transferred
into the anaerobic chamber, 174 mg Na-thiosulfate is added per liter to
each solution, and the solution colors should change with reduction from
blue to pink to colorless.

16J.N. Reeve, J. Nélling, R. M. Morgan, and D. R. Smith, J. Bacteriol. 179, 5975 (1997).
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Resuspend ~20 g M. thermautotrophicus cell paste in 40 ml of solution
B, rupture the cells by passage through a French pressure cell at 18,000 psi,
and collect the resulting cell lysate into a centrifuge tube preflushed with N,
that contains 200 ul of cysteine (150 mg/ml) and 200 ul of Na-thiosulfate
(186 mg/ml). Seal the tube and centrifuge at 10,000 g for 90 min at 4°.
The supernatant is collected, and all subsequent chromatography steps
are undertaken at room temperature inside an anaerobic chamber contain-
ing an atmosphere of 95% N;,:5% H,. The supernatant is loaded at 2 ml/
min onto a 200-ml bed volume DEAE cellulose column (Whatman, Fair-
field, NJ) preequilibrated with solution B, and after washing with 300 ml
of solution B, bound protein is eluted using a 50 to 525 mM KCI gradient
(800 ml) generated by mixing solutions A and B. The presence of RNAP
activity in each fraction (9 ml) collected is determined by assaying
[a-**P]UTP incorporation into trichloroacetic acid (TCA )-precipitable ma-
terial using poly(dA-dT) as the DNA template. To do so, an aliquot (10 ul)
of each fraction is mixed with 90 ul of 20 mM Tris—-HCI (pH 8), 40 mM
KCl, 10 mM MgCl,, 1 mM ATP, 0.1 mM UTP, 0.7 uCi [a->*P]JUTP
(~3 kCi/mM), and 9 ug poly(dA-dT) (ICN, Costa Mesa, CA) and the
mixtures are incubated at 58° for 30 min. The reaction is stopped by the
addition of 900 ul ice-cold 5% TCA containing 165 mM NaCl and, after
a 5-min incubation on ice, the resulting precipitates are collected by filtra-
tion onto glass microfiber filters (934-AH, Whatman). Each filter is washed
three times using 10 ml of cold 5% TCA and once with 10 ml of cold 95%
ethanol; after drying, the amount of radioactive material bound to the
filters is determined by scintillation counting.

Fractions containing RNAP activity are pooled and solution C is added
to reduce the KCI concentration to 70 mM. Load this solution (1 ml/min)
onto a 20-ml bed volume heparin—Sepharose (Amersham Pharmacia,
Piscataway, NJ) column preequilibrated with solution B. Wash with
60 ml of solution B, and elute bound proteins using a 200-ml gradient of
50 mM to 1 M KCI made by mixing solutions A and B. Collect 4-ml frac-
tions and identify the fractions containing RNAP activity as described
earlier. Pool these fractions and add solution C to reduce the KCl concen-
tration to 70 mM. Load this solution onto a 1-ml bed volume Mono Q
column (Amersham Pharmacia) preequilibrated with solution B, wash with
3 ml of solution B, and elute bound proteins using a 15-ml gradient of
50 mM to 1 M KCl made by mixing solutions A and B. Collect 0.5-ml frac-
tions and assay for RNAP activity. Equilibrate a Hi-Load 16/60 Superdex
200 gel filtration column (120-ml bed volume, 60 cm height; Amersham
Pharmacia) for 20 h by pumping a 27:73 mixture of solutions A and B at
0.35 ml/min through the column. Then inject a 1-ml aliquot of the pooled
RNAP-containing fractions from the Mono Q column and elute using the
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27:73 mixture of solutions A and B. Collect 50 fractions (2 ml) and identify
the RNAP-containing fractions. Pool these fractions (usually fractions 30
and 31),add?2 pul1 M dithiothreitol (DTT) per fraction, aliquot (~1 ml) into
1.5-ml microfuge tubes, freeze in liquid nitrogen, and store at —70° for
future use. Such fractions retain full RNAP activity when stored at —70°
for at least 1 year. Repeat the Superdex 200 gel filtration column chroma-
tography, each time injecting a 1-ml aliquot of the RNAP-containing pooled
material from the Mono Q column until all this material has fractionated.

Preparation of Recombinant M. thermautotrophicus TBP, TFB, and TFE

Promoter-specific transcription initiation by M. thermautotrophicus
RNAP requires the additional presence of at least two general transcrip-
tion factors, TBP and TFB.'*!* TFE addition further stimulates transcrip-
tion in vitro from some but not all M. thermautotrophicus promoters.’
Genes MTH1627, MTHO0885, and MTH1669 which encode TBP, TFB,
and TFE, respectively, have been amplified from the M. thermautotrophi-
cus genome'* and cloned into expression vectors. They direct the synthesis
of soluble (his)s-tagged recombinant versions of these transcription factors
in Escherichia coli, which function in vitro. These proteins can be purified
easily by standard Ni-NTA affinity-imidazole elution chromatog-
raphy.”'%!% Isopropyl-3-p-thiogalactoside-inducible expression plasmids
encoding TBP, TFB, and TFE, designated pTD105, pTD103, and
pTrcl669, respectively, are available at O.S.U. on request. These transcrip-
tion factor preparations should be dialyzed against 50 mM Tris—HCI, pH 8,
300 mM KCl, 10 mM MgCl,, 1 mM DTT, and 20% (v/v) glycerol to
remove all traces of imidazole and to substitute KCI for NaCl and their
concentrations determined by Bradford assays; they can be stored as
aliquots frozen at —70°.

Promoter-Specific in Vitro Transcription

Promoter-specific transcription initiation is obtained in vitro using
native M. thermautotrophicus RNAP and recombinant M. thermautotro-
phicus TBP, TFB, and TFE, purified as described earlier, from some but
not all M. thermautotrophicus promoters.” The basis for the inactivity
in vitro of some promoters known to be active in vivo is currently under
investigation. Templates carrying the promoter for the archaeal histone-
encoding gene hmtB'" can be used to establish the in vitro system as
they consistently direct abundant transcription in vitro. Ddel digestion of

14D, R. Smith et al., J. Bacteriol. 179, 7135 (1997).



[6] TRANSCRIPTION ASSAYS 71

plasmid pRT7412"> DNA (available on request) generates a convenient
linear template from which the AmtB promoter directs the synthesis of a
193 nucleotide runoff transcript. In vitro transcription reaction mixtures
(50 pl) containing 20 mM Tris—HCI, pH 8, 120 mM KCl, 10 mM MgCl,,
2 mM DTT, 100 ng template DNA, 50 ng TBP, 300 ng TFB, 5 ul RNAP,
30 uM ATP, 30 uM CTP, 30 uM GTP, 2 uM UTP, and ~2 uCi of
[a-*P]UTP (3 kCi/mM) are incubated at 58°. Although the concentrations
of the individual reaction components can be varied slightly, this in vitro
transcription system is particularly sensitive to the KCl concentration.
Nonspecific (promoter-independent) transcription increases substantially
at KCI concentrations below 100 mM, and all transcription is inhibited
above 150 mM KCL.'? Based on runoff transcript accumulation, the rate
of transcription remains linear for at least 30 min at 58°. Transcription is
terminated by adding 30 pl of 95% formamide, 20 mM EDTA, 0.05%
bromphenol blue, and 0.05% xylene cyanol and placing the reaction mix-
ture at 95° for 3 min. The radioactively labeled transcripts synthesized
can then be detected and quantitated by autoradiography or phosphorima-
ging after their separation by electrophoresis through a denaturing polya-
cryamide gel. Addition of TFE to the transcription reaction mixture does
not stimulate sAmtB promoter function in vitro, but has been shown to result
in a one- to three-fold stimulation in transcription in vitro from several other
M. thermautotrophicus promoters.” As the M. thermautotrophicus genome
sequence is available,'* template DN As can be generated with any promoter
of interest directly by polymerase chain reaction (PCR) amplification from
M. thermautotrophicus genomic DNA. Such PCR-generated DNA mol-
ecules should be purified using a Qiaquick PCR cleanup kit (Qiagen,
Valencia, CA) before being used as templates to direct in vitro transcription.

Purification and Use of Stalled Transcription Ternary Complexes to
Assay Transcription Elongation

Templates have been constructed on which the ~mtB promoter directs
transcription initiation at the start of a 24-bp sequence that can be tran-
scribed in the absence of UTP. Such U-less cassette templates can be used
to investigate the consequences of the addition of inhibitors or changes in
reaction conditions on transcription elongation without concern for spuri-
ous concomitant effects on transcription initiation (Fig. 2A). After tran-
scription of the first 24 nucleotides in the absence of UTP but in the
presence of ATP, GTP, and [**P] CTP, a stable ternary complex is gener-
ated that contains the template DNA, a **P-labeled stalled transcript, and

15 R. Tabassum, K. M. Sandman, and J. N. Reeve, J. Bacteriol. 174, 7890 (1992).
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—
BRE TATA-box U-less cassette
ATATTTATATA | ACACGGAGCCAACAACACGCGGAATT— /—
-24
1. =-UTP transcript 24 n
2. +UTP transcript /L> 166 n
B 1 2
® «166 n

- +- 24 n

Fic. 2. U-less template and stalled-transcript elongation. (A) A U-less cassette template
DNA containing the TFB-responsive element (BRE) and TATA box from the hmtB
promoter. Transcription initiated at the site indicated by the arrow results in a 24 nucleotide
stalled transcript in the absence of UTP and in a 116 nucleotide runoff transcript in
the presence of UTP. (B) Ternary complexes that contained the template DNA,
M. thermautotrophicus RNAP, and **P-labeled stalled 24 nucleotide transcript were purified
by centrifugation through a Sephadex G-50 spin column. An aliquot of the 24 nucleotide
transcript was isolated and subjected to electrophoresis in lane 1. The remaining complexes
were incubated in a transcription reaction mixture that contained all four unlabeled rNTPs,
and an aliquot of the resulting runoff transcripts was subjected to electrophoresis in lane 2.
Radioactively labeled transcripts were then visualized by autoradiography.

RNAP. Such complexes can be separated from the transcription reaction
mixture by centrifugation through a Sephadex G-50 spin column and then
added back to a complete in vitro transcription reaction mixture that
contains all four unlabeled ribonucleotide triphosphates to obtain stalled
transcript elongation. The stalled, **P-labeled transcripts are extended,
resulting in full-length **P-labeled runoff transcripts, but all newly initiated
transcripts are unlabeled. The effects of a potential inhibitor or DNA-
binding protein on transcription elongation, as opposed to initiation, are
then determined easily by measuring the effects of their addition on the
accumulation of **P-labeled full-length transcripts.
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[7] Isolation and Characterization of
Streptomyces coelicolor RNA Polymerase,
Its Sigma, and Antisigma Factors

By Mi1-YounG HauN, JAE-Bum BaE, Joo-HoNG PArk, and
JunG-HYE RoOE

Streptomyces coelicolor is a model organism for gram-positive soil
bacteria of high G+C content that undergoes a complex life cycle of myce-
lial growth and spore formation and produces a variety of antibiotics and
other drugs during the differentiation process. Its complete genome
sequence information has been reported,’ revealing the presence of 7825
protein-coding genes in a 8,667,507-bp linear chromosome whose G+C
content is 72.1%. The number of protein-coding genes far exceeds that
(6023) of yeast Saccharomyces cerevisiae, suggesting the richness of new
protein families as well as more members of known families. About
12.3% of proteins are predicted to have regulatory functions, and among
them RNA polymerase sigma factors constitute one major group. It is
predicted that there are 64 genes for the chromosome-encoding sigma
factors of the o’ family. Among them, 50 genes encode sigma factors of
the extracytoplasmic function (ECF) subfamily.” Two additional ECF
sigma genes are predicted to reside in plasmid SCP1. Only a handful of
sigma factors have been characterized for their function; ¢"**® as the prin-
cipal sigma factor, of, oG ;U and 0PN for differentiation, o for cell
wall homeostasis, o™ and possibly o' for redox regulation, and o™ and ¢
for a general stress response.’

The phylogenetic relationship among these sigma factors is presented in
Fig. 1 using the PHYDIT program developed by J. Chun as described later.
The non-ECF sigmas include four o™™B-type factors, nine o®-type factors,
and o"VMS a sporulation-specific sigma factor. The ECF subfamily includes
o®, oY, o7, and ¢®'™N. The majority of these sigma factors are thought to be
controlled by their cognate antisigma factors, whose coding genes in many
cases are located immediately downstream or near the sigma factor gene.

LS. D. Bentley et al., Nature 417, 143 (2002).

2M. A. Lonetto, K. L. Brown, K. E. Rudd, and M. J. Buttner, Proc. Natl. Acad. Sci. USA 91,
7573 (1994).

3M.S. Paget, H. J. Hong, M. J. Bibb, and M. J. Buttner, Soc. Gen. Microbiol. Symp. 61, 106
(2002).

*J. Helmann, Adv. Micro. Physiol. 46, 47 (2002).

5Y. H. Cho, E. J. Lee, B. E. Ahn, and J. H. Roe, Mol. Microbiol. 42, 205 (2001).

Copyright 2003, Elsevier Inc.
All rights reserved.
METHODS IN ENZYMOLOGY, VOL. 370 0076-6879/03 $35.00



74 RNA POLYMERASE STRUCTURE AND PROPERTIES [7]

AL10.04¢

PL116

2K31.20c

139.23
H35.15

2G18.23

H22A.14¢

BIIN »A PLISIc
e L112
SF11.07¢ ' M2.19¢ 8410 \\ o
mzare [ PR e 8K11.22
F56.16 7H1.04 D63.01
2K36.19¢
8E4A.09¢
25C10A7.09 66T3.24c

2K8.34

Fic. 1. Phylogenetic relationship of 66 sigma factors in Strepomyces coelicolor. The
phylogenetic relationship of sigma factors is analyzed by the PHYDIT program as described
in the text. Each sigma factor is indicated by a cosmid and gene number as appears in the
S. coelicolor genome database at the Sanger Institute. Several characterized sigma factors are
indicated by their given names; SigB(sig8, SCF55.24), SigE(SCE9Y4.07), SigF(2SCD60.01c),
SigG(SC4G10.20c), SigH(sigl, 2SC7G11.05¢c), SigR(SC7E4.13), SigT(SCH24.14c),
SigU(SCES59.13c¢), and BIdN (SCE68.21). Eleven oR-like sigma factors whose coding genes
are neighbored by open reading frames containing conserved HX;3CX,C motif are underlined.

One interesting feature in the phylogenetic tree is the clustering of 18 ECF
members represented by o®. As in the sigR-rsrA operon, all the sigma
factor genes are neighbored by open reading frames (ORFs), which most
likely encode antisigma factors. RsrA, the anti-o® factor, contains a motif
HX;CX,C, which is critical for its function as a redox-sensitive antisigma
factor.®” This motif is conserved in the neighboring genes in 11 out of
the 18 members of this subgroup and is not found near other sigma factors

(Fig. 1).

$7.G. Kang, M. S. Paget, Y. J. Seok, M. Y. Hahn, J. B. Bae, J. S. Hahn, C. Kleanthous, M. J.
Buttner, and J. H. Roe, EMBO J. 18, 4292 (1999).

"M.S. Paget, J. B. Bae, M. Y. Hahn, W. Li, C. Kleanthous, J. H. Roe, and M. J. Buttner, Mol.
Microbiol. 39, 1036 (2001).
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This article describes methods for preparing S. coelicolor holo and core
RNA polymerases, isolation of sigma factors, and characterization of sigma
and antisigma interaction using the example of o} and RsrA.

Phylogenetic Sequence Analysis of Multiple Sigma Factors in
Streptomyces coelicolor A3(2)

For phylogenetic analysis of sigma factors in S. coelicolor, nucleotide
sequences of 66 genes for sigma factors (64 from chromosome, 2 from
plasmid SCP1) were acquired from the genome database at Sanger Insti-
tute (http://www.sanger.ac.uk/Projects/S_coelicolor/) and NCBI databases
(http://www.ncbi.nlm.nih.gov/Database/) and were analyzed using the
PHYDIT program developed by Dr. Jongsik Chun (http://plaza.snu.ac.kr/
~jchun/phydit/). Amino acids converted from the nucleotide sequences
are aligned by Clustal X in the PHYDIT analysis menu, and the result is
saved as a GDE file, which is then imported into PHYDIT. The phylogen-
etic relationships are calculated using the Jukes and Cantor distance
model. The tree is generated using the neighbor-joining method by the
TreeView program in the PHYDIT package. The Escherichia coli rpoD
gene was used as an outgroup to generate the tree (Fig. 1).

Purification of Core and Holo RNA Polymerases

Preparation of Cell Extracts from Streptomyces coelicolor Mycelia

Streptomyces coelicolor A3(2) strain M145 is grown in seed medium
(3% dextrose, 1.7% soytone, 0.3% peptone, 0.4% CaCO3) by inoculating
with a spore suspension (10* spores/100 ml broth) and incubation at 30°
for 2 days.® The freshly grown seed culture (200 ml) is inoculated into 4
liter YEME medium (1% glucose, 0.5% Bacto-peptone, 0.3% malt extract,
0.3% yeast extract) containing 5 mM MgCl,-6H,0 and 10.3% sucrose in a
S-liter fermenter, aerated at a 0.5 air/medium (v/v) ratio, and agitated at
250 rpm at 30°. Mycelia cells are harvested 12 h after inoculation of seed
culture by centrifugation at 6000 g for 10 min. Cells are washed twice with
a washing buffer [10 mM Tris-HCI, 1 mM EDTA, 150 mM NaCl, 0.1 mM
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) and
stored at —70° until use.

8T. Kieser, M. J. Bibb, M. J. Buttner, K. F. Chater, and D. A. Hopwood, ‘Practical
Streptomyces Genetics.” The John Innes Foundation, Norwich, 2000.
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RNA polymerase is purified from cell pellets according to the proced-
ures developed to purify E. coli RNAP with slight modifications.* ' All
purification steps are carried out at 4°. The protease inhibitor PMSF is
added at 1 mM final concentration to all the buffers used throughout
enzyme purification. S. coelicolor A3(2) cells frozen at —70° are disrupted
with an ultrasonicator. Approximately 50 g (wet weight) of cells is resus-
pended in 100 ml of lysis buffer [20 mM Tris—-HCI, pH 7.9, 10% (v/v) gly-
cerol, 5 mM EDTA, 0.1 mM DTT, 10 mM MgCl,, 1 mM PMSF, 0.15 M
NaCl]. The cell suspension is treated with 100 mg of lysozyme for 30 min
on ice and is disrupted by sonication with a flat tip (60-W, 10-mm-diameter
probe; Ultrasonics Ltd.) at 40% of the amplitude until the viscosity of the
lysate is reduced greatly. The homogenates are clarified by centrifugation
at 16,000 g for 30 min.

Polyethyleneimine (PEI) Fractionation

To fractionate nucleic acid-binding proteins, a 5% (v/v) solution of PEI
(pH 7.9, polymin P, Sigma) is added slowly with thorough stirring to the
final concentration of approximately 0.3%. Following 5 min of continuous
stirring, the mixture is centrifuged at 6000 g for 5 min and the supernatant
is discarded. The drained pellet, containing nucleic acids and their binding
proteins, is crushed with a glass homogenizer and is resuspended in 200 ml
of TGED buffer (10 mM Tris-HCI, pH 7.9 at 4°, 0.1 mM EDTA, 0.1 mM
DTT, 10% glycerol) containing 0.5 M NaCl. The buffer removes extract-
able protein while the RNA polymerase still remains in the pellet. The sus-
pension is centrifuged at 6000 g for 5 min and the supernatant is discarded.
The washed pellet is again crushed and resuspended in 100 ml of TGED
buffer containing 0.9-1 M NaCl to release the bound RNA polymerase.
The suspension is centrifuged at 6000 g for 10 min and the supernatant is
collected (0.9-1 M NaCl eluate).

In order to remove residual PEI and concentrate RNA polymerase
before loading onto a column, 200 ml of 100% saturated ammonium
sulfate solution, pH 7.9, is added to 100 ml of the 0.9-1 M NaCl eluate with
stirring. Following 30 min of stirring, the mixture is centrifuged for
30 min at 16,000 g and the drained pellet is dissolved in 10 ml of TED
(TGED minus glycerol). The dissolved sample is centrifuged for 10 min
at 16,000 g.

°D. A. Hager, D. J. Jin, and R. R. Burgess, Biochemistry 29, 7890 (1990).
1ON. Fujita, T. Nomura, and A. Ishihama, J. Biol. Chem. 262, 1855 (1987).
1'M. J. Buttner and N. L. Brown, J. Mol. Biol. 185, 177 (1985).
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Heparin—Sepharose Column

The supernatant is then applied to a 40-ml heparin—Sepharose column
(Pharmacia) preequilibrated with TGED buffer and washed with 50 ml of
TGED buffer containing 0.2 M NaCl. The proteins are eluted with a 100-
ml linear salt gradient of 0.2 to 0.7 M NaCl in TGED buffer at a flow rate
of 0.5 ml/min. Fractions (3 ml) are collected into tubes, and a small amount
of each fraction is analyzed by SDS-PAGE as well as by an in vitro tran-
scription assay (see later). The Eo™"® activity is eluted at approximately
0.6 M NaCl, whereas Ec® activity is eluted at a slightly higher salt concen-
tration. Following SDS-PAGE, fractions containing «, 3, and 3’ subunits
are pooled and concentrated by ammonium sulfate precipitation to a final
65% saturation. The precipitate is dissolved in TED and dialyzed against
storage buffer (10 mM Tris-HCI, pH 7.9 at 4°, 10 mM MgCl,, 0.1 M KCl,
0.1 mM EDTA, 1 mM DTT, 50% glycerol) for long-term storage. This
sample containing holo RNA polymerase with various associated sigma
factors is used later to purify various sigma factors by elution from the gel.

Superdex 200 Column

To further purify RNA polymerase, 5-10 mg of the ammonium sulfate
precipitate is dissolved in 500 pl of TED buffer and centrifuged at 16,000 g
for 10 min. The supernatant is loaded onto a 120-ml Hi-Load 16/60 Super-
dex 200 prep grade column (Pharmacia) and eluted with TGsED (TED
containing 5% glycerol) buffer containing 0.3 M NaCl at a flow rate of
0.5 ml/min. Fractions (0.5 ml) are collected and monitored by an ultravio-
let (UV) monitor. The RNA polymerase peak is eluted at about one-third
column volume. The RNA polymerase fractions eluted from the Superdex
200 column are applied to a Mono Q column.

Mono Q Column

The core enzyme can be obtained from highly purified RNA polymer-
ase preparations following the Mono Q column.'” The diluted sample is
loaded on to the 1-ml Mono Q HR 5/5 FPLC anion-exchange column
(Pharmacia) preequilibrated with 5 ml of TGsED buffer containing 0.2 M
NaCl. The column is washed with 5 ml of TGsED containing 0.2 M NaCl
and is then eluted with a 10-ml shallow linear gradient of 0.3-0.6 M NaCl
in TGsED at a flow rate of 0.5 ml/min. Fractions (0.5 ml) are collected
and used in the in vitro transcription activity. The holoenzyme that can
transcribe hrdD or rrnD promoters is eluted at 0.4 M NaCl. The trailing

12M. J. Buttner, A. M. Smith, and M. J. Bibb, Cell 52, 599 (1988).
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Fi1G. 2. Purification steps of RNA polymerase from S. coelicolor. (A) Schematic procedure
for the purification of S. coelicolor RNA polymerase. (B) SDS-PAGE profile of eluates from
Heparin-Sepharose 6B (lane HEP), Superdex 200 (lane GPC), and Mono Q columns (MQ-H
and MQ-C). Peak holoenzyme activity is eluted from the Mono Q column at 0.4 M NacCl (lane
MQ-H) and is followed by core RNAP fractions (lane MQ-C). Eluates are analyzed on a
0.1% SDS-13% polyacrylamide gel and stained with Coomassie brilliant blue R-250.
Positions of RNA polymerase subunits and several associated sigma factors are indicated
along with molecular mass markers (lane M; 14.4, 21.5, 31.0, 45.0, 66.2, 97.4, 116.3, and
200 kDa).

fractions eluted at approximately 0.5 M NaCl have mainly nonspecific
RNA-synthesizing activity with little promoter-specific activity. These frac-
tions are devoid of most of the associated sigma as well as omega proteins
and are used as the core enzyme in the in vitro transcription assay.

The purification procedure and the protein band patterns at several
selected steps are summarized and shown in Fig. 2.

Identification of Associated Sigma Factors and w Subunit
from Holoenzyme

Reconstitution Assay

About 1 mg of RNA polymerase partially purified through a heparin—
Sepharose column is subjected to preparative SDS-PAGE. The gel is
stained with 0.25 M KCI and 1 mM DTT and proteins are eluted by the
procedure of Hager and Burgess."” Gel slices (2-8 mm) are cut out and

13D, A. Hager and R. R. Burgess, Anal Biochem. 109, 76 (1980).
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placed in dialysis bags containing 300 ul of 2:5 diluted 0.1% (w/v) SDS-
running buffer (25 mM Tris-HCI, pH 7.8, 250 mM glycine) and 3 pul of
10 mg/ml bovine serum albumin (BSA). Electroelution from the gel is
carried out at 30 mA for 3 h at 4°. The eluates are recovered and precipi-
tated by adding 1.2 ml of cold acetone. Renaturation of the eluted proteins
is performed in the presence of E. coli GroEL as described.'* The acetone
precipitate is dissolved thoroughly in 20 pl of 6 M guanidine-HCI buffer
(20 mM Tris-HCI, pH 7.8, 150 mM NaCl, 5 mM DTT, 0.1 mM EDTA,
6 M guanidine-HCI) and incubated at room temperature for 20 min. The
resuspended pellet is then diluted into 1 ml of GroEL incubation buffer
(50 mM Tris—HCI, pH 7.8, 12 mM MgCl,, 9 pg/ml GroEL) and incubated
at 22-25° for 2 h. It is then dialyzed against renaturation buffer [20 mM
Tris-HCI, pH 7.8 at 4°, 10 mM MgCl,, 10 mM KCl, 0.1 mM EDTA, 50%
(v/v) glycerol] for 12-16 h with one change of buffer. Five microliters of the
renatured protein is added to approximately 1 pmol of core RNA polymer-
ase and the mixture is incubated on ice for 10 min. After the addition of
0.15 pmol of DNA template, the mixture is incubated at 30° for 30 min
and subjected to the in vitro transcription assay as described later."

N-Terminal Sequencing

Mono Q fractions exhibiting high transcription activity are pooled, elec-
trophoresed on a SDS gel, and electroblotted onto a polyvinylidene difluor-
ide (PVDF) membrane (pore size 0.1 um, Millipore) in CAPS buffer
[10 mM 3-(cyclohexylamino)-1-propanesulfonic acid, 10% methanol, pH
11.0]. The region in the PVDF membrane corresponding to associated pro-
tein bands such as o>' (6°), 0*® (%), and the 13-kDa band (w) are cut out
and the N-terminal amino acid sequences are analyzed by Edman degrad-
ation using systems such as the Procise protein sequencing system (Applied
Biosystems).

Functional Analysis of RNA Polymerase Activity and
Sigma/Antisigma Interaction

In Vitro Transcription Assay

The in vitro transcription assay can be used to monitor the activity of
RNA polymerase, uncharacterized putative sigma, or antisigma factors.
To assay sigma activity, holoenzyme reconstitution is performed as
described earlier. The gel-eluted putative sigma factor (1.5-3 pmol) is

K. L. Brown, S. Wood, and M. J. Buttner, Mol. Microbiol. 6, 1133 (1992).
57, G. Kang, M. Y. Hahn, A. Ishihama, and J. H. Roe, Nucleic Acids Res. 25, 1566 (1997).
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incubated with the RNA polymerase core enzyme (1.5 pmol Mono
Q eluate) at 30° for 15 min. Then the mixture is subjected to an in vitro
transcription assay containing various test promoter DNAs.'"* An example
of assaying the antisigma activity of RsrA by in vitro transcription is given
below.

o® and RsrA proteins are overproduced in E. coli BL 21 (DE3) pLysS
using the pET system (Novagen) and purified through several columns.®!°
The in vitro runoff transcription assay is performed using the combined
conditions of Fujita ef al.'® and Buttner et al.'> The core RNA polymerase
(1.5 pmol) and ¢® (1.5-3 pmol) are incubated at 30° for 5 min in 16 ul of
transcription buffer [40 mM Tris-HCI, pH 7.9, 10 mM MgCl,, 0.6 mM
EDTA, 0.4 mM potassium phosphate, 0.25 mg/ml BSA, 20% (v/v) gly-
cerol] with 0.15 pmol of template DNA containing the sigRp2 promoter.
To examine the effect of RsrA, various amounts of RsrA are added in
the transcription mixture. In a control experiment, we replace o™ with
o™ the principal sigma factor of S. coelicolor, and substitute sigRp2 with
a DNA template containing the o"'"B-dependent promoter rrnDp2. In
order to examine the effect of the redox condition, DTT is added at differ-
ent concentrations from 0.1 to 5 mM. RNA synthesis is initiated by the
addition of 3.5 ul substrate mixture containing 2 uCi of [a->*P]CTP
(400 Ci/mmol) and 0.4 mM each of UTP, ATP, and GTP. Heparin (3 pl)
is then added to a 0.1-mg/ml final concentration after 2 min to prevent
reinitiation and the incubation is continued for 5 min before adding
2.5 pl of cold CTP (1.2 mM final concentration). After 10 min of incuba-
tion, the reaction is terminated by adding 50 ul of stop solution (375 mM
sodium acetate, pH 5.2, 15 mM EDTA, 0.15% SDS, 0.1 mg/ml calf thymus
DNA). Transcripts are precipitated with ethanol, resuspended in forma-
mide sample buffer [80% (v/v) formamide, 8% glycerol, 0.1% SDS,
8 mM EDTA, 0.01% bromphenol blue, 0.01% xylene cyanol] and electro-
phoresed on a 5% polyacrylamide gel containing 7 M urea. An example of
the result is presented in Fig. 3.

Sigma and Antisigma Interaction Analyzed by Native PAGE

The interaction of sigma and antisigma factors can be monitored on a
native polyacrylamide gel electrophoresis. The complex formed between
sigma and antisigma factors can be detected as a new band. An example
with the o®-RsrA interaction is presented (Fig. 4). Purified o™ (4 uM)
and RsrA (2-8 uM) are incubated in 25 ul of N,-purged binding buffer
[40 mM Tris—HCI, pH 8.0, 10 mM MgCl,, 0.0l mM EDTA, 20% (v/v)

16 M. S. Paget, J. K. Kang, J. H. Roe, and M. J. Buttner, EMBO J. 17, 5776 (1998).
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Fic. 3. Redox-dependent changes in antitranscriptional activity of RsrA. Inhibition of
oR-directed transcription by purified recombinant RsrA under reducing conditions. Purified
RsrA (100 or 200 nM final concentration) was added to the transcription buffer containing o®
or ¢'B (100 nM) and DNA templates (5 nM) containing sigRp2 (for o®) or rrnDp2 (for
0“"“3). The buffer contained 0.1, 1, or 5 mM DTT. Data are taken from Kang et al®

glycerol] in the presence of DTT or H,O, at 30° for 30 min. Reduced RsrA
can be prepared by DTT treatment and subsequent dialysis in N,-purged
binding buffer to remove DTT. It is then incubated with ¢® in the binding
buffer without DTT or with diamide (1 mM), a thiol oxidant. Samples are
separated by electrophoresis on a native 10% polyacrylamide gel at 15 V
for 16 h. The acrylamide gel solution is degassed extensively before gel
casting and the electrophoresis buffer is saturated with N, gas. Proteins
are visualized by Coomassie blue staining.

Sigma and Antisigma Interaction Analyzed by Surface Plasmon Resonance

The direct interaction of o™ and RsrA can be analyzed by surface plas-
mon resonance (SPR) using a BIAcore optical biosensor (Pharmacia
Biosensor AB) as described by Seok ez al.'” RsrA is immobilized to the car-
boxymethylated dextran surface of a CMS5 Biacore sensor chip by amine
coupling according to the manufacturer’s instructions. The RsrA solution
(10 pg/ml) in 40 pl coupling buffer (10 mM sodium acetate, pH 4.0) is
allowed to flow over a sensor chip at 5 ul/min to couple the protein
to the matrix by a NHS/EDC (a mixture of 0.1 M N-hydroxysuccinimide
and 0.1 M 1-ethyl-3[(3-dimethylamino)propyl]carbodiimide) reaction. Un-
reacted NHS is inactivated by injecting 40 ul of 1 M ethanolamine-HCI,
pH 8.0. A blank surface is prepared to examine nonspecific protein inter-
actions with the carboxymethylated dextran surface, if any, by activation
and inactivation of the sensor chip without any protein immobilization.

17Y. 7. Seok, M. Sondej, P. Badawi, M. S. Lewis, M. C. Briggs, H. Jaffe, and A. Peterkofsky,
J. Biol. Chem. 272, 26511 (1997).
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FiG. 4. Redox-dependent formation of the RsrA—o® complex monitored by native PAGE.
o® (4 uM) and RsrA (2-8 uM, lanes 2-4) were incubated in 25 ul of N,-saturated binding
buffer. In a control reaction, DTT was omitted from the binding mixture (lane 1). Reduced
RsrA (RsrA™?, 8 uM) was incubated with o® (4 M) in the binding buffer without DTT
(lane 5) or with added diamide (DA; 1 mM) (lane 6). Samples were separated by
electrophoresis on a native 10% polyacrylamide gel and visualized by Coomassie blue
staining. Positions of o®, the reduced and oxidized forms of RsrA (RsrA™Y, RsrA®"), and the
oR-RsrA complex are indicated. Data are taken from Kang et al.®

Assuming that 1000 resonance units (RU) correspond to a surface concen-
tration of 1 ng/mm®, RsrA is immobilized to a surface concentration of
2.5 ng/mm”. HBS (10 mM HEPES, pH 7.2, with 150 mM NaCl) is used
as a standard running buffer and is introduced at a flow rate of 10 ul/min.
The sensor surface is regenerated between assays by sequential injections
of 5 pl of 5 mM EDTA and 10 ul of 0.01% SDS to remove bound analyte.
Different concentrations of purified o® solutions with or without DTT
(1 mM) are injected to flow over immobilized RsrA on the sensor chip.
No change in RU is observed in the absence of DTT, indicating no inter-
action in oxidized condition. Kinetic parameters for the interaction of o®
with immobilized RsrA can be determined using the BIA-evaluation 2.1
software.
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[8] Bacteriophage N4-Coded, Virion-Encapsulated
DNA-Dependent RNA Polymerase

By ELENA K. Davypova, KrystyNA M. KazZMIERCZAK, and
Lucia B. RoTHMAN-DENES

Coliphage N4 utilizes the sequential activity of three different DNA-
dependent RNA polymerases during its life cycle.! Unlike other DNA
phages, which rely on the RNA polymerase of the host cell to transcribe
their early genes,” N4 employs a phage-encoded enzyme designated virion
RNA polymerase (VRNAP).> VRNAP is packaged into virion particles
during morphogenesis and is injected into the host cell with a copy of
the phage’s 70.6-kb double-stranded linear DNA genome at the onset of
infection. Products of early gene transcription include a heterodimeric
DNA-dependent RNA polymerase (N4 RNAPII) and at least two acces-
sory factors that together comprise the middle transcription machinery.*°
Middle genes encode, among others, proteins required for N4 DNA repli-
cation.” One of these proteins, the N4 single-stranded DNA-binding pro-
tein (N4 SSB), is also required for the transcription of N4 late genes,
which is carried out by the Escherichea coli o’°-RNA polymerase.® '

N4 vRNAP purified from virions has an apparent molecular weight of
320,000."" In contrast to all other DNA-dependent RNA polymerases,
VRNAP transcribes single-stranded promoter-containing templates with
in vivo specificity; all determinants of promoter recognition are present
on the template strand.'*'*> VRNAP promoters are composed of a 5-bp

' R. Zivin, W. Zehring, and L. B. Rothman-Denes, J. Mol. Biol. 152, 335 (1981).
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Fic. 1. N4 vVRNAP promoters consensus sequence. +1 indicates site of transcription
initiation. Bases in italics determine the unusual stability of the DNA hairpin (29,30). X:X’
can be any base pair.

stem, three base loop hairpin structure. A number of positions within the
promoter are also conserved at the sequence level (Fig. 1). In vivo, the ac-
tivities of E. coli DNA gyrase and E. coli single-stranded DNA-binding
protein (Eco SSB) are required for early transcription.'* In vitro, vVRNAP
cannot utilize supercoiled, promoter-containing templates unless Eco SSB
is present.!>1¢

Sequencing of the VRNAP gene revealed an open reading frame encod-
ing a 3500 amino acid protein that contains no cysteine residues.'” The
sequence does not possess statistically significant similarity to members of
either of the two families of DNA-dependent RNA polymerases.'” How-
ever, sequence analysis identified matches to four motifs important for
polymerase function in T7 RNAP-like enzymes.'® These include motif B,
which forms part of the nucleotide-binding pocket, and motifs A and C,
which contain aspartate residues that chelate catalytically essential Mg*"
jons.'” The fourth motif, T/DxxGR, is found in both DNA-dependent
DNA polymerases and T7-like RNA polymerases.” In RNA poly-
merases, this motif plays a role in stabilization of the RNA-DNA hybrid.*!
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Surprisingly, VRNAP possesses the TxxGR sequence characteristic of
DNA polymerases. These four polymerase motifs cluster in a central
region of the VRNAP polypeptide.'” This and the fact that VRNAP is over
three times larger than the T7 RNA polymerase suggested that a transcrip-
tionally active domain may exist within VRNAP. To explore this possibility,
we performed controlled trypsin proteolysis of VRNAP followed by an
autolabeling assay”*?> to identify peptides retaining catalytic activity.'’
This procedure defined a 1106 amino acid long domain (mini-vRNAP,
amino acids 998-2103 of VRNAP) containing the previously mentioned
motifs.!” Mini-vRNAP displays the same initiation, elongation, and termin-
ation properties as VRNAP.!” Amino- and carboxy-terminal deletion an-
alysis indicates that mini-vRNAP is the shortest polypeptide possessing
transcriptional activity. Biochemical and genetic analyses indicate that
the catalytic core of VRNAP must resemble that of T7 RNAP!; however,
the amino- and carboxy-terminal regions appear to play different roles
than the corresponding regions of T7 RNAP and are presumably involved
in promoter recognition.”* Phylogenetic analysis indicates that N4 mini-
VvRNAP is a highly evolutionarily diverged member of the single subunit
RNAP family."’

The vRNAP and mini-vRNAP sequences have been cloned under the
control of an arabinose-inducible, glucose-repressible promoter with either
amino- or carboxy-terminal hexahistidine tags."” Mini-vRNAP was also
cloned with a single vector-encoded initiating methionine residue and is re-
ferred to as “untagged” to differentiate it from the tagged recombinant
polymerases that contain 37-38 amino acids of the vector-encoded se-
quence. Comparison of these enzymes with N4 vRNAP and mini-vRNAP
lacking vector-encoded sequences indicates that the exogenous sequences
do not affect enzyme activity.**

Two procedures are described for the purification of full-length N4
VRNAP: one dealing with purification of the native enzyme from N4
virions and the other dealing with purification of the recombinant hexahis-
tidine-tagged vRNAP under overreproducing conditions. Two procedures
are also described for the purification of recombinant mini-vRNAP: one
for the hexaxistidine-tagged enzyme and the second for the “‘untagged”
enzyme.

22 M. Grachev, T. Kolocheva, E. Lukhtanov, and A. Mustaev, Eur. J. Biochem. 163,
113 (1987).

2 G. R. Hartmann, C. Biebricher, S. J. Glaser, F. Grosse, M. J. Katzameyer, A. J. Lindner,
H. Mosig, H.-P. Nasheuer, L. B. Rothman-Denes, A. R. Schaffner, G. J. Schneider, K.-O.
Stetter, and M. Thomm, Biol. Chem. Hoppe-Seyler 369, 775 (1988).

24 E. K. Davydova, unpublished results.
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Polymerase Activity Assay

Transcription is measured in a 5-ul reaction volume containing 10 mM
Tris—-HCI, pH 7.9, 10 mM MgCl,, 50 mM NaCl, 1 mM dithiothreitol
(DTT), 1 mM each ATP, CTP, and GTP, 0.1 mM UTP, 0.5-1 uCi
[a-*P]JUTP (3000 Ci/mmol, Amersham-Pharmacia), 0.05-2 uM DNA
template, and 10-100 nM enzyme. The standard template is single-stranded,
promoter-containing DNA. Double-stranded, promoter-containing tem-
plates must be denatured before use. This is achieved by heating the
template at 96° for 3 min, followed by chilling on ice. The denatured tem-
plate should be used promptly. Reaction mixtures are incubated at 37° for
the desired time (typically 5-30 min), terminated by the addition of 7 ul of
stop solution (95% formamide, 20 mM EDTA, 0.05% bromophenol blue,
0.05% xylene cyanol FF), and heated for 5 min at 96° before analysis by
electrophoresis on 6-10% polyacrylamide/8 M urea gels. Reaction prod-
ucts are quantitated by phosphorimaging using ImageQuant software
(Molecular Dynamics).

The product of both VRNAP and mini-vRNAP transcription on single-
stranded templates is not displaced, resulting in formation of an extended
RNA-DNA hybrid.'* The addition of Eco SSB under these conditions ac-
tivates VRNAP transcription by recycling of the template. Consequently,
activation by Eco SSB is only observed at limiting template concentrati-
ons (1-10 nM DNA).>** When used, Eco SSB (Pharmacia) is added to a
concentration of 1-10 uM.

Purification of N4 vRNAP from Virions by
Conventional Chromatography

All procedures are performed at 4° unless otherwise stated. DTT is
omitted from buffers due to the absence of cysteine residues in the VRNAP
polypeptide.

Buffers
Phage resuspension buffer: 10 mM Tris—HCI, pH 8; 10 mM MgSOy;
50 mM NaCl
Phage disruption buffer: 4 M guanidine-HCI; 10 mM Tris—-HCI, pH 8;
10 mM DTT

Hydroxyapatite equilibration buffer: 4 M guanidine-HCl; 10 mM
potassium phosphate, pH 7

Dialysis buffer: 10 mM Tris-HCI, pH 8; 1 mM EDTA, pH 8; 50 mM
NaCl; 5% glycerol

22 E. K. Davydova and L. B. Rothman-Denes, Proc. Natl. Acad. Sci. USA 100, 9250 (2003).
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Dilution buffer: 10 mM Tris-HCI, pH 8; 1 mM EDTA, pH 8; 5%
glycerol

Step 1. Growth of N4 Phage

Escherichia coli W3350 cells are grown at 37° in 500 ml brain-heart in-
fusion medium to ODggg = 0.5 and infected with N4 phage at a multiplicity
of infection of 10. Cultures are incubated at 37° with vigorous shaking
(350400 rpm) for 3.5 h, at which time 5 ml of chloroform (CHCl;) and
29.5 g of NaCl are added. Chloroform addition is required because N4 does
not actively lyse the infected cell.”” Cultures are shaken for 10 min and in-
spected for lysis; more CHCl; is added as needed. After cooling on ice for
30 min, bacterial debris is removed by centrifugation for 15 min at 11,000 g
in a Sorvall GS-3 rotor. The supernatant is decanted carefully to clean cen-
trifuge bottles. Phage are precipitated by the addition of 50 g powdered
PEGS8000 and overnight incubation at 4° and are pelleted by centrifugation
at 3200 g for 30 min. Pelleted phage are resuspended in 5 ml of phage re-
suspension buffer and extracted two to three times with an equal volume of
CHCI; to remove residual PEG8000.

Step 2. Purification of Phage

Phage used as starting material for VRNAP purification are purified
by cesium chloride (CsCl) buoyant density centrifugation. Solid CsCl is
added to the phage solution to a final concentration of 1 M. This solution
is centrifuged for 10 min at 12,000 g in a Sorvall SS34 rotor to remove
residual bacterial debris. The supernatant is added gently to 12.5-ml poly-
allomer tubes containing a 2.5-ml bottom layer of CsCl, § = 1.664 g/ml, in
15 mM Tris-HCI, pH 8, and a 4-ml top layer of CsCl, 6 = 1.377 g/ml,
in 15 mM Tris—-HCI, pH 8. The tubes are placed in a Beckman SW41Ti
swinging bucket rotor and centrifuged for 1 h at 40,000 rpm and 20°. The
major opalescent white band containing phage (6 = 1.5 g/ml) is withdrawn
from the side of the tube using an 18G gauge needle attached to a syringe.
Concentrated phage is dialyzed either in Spectra-Por 2 membrane tubing
(Spectrum) or in a Slide-a-lyzer dialysis cassette (Pierce) against two
changes of 4 liters of phage buffer. Phage stocks are titered and stored at 4°.

Step 3. Virion Disruption

Four volumes of disruption buffer are added to 5-10 ml of CsCl-purified
phage (5 x 10" plaque-forming units/ml, OD,¢, < 200). Phage particles are
disrupted by three to five cycles of freezing in a dry ice bath and thawing
in 20° water, followed by sonication in 20-s pulses to reduce viscosity.

23 G. C. Schito, A. M. Molina, and A. Pesce, G. Microbiol. 15, 229 (1967).
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Step 4. Hydroxyapatite Chromatography

The disrupted phage solution is loaded onto a 50-ml Macro-Prep cer-
amic hydroxyapatite, type I resin (Bio-Rad) column preequilibrated with
buffer, which is then washed with 150 ml of the same buffer. N4 vRNAP
does not bind to the column under these conditions and is recovered in
the flow-through fraction and the first 50 ml of wash, which are pooled
and dialyzed against four changes of 4 liters of dialysis buffer. The dialysis
buffer is changed every 4-6 h for best results.

Step 5. Heparin Chromatography

The dialyzed protein solution is loaded onto a 5-ml HiTrap heparin
column (Amersham Pharmacia). After washing with 15 ml of dialysis
buffer, the protein is eluted with a 50-ml linear gradient of 0.05-0.5 M
NaCl in dialysis buffer. Fractions containing vVRNAP are identified by
SDS-PAGE and the activity assay and are pooled.

Step 6. DEAE Chromatography

The heparin chromatography pool is diluted slowly with dilution buffer
to a NaCl concentration below 0.1 M and applied to a 30-ml POROS-50
diethylaminoethyl (PerSeptive Biosystems) column. After washing with
150 ml of dialysis buffer, the protein is eluted with a 300-ml linear gradient
of 0.05-0.5 M NaC(l in dilution buffer. Fractions containing VRNAP are
identified by SDS-PAGE and are pooled.

Step 7. SP Chromatography and Mono Q Concentration

The DEAE chromatography pool is diluted with 2 volumes of dilution
buffer and is loaded onto a 5-ml HiTrap SP column (Amersham Pharma-
cia). The column is washed with 15 ml of dialysis buffer, and protein is
eluted with a 50-ml linear gradient of 0.05-0.5 M NaCl in dilution buffer.
Fractions containing VRNAP are pooled, diluted again with 2 volumes of
dilution buffer, and applied onto a 1-ml HiTrap Q HP column (Amersham
Pharmacia). The column is washed with 3 ml of dilution buffer; protein is
eluted with 3 ml of 500 mM NacCl in dilution buffer and collected in 0.5-ml
fractions. Fractions containing polymerase (typically fraction 2) are identi-
fied by SDS-PAGE, frozen in 50-ul aliquots, and stored at —80°. Typically,
0.1-0.3 mg of 95% pure VRNAP is obtained from 1000-2000 OD,¢y of
cesium chloride-purified phage.
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Purification of Recombinant Hexahistidine-Tagged vRNAP by Metal
Affinity Chromatography

All procedures are performed at 4° unless otherwise stated.

Buffers

Sonication buffer: 20 mM Tris—HCI, pH 8.0; 20 mM NaCl

Wash buffer: 20 mM Tris—-HCI, pH 8.0; 1 M NaCl

Elution buffer: 20 mM Tris—-HCI, pH 8.0; 20 mM NaCl; 60 mM
imidazole.

Step 1. Protein Overproduction and Cell Lysis

Expression of the recombinant full-length vVRNAP is deleterious to the
cell.”® Therefore, 1 liter of M9 minimal salts medium [27] supplemented
with 0.2% casaminoacids (Difco), 1 mM MgSQOy, 0.1 mM CaCl,, 10 ug/ml
thiamine, 4% Lenox L broth (LB), 100 pg/ml ampicillin, and 0.4% glucose
is inoculated with 10 ml of an overnight culture of E. coli BL21%® cells bear-
ing pPKMK7, which encodes amino-terminally tagged VRNAP.'” The cul-
ture is grown at 37° to ODggg = 0.3. Cells are pelleted by centrifugation
for 15 min at 4200 g and 4° in a Sorvall SLA-3000 rotor and resuspended
in 1 liter M9 medium supplemented with 0.2% arabinose as the carbon
source to induce the production of recombinant vVRNAP. After 30 min of
growth at 37°, the cultures are transferred to chilled centrifuge tubes and
cells are pelleted as described earlier, VRNAP production is limited to
30 min because the recombinant polypeptide is unstable and is degraded
during longer growth periods.

The cell pellet is resuspended in 10 ml of sonication buffer containing
1x complete protease inhibitor, EDTA-free (Roche), and sonicated in 20-s
pulses on ice until lysis is observed. Debris is removed by centrifugation for
15 min at 25,000 g in a Sorvall HB-4 rotor.

Step 2. Co*" Metal Affinity Chromatography

The cleared sonicate is added to 4 ml of a 50% slurry of TALON metal
affinity resin (BD Biosciences) in sonication buffer and incubated for
30 min at 4° with gentle mixing on a LabQuake rotator. The slurry is trans-
ferred to a 5-ml Qiagen polypropylene column and allowed to settle by

26 K. M. Kazmierczak and 1. Kaganman, unpublished results.

7J. H. Miller, “Experiments in Molecular Genetics.” Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY, 1972.

2 E. W. Studier and B. A. Moffatt, J. Mol. Biol. 189, 113 (1986).
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gravity flow. The column is washed sequentially with 6 ml of sonication
buffer, 6 ml of 1 M NaCl in sonication buffer to remove contaminant
proteins, and again with 6 ml of sonication buffer to reduce the salt con-
centration before elution. Protein is eluted with 5 ml of elution buffer by
gravity flow and collected in 1-ml fractions. Fractions containing recombin-
ant polymerase (typically fractions 2-4) are identified by SDS-PAGE and
pooled.

Step 3. Mono Q Concentration

The pooled fractions are applied onto a I-ml HiTrap Q HP column
(Amersham Pharmacia), which is then washed with 3 ml of sonication
buffer. Protein is eluted with 3 ml of 500 mM NaCl and 5% glycerol in
sonication buffer and collected in 0.5-ml fractions. Fractions containing
polymerase (typically fraction 2) are identified by SDS-PAGE, frozen in
50-pul aliquots, and stored at —80°.

Although purification of recombinant hexahistidine-tagged VRNAP
by affinity chromatography might seem preferable to protein purification
from virions, recombinant VRNAP is poorly expressed and is not stable
after induction. Several proteolytic products copurify with the full-length
recombinant enzyme. Therefore, this procedure yields only 0.1-0.2 mg of
60% pure recombinant VRNAP from 1 liter of induced cells.

Purification of Recombinant Hexahistidine-Tagged Mini-vRNAP

All procedures are performed at 4° unless otherwise stated.

Buffers

Sonication buffer: 20 mM Tris—HCI, pH 8.0; 20 mM NaCl

Wash buffer: 20 mM Tris—HCI, pH 8.0; 1 M NaCl

Elution buffer: 20 mM Tris—-HCl, pH 8.0; 20 mM NaCl; 60 mM
imidazole

Step 1. Protein Overproduction and Cell Lysis

Cells bearing recombinant mini-vRNAP plasmids can be grown in LB
medium without adverse effects. E. coli BL21 cells bearing pKMK?22, en-
coding amino-terminally tagged mini-vRNAP,"” or pKMK25, encoding
carboxy-terminally tagged mini-vRNAP, are grown in 100 ml of LB media
with ampicillin (100 pg/ml) at 37° to ODggo = 0.5, at which time 0.2% ara-
binose is added to induce expression of the recombinant polypeptides.
After 1 h of growth at 37°, the culture is transferred to chilled tubes and



[8] BACTERIOPHAGE N4 VRNAP 91

centrifuged for 10 min at 11,000 g in a Sorvall SLA-3000 rotor. Pelleted
cells are resuspended in 1.5 ml of sonication buffer and sonicated on ice
in three 20-s pulses or until lysis is observed. The lysed sample is centri-
fuged for 20 min at 30,000 g in a Sorvall SM-24 rotor to pellet cellular
debris.

Step 2. Co®" Metal Affinity Chromatography

The cleared lysate is applied to a 2-ml capacity TALON spin column
(BD Biosciences) prepacked with 0.5 ml TALON-NX metal affinity resin,
which has been equilibrated with sonication buffer. The column is resealed
and incubated for 30 min at 4° with gentle mixing on a LabQuake rotator.
The column is allowed to settle and is washed sequentially with 1.5 ml of
sonication buffer, 1.5 ml of wash buffer, and again with 1.5 ml of sonication
buffer to reduce the salt concentration before elution. Protein is eluted
with 5 ml of elution buffer by gravity flow and collected in 0.5-ml fractions.
Fractions that contain recombinant polymerase (typically fractions 2-4)
are identified by SDS-PAGE and pooled. Mini-vRNAP is concentrated
on a 1-ml HiTrap Q HP column and stored as described for recombinant
vRNAP or diluted 1:1 (vol:vol) with sterile glycerol and stored at —20°.

Up to 1 mg of 96% pure mini-vRNAP is obtained from 100 ml of
induced cell culture. Polymerase retains its initial activity for at least 6
months when stored at —20° in 50% glycerol. The concentration
of mini-vRNAP can be quantitated by UV spectrometry of a 1/100
dilution of the Mono Q eluate (1.0 Aygy = 1.48 mg/ml = 12 uM of
amino-terminally tagged mini-vRNAP; 1.0 Aygo = 1.39 mg/ml = 11 uM
of carboxy-terminally tagged mini-vRNAP, as calculated from sequence
composition using the Schepartz Laboratory biopolymer calculator
(available at http://paris. chem.yale.edu/).

Purification of Untagged Mini-vRNAP by DNA Affinity Chromatography

Mini-vRNAP displays high binding affinity for promoter-containing
deoxyoligonucleotides (K4 1 nM).** This property is exploited for the affin-
ity purification of untagged mini-vRNAP. Untagged mini-vRNAP is
retained specifically and completely on a promoter DNA affinity column
(Fig. 2). Surprisingly, neither high salt nor high or low pH buffers elute
the polymerase from the column, revealing the unusual stability of the
mini-vRNAP-promoter complex. However, ddH,O prewarmed to 25°
elutes 90% of the bound polymerase, presumably due to melting of the
promoter hairpin in the absence of metal ions and at an elevated tempera-
ture. Elution using ddH,O prewarmed to 40° results in dissociation of the
remaining protein, which is slightly degraded.



92 RNA POLYMERASE STRUCTURE AND PROPERTIES [8]
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Fic. 2. DNA-Affinity Chromatography purification of untagged mini-vRNAP (see text).

Buffers

Sonication buffer: 20 mM Tris—-HCI, pH 8.0;20 mM NaCl;2 mM EDTA
Wash buffer: 20 mM Tris—HCI, pH 8.0; 1 M NaCl; 2 mM EDTA

Step 1. Preparation of DNA Affinity Column

The DNA affinity column is prepared by adsorption of 5 biotinylated
promoter-containing deoxyoligonucleotides onto the matrix of a 1-ml Hi-
Trap streptavidin HP column (Amersham Pharmacia) according to the
manufacturer’s instructions. The following promoter-containing biotiny-
lated oligonucleotides have been tested (underlined sequences comprise
the promoter hairpin inverted repeats):

A 5'-/5Bio/ GGCATTACTTCATCCAAAAGAAGCGGAGCTTC-3'
B 5'-/5Bio/GGCATTACTTCATCCAAAAGAAGCTGAGCTTC-3'
C 5'-/5Bio/lGGCATTACTTCATCCAAAAGAAGCGGAGC-3

The best purification yield is achieved using oligonucleotide A. How-
ever, oligonucleotides B and C require lower temperatures than A for com-
plete elution of the protein, in agreement with the decreased stability of the
respective promoter hairpins.zg’30

Step 2. Protein Overproduction and Cell Lysis

Escherichia coli BL21 cells bearing pKMKS55, encoding ‘““untagged”
mini-vRNAP, are grown to ODgyy = 0.5 in 100 ml of LB medium with

29S. Yoshizawa, G. Kawai, K. Watanabe, K. Miura, and 1. Hirao, Biochemistry 36,4761 (1997).
30X, Dai, M. Greizerstein, K. Nadas-Chinni, and L. B. Rothman-Denes, Proc. Natl. Acad. Sci.
USA 94, 2174 (1997).
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ampicillin (100 pg/ml) at 37°. Induction of polymerase production and
the cell sonicate preparation are as described for the purification of
hexahistidine-tagged mini-vRNAP.

Step 3. DNA Affinity Chromatography

The cleared sonicate is applied to a 1-ml DNA affinity column preequi-
librated with sonication buffer. The column is washed sequentially with
3 ml of sonication buffer, 3 ml of wash buffer, and again with 3 ml of soni-
cation buffer. Mini-vRNAP is eluted with 3 ml of ddH,O prewarmed to
25°. Fractions (0.5 ml) are collected, and 10 ul of 1 M Tris=HCI (pH 8.0)
and 10 pl of 5 M NaCl are added to each fraction. Fractions containing
mini-vRNAP are identified by SDS-PAGE and stored as described for
hexahistidine-tagged mini-vRNAP.

A 100-ml culture of polymerase-expressing cells yields up to 0.5 mg of
90% pure mini-vRNAP in a single purification step using a 1-ml DNA
affinity column (Fig. 2).

Concluding Remarks

Bacteriophage N4 vRNAP is unique in its ability to transcribe pro-
moter-containing single-stranded DNAs with specificity, providing a tool
for the synthesis of RNAs from synthetic oligonucleotide templates or
from templates cloned into M13 DNA. It is an ideal enzyme for the synthe-
sis of short RNAs in large amounts at limiting template concentrations in
the presence of Eco SSB, for several reasons. N4 vRNAP displays high fi-
delity'” and, in contrast to T7 RNAP, does not appear to produce abortive
products.’* Moreover, VRN AP can initiate transcription with any template-
directed ribonucleoside triphosphate, although it is most efficient on tem-
plates containing C at positions +1 and +2.%* The length of the transcripts
that can be synthesized by mini-vRNAP is limited only by the length of the
available single-stranded DNA template. Finally, vVRNAP is useful for the
synthesis of specific RNA-DNA hybrids when transcription is carried out
in the absence of Eco SSB.

Both wild-type VRNAP and mini-vRNAP discriminate against the
incorporation of deoxynucleoside triphosphates into transcripts. A mini-
VRNAP Tyr—Phe mutation (Y678F), analogous to T7 RNAP Y639F,>!
allows the enzyme to incorporate dNTPs."’

The discovery of mini-vRNAP has provided us with a useful tool to study
polymerase—promoter, polymerase—substrate, and polymerase—product

3L, G. Brieba and R. Sousa, Biochemistry 39, 919 (2000).
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interactions. We have pinpointed sequences within early promoters re-
quired for polymerase recognition. Conversely, we have identified regions
within mini-vRNAP that interact with the promoter hairpin loop, hairpin
stem, the initiating nucleotide, and the template and RNA product in an
elongation complex.” We expect that mini-vRNAP will allow us to further
characterize the steps of transcription initiation and elongation at N4 early
promoters.

As mentioned earlier, biochemical and genetic analysis suggests that
the catalytic center of VRNAP must resemble that of T7 RNAP. However,
several lines of evidence indicate that VRNAP differs in its mechanism
of promoter recognition.”* Ongoing structural analysis will reveal both
similarities and differences with T7 RNAP. Finally, identification of the
vRNAP transcriptionally active domain raises questions about the possible
roles of the amino- and carboxy-terminal domains of the polypeptide.
Experiments in progress have indicated roles for these domains in virion
morphogenesis and the initial steps of phage infection.*?
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Most bacterial RNA polymerase (RNAP) core enzymes consist of five
core subunits (4, 3, a dimer of identical « subunits, and the w subunit).
Binding of one of the several o factors converts the catalytically proficient
core into the holoenzyme, which is able to initiate transcription from pro-
moters. High-resolution structures of RNAP core and medium-resolution
structures of RNAP holoenzyme from thermophilic eubacterium Thermus
aquaticus (Taq) have became available." A low-resolution model of Tag
RNAP holoenzyme complexed with a model promoter substrate was also
obtained.* In addition, a structure of highly related 7. thermophilus RNAP
holoenzyme was solved to high resolution.’ Parallel advances in structural

Copyright 2003, Elsevier Inc.
All rights reserved.
METHODS IN ENZYMOLOGY, VOL. 370 0076-6879/03 $35.00



94 RNA POLYMERASE STRUCTURE AND PROPERTIES [9]

interactions. We have pinpointed sequences within early promoters re-
quired for polymerase recognition. Conversely, we have identified regions
within mini-vRNAP that interact with the promoter hairpin loop, hairpin
stem, the initiating nucleotide, and the template and RNA product in an
elongation complex.?* We expect that mini-vRNAP will allow us to further
characterize the steps of transcription initiation and elongation at N4 early
promoters.

As mentioned earlier, biochemical and genetic analysis suggests that
the catalytic center of VRNAP must resemble that of T7 RNAP. However,
several lines of evidence indicate that VRNAP differs in its mechanism
of promoter recognition.”* Ongoing structural analysis will reveal both
similarities and differences with T7 RNAP. Finally, identification of the
vRNAP transcriptionally active domain raises questions about the possible
roles of the amino- and carboxy-terminal domains of the polypeptide.
Experiments in progress have indicated roles for these domains in virion
morphogenesis and the initial steps of phage infection.*>

Acknowledgment

This work was supported by NIH Grant Al 12575.

321. Kaganman and E. K. Davydova, unpublished results.

[9] Preparation and Characterization of Recombinant
Thermus aquaticus RNA Polymerase

By KonNsTANTIN KUzZNEDELOV, LEONID MINAKHIN, and
KONSTANTIN SEVERINOV

Most bacterial RNA polymerase (RNAP) core enzymes consist of five
core subunits (&, 3, a dimer of identical « subunits, and the w subunit).
Binding of one of the several o factors converts the catalytically proficient
core into the holoenzyme, which is able to initiate transcription from pro-
moters. High-resolution structures of RNAP core and medium-resolution
structures of RNAP holoenzyme from thermophilic eubacterium Thermus
aquaticus (Taq) have became available.' A low-resolution model of Taq
RNAP holoenzyme complexed with a model promoter substrate was also
obtained.* In addition, a structure of highly related 7. thermophilus RNAP
holoenzyme was solved to high resolution.” Parallel advances in structural

Copyright 2003, Elsevier Inc.
All rights reserved.
METHODS IN ENZYMOLOGY, VOL. 370 0076-6879/03 $35.00



[9] RECOMBINANT RNA POLYMERASE FROM T. aquaticus 95

analysis of yeast RNA polymerase II had revealed an outstanding degree of
structural similarity between bacterial and eukaryotic RNAP, which could
not have been predicted based on primary sequence comparisons alone.®’

Superposition of structural data with biochemical and genetic data
obtained with Escherichia coli RNAP, which is functionally the best-
studied enzyme of its class, allowed the building of structure—functional
models of transcription initiation and transcription elongation complexes
and the assigning of specific biochemical functions to RNAP functional
domains.®*’ The availability of high-resolution structures qualitatively
raises the importance of rational structure-based mutational analysis of
RNAP, which should verify functional inferences experimentally.

Mutational analysis of yeast RNAP II is complicated by the fact that
this enzyme, which is indispensable for cell viability, cannot be obtained
by in vitro reconstitution from isolated subunits. Therefore, only mutations
that do not interfere with vital enzyme functions (and therefore leave most
partial biochemical activities of RNAP intact) can be analyzed.

The in vitro activity of several bacterial RNAPs, including Tag RNAP,
can be recovered after the separation of individual subunits in the presence
of denaturing agents and subsequent mixing of the subunits and dialysis at
controlled conditions.'™"" In vitro reconstitution of E. coli RNAP from
cloned and individually overexpressed and purified subunits provided
means of obtaining RNAP harboring lethal mutations in quantities suffi-
cient for biochemical analyses.'> Studies of reconstituted recombinant
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wild-type E. coli RNAP and mutants harboring lethal mutations provided
crucial insights into transcription mechanism and regulation and are largely
responsible for our increased understanding of this enzyme (see, e.g., refs.
13-15). Despite obvious homology between RNAPs from Taq and E. coli,
it would be highly desirable to perform mutational and structural studies
using Tag RNAP rather than the E. coli counterpart, for which no structure
is available.

Important advantages of studying 7aqg RNAP include the ability to
(i) reduce assembly defects of mutations to a minimum by designing
structure-based mutations, (ii) perform structural analysis of mutants, and
(iii) reduce contamination with highly active, wild-type chromosomally en-
coded RNAP, which becomes a persistent problem when mutant enzymes
with low specific activity are analyzed. Disadvantages of the Taq system are
the lack of functional assays, the general absence of data on gene transcrip-
tion in this organism, and, more importantly, the inability to manipulate
Tag RNAP subunit (rpo) genes. To overcome these limitations and to
make full use of the available structural information, we cloned Taq rpo
genes on E. coli expression plasmids and developed a recombinant 7aq
RNAP transcription system.'’

Methods

Plasmids Expressing Taq rpo Genes

Taq rpo genes are cloned in T7 RNAP-driven expression plasmids
of the pET series (Novagene) between Ndel and EcoRlI sites of the pET
polylinker. Plasmids, pET28TaA, pET28TaB, pET28TaC, and pET287TaZ,
express Tag RNAP «, (3, 3, and w, respectively, with N-terminal hexahisti-
dine tags. Corresponding plasmids based on the pET21 vector express un-
tagged subunits. Plasmids containing Taq rpo genes cloned between Ndel
and EcoRlI sites of the pT7Blue cloning plasmid (Navagene) were also
created. These plasmids can be used to introduce site-specific mutations
in Taq rpo genes (see later).

Plasmid pET28TaABCZ, coexpressing Taq rpoA, rpoB, rpoC, and
rpoZ genes, is constructed from the pET287aC plasmid, which is treated
with the HindIIl and DNA polymerase Klenow fragment, followed by

13 M. Kashlev, J. Lee, K. Zalenskaya, V. Nikiforov, and A. Goldfarb, Science 248, 1006 (1990).

14 K. Igarashi and A. Ishihama, Cell 65, 1015 (1991).

15 M. Orlova, J. Newlands, A. Das, A. Goldfarb, and S. Borukhov, Proc. Natl. Acad. Sci. USA
92, 4596 (1995).



[9] RECOMBINANT RNA POLYMERASE FROM T. aquaticus 97

EcoRI treatment, and ligated to the Taq rpoB containing fragment that
is prepared from pET217aB by treating with the Bg/Il and Klenow
fragment, followed by EcoRI. The resultant plasmid, pET287aBC,
has two genes, rpoB and rpoC, in an opposite orientation; each gene
is preceded by the T7 RNAP promoter. pET28TaBC is treated with
EcoRI and ligated with the EcoRlI-treated polymerase chain reaction
(PCR) fragment of pET217aA. Oligonucleotides used for PCR are
designed to anneal upstream of the T7 RNAP promoter of pET217aA
and downstream of the Taq rpoA termination codon, and each contains
an engineered EcoRI site. The resultant plasmid, pET287aABC, has
Taq rpoA under T7 RNAP promoter control inserted between rpoB
and rpoC genes in the same orientation as rpoC. Plasmid pET28TaABCZ
is constructed by ligating the SgrAl-treated pET287TaABC with the
SgrAl-treated PCR fragment of pET217aZ. PCR primers are designed
to anneal upstream of the T7 RNAP promoter of pET217aZ and down-
stream of the Taqg rpoZ termination codon and each contains an engin-
eered SgrAl site. The resultant plasmid, pET287TaABCZ, has three
genes, rpoZ, rpoC, and rpoA, in the same orientation and rpoB in the
opposite orientation. The rpoC gene is fused to the N-terminal
hexahistidine tag, and other genes are untagged. A derivative of pET28-
TaABCZ that allows the preparation of untagged 7aq RNAP core is also
constructed.

Although the pET28TaABCZ plasmid provides adequate yields of
wild-type Tag RNAP, expression levels of the two largest subunits are
poorly coordinated, and some of the RNAP mutants constructed in this
plasmid could only be prepared in a very low yield. A new, improved
Taq rpo cooverexpression plasmid has been developed (Fig. 1). Plasmids
pET21TaA, pET21TaB, and pET287aC are used as starting material. As
the first step, a plasmid cooverexpressing Taq rpoA and rpoB is con-
structed. To this end, an Sphl-Sall fragment of pET217aA containing
Taq rpoA is prepared, and the Sall sticky end is filled in partially by the
Klenow fragment enzyme in the presence of dCTP and dTTP. Plasmid
pET217aB is treated with Sphl and Bg/Il, and the sticky end generated
by Bg/ll is filled in partially in the presence of dATP and dGTP.
Cohesive-end ligation of the insert containing 7aq rpoA and the pET21-
TaB vector results in the pET217aAB plasmid, with the rpoA gene
followed by rpoB and each gene having an upstream T7 RNAP promoter
and the rpoB gene followed by a downstream transcription terminator.
As the second step, the rpoAB cassette from pET217aAB is inserted
into pET28TaC, between the lacl and the rpoC genes. The rpoAB cassette
is excised from pET217aAB by treating with Notl and partially filling
in the sticky end with the Klenow fragment enzyme in the presence of
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FiG. 1. Construction of E. coli plasmid coexpressing Taq rpo genes. See text for details.

dGTP, followed by digestion with Mlul (cleaves once in the lacl gene).
The pET287aC plasmid is treated with SgrA I, and the sticky end is
filled in partially in the presence of dCTP, followed by Mlul digestion.
Ligation of the Taq rpoAB cassette and pET28TaC vector yields
plasmid pET28 ABCr,q, which contains three Tag rpo genes whose prod-
ucts are sufficient for active RNAP core assembly in the order rpoA, rpoB,
and rpoC. Every gene is preceded by the T7 RNAP promoter, but only
the rpoC gene is followed by the transcription terminator. Only the (5’
subunit expressed from this plasmid is tagged with an N-terminal
hexahistidine tag.
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Overexpression of Recombinant Taq RNA Polymerase Subunits and
RNA Polymerase

Escherichia coli BL21(DE3) cells transformed with Taq rpo expression
plasmids overproduce individual Taq core RNAP subunits at a high
level on induction with 1 mM Isopropyl-3-D-thiogalactoside (IPTG),
and the overexpressed proteins, including the « subunit, segregate into
inclusion bodies. The following induction procedure works well. E. coli
BL21(DE3)-competent cells are transformed with Taq rpo expression plas-
mids and plated on appropriate selective medium. When using ampicillin-
resistant pET21-based plasmids, high (200 pg/ml) concentrations of
ampicillin are recommended to prevent growth of satellite colonies. After
overnight growth at 37°, colonies are scraped off the plate surface, resus-
pended in a small volume of LB broth, and used to inoculate prewarmed
LB broth with appropriate antibiotics. A plate containing several hundred
~1-mm colonies is sufficient to inoculate 1 liter of liquid medium. The use
of fresh transformants is strongly recommended for optimal induction.
Cells are allowed to grow on a rotary shaker at 37° until ODgg, reaches
0.8-1.0 and are induced with 1 mM IPTG for 5-6 h. The induction of
Tag RNAP core subunit overexpression is confirmed by SDS-PAGE,
and cells are collected and stored at —80° until further use.

To purify the Tag RNAP core from E. coli cells coexpressing Taq rpo
genes, BL21(DE3) cells harboring pET28TaABCZ or pET28 ABCr,q are
inoculated in 1 liter of LB containing appropriate antibiotics. Cells
harboring pET28TaABCZ are induced as described earlier. The induction
level is checked by SDS-PAGE. E. coli BL21(DE3) cells transformed with
pET28TaABCZ express Tag RNAP subunits at low levels. The amount of
overproduced Taq (3 and (3’ is only slightly higher than the amount of en-
dogenous E. coli RNAP largest subunits, which form a characteristic
low-mobility double band on SDS gels of whole cell lysates.

The addition of IPTG to cells harboring pET28ABCr,q decreases cell
growth rate and also increases unwanted segregation of proteins into inclu-
sion bodies. Growing of cells at 37° for 18-20 h with vigorous shaking and
without IPTG induction results in optimal yields of Tag RNAP from cells
harboring this cooverexpression plasmid.

Taq RNAP ¢ Subunit

The specificity o subunits are often interchangeable between RNAP
core enzymes prepared from evolutionarily distant bacteria. When the
Tag RNAP core is combined with E. coli ¢’ at 45°, a condition when
both Taq and E. coli enzymes are active, no promoter-specific initiation
from the strong E. coli o' -dependent T7 A1l promoter is observed.'!
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Protein—protein band shift experiments show that E. coli ¢’° binds to the
Taq core (Fig. 2A, lane 9), but the resultant complex is evidently inactive.
To overcome the problem of sigma incompatibility, we cloned the homo-
logue of the E. coli rpoD (0'°) gene from Taq using degenerate oligo-
nucleotide probes based on T. thermophilus sigA gene'® sequences in the
vicinity of highly conserved regions 1.2 and 4.2. A single positive clone is

A
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FiG. 2. Formation and activity of recombinant Taq, E. coli, and Taq-E. coli chimeric
holoenzymes. (A) The indicated proteins were combined together in transcription buffer
(40 mM Tris—HCI, pH 7.9, 40 mM KClI, and 10 mM MgCl,) and were incubated for 10 min
at 42°, and reaction products were separated by native gel-electrophoresis on precast Phast
4-15% gels (Pharmacia). (B) RNAP core enzymes were reconstituted from the indicated
subunits as described in the text. Reconstitution mixtures were supplemented with
recombinant E. coli ¢’° or Tag o® as indicated and were used in an abortive transcription
initiation assay using the T7 A1l promoter-containing DNA fragment as a template, CpA as a
primer, and [a-**P]UTP as a substrate. Reactions proceeded at the indicated temperatures,
and products were resolved by denaturing PAGE and revealed by autoradiography.
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obtained. Sequence alignments reveal that the product of the Taq sigA (o)
gene is highly similar to the published sequence of ¢ from T. thermophi-
lus,'® as expected. Tag o is also highly similar to ¢’° in conserved regions 2
and 4, which are responsible for promoter recognition. Therefore, well-
characterized E. coli RNAP ¢'° holoenzyme promoters can be used for
promoter-dependent transcription initiation by Tag RNAP ¢ holoenzyme
(see later). In striking contrast, Tag o completely lacks the N-terminal
conserved region 1.1. Instead, it contains a ~100 amino acid long segment
without homology to any of the published sequences.

The entire Taq sigA gene is subcloned into pET expression vectors. The
pET28Tac plasmid, which expresses N-terminally hexahistidine-tagged
Taq o®, is transformed in E. coli BL21(DE3). Fresh transformants are in-
oculated in 1 liter of LB containing 25 pg/ml kanamycin and are grown at
30°. IPTG (1 mM) is added when the culture ODgy reaches 0.8-1.0. After
4 h of vigorous agitation at 30°, cells are harvested, and the cell pellet
(~2 g) is resuspended in 15 ml of buffer A [10 mM Tris—HCI, pH 7.9,
5% glycerol, 500 mM NaCl, and 0.2 mM phenyl methyl sulfonyl fluoride
(PMSF)]. Cells are lysed by sonication as described.!” Cell debris is re-
moved by low-speed centrifugation (twice for 30 min at 15,000 rpm), and
the lysate is diluted twofold with 8 M urea, loaded onto a 1-ml chelating
Sepharose Hi-Trap column (Pharmacia) loaded with Ni** according to
the manufacturer’s instructions, and equilibrated in buffer A containing
4 M urea. The column is washed with buffer A containing 4 M urea and
20 mM imidazole, and Taq o* is eluted with 100 mM imidazole in the same
buffer. Fractions containing Tag o® are pooled and dialyzed against
TGE buffer (20 mM Tris—=HCI, pH 7.9, 1 mM EDTA, 5% glycerol, and
2 mM 2-mercaptoethanol) and loaded onto a 1-ml Resource Q column
(Amersham) attached to Fast Protein Liquid Chromatography (FPLC)
and equilibrated in TGE buffer. Pure Tag o® is eluted using a linear 40-
ml gradient of NaCl (from 0.2 to 0.4 M) in TGE buffer. The protein is con-
centrated to the final concentration of ~1.5-2 mg/ml and stored at —20° in
the presence of 50% glycerol.

The following procedure is used to purify untagged Tag o™ overpro-
duced by E. coli BL21(DE3) cells harboring the pET217TagRpoD plasmid.
Fresh transformants are inoculated in 50 ml of LB containing 200 pg/ml
ampicillin and grown for 2-3 h at 37° with vigorous shaking until ODgg
reaches 1.5. Cells are collected by a 10-min room temperature centrifuga-
tion at 2500 rpm, resuspended in a small volume of LB, and the suspension

16 M. Nishiyama, N. Kobashi, K. Tanaka, H. Takahashi, and M. Tanokura, FEMS Microbiol.
Lett. 172, 179 (1999).
17S. Borukhov and A. Goldfarb, Prot. Exp. Purif. 4, 503 (1993).



102 RNA POLYMERASE STRUCTURE AND PROPERTIES [9]

is used to inoculate 1 liter of LB containing 200 pg/ml ampicillin. IPTG
(1 mM) is added when the ODyggo of the culture reaches 0.5-0.6. After
3 h of vigorous agitation at 37° or when ODgg reaches ~2.5, cells are har-
vested by centrifugation. The cell pellet (3.5 g) is resuspended in 20 ml of
TGE buffer containing 200 mM NaCl and 0.2 mM PMSF. Cells are lysed
by sonication as described.'” Cell debris is removed by low-speed centrifu-
gation, and the volume of the lysate is adjusted to 40 ml with TGE buffer.
The lysate is transferred into a 50-ml screw-cap polypropylene tube and is
incubated for 30 min at 70° with occasional mixing. The massive pellet
formed during 70° is removed by low-speed centrifugation and discarded.
The supernatant is diluted twofold with TGE buffer, loaded onto a 20-ml
DE-52 cellulose column equilibrated in TGE buffer, and attached to an
FPLC. The column is developed stepwise with TGE buffer containing
0.1, 0.2, 0.3, 0.4, and 1 M NaCl. Most of Tagq o™ is eluted at 0.2 M NaCl
and is precipitated with ammonium sulfate (40 g/100 ml). The ammonium
sulfate pellet is dissolved in 0.35 ml of TGE and is loaded onto a Superose-
6 column (Pharmacia) equilibrated in TGE containing 0.2 M NaCl. The
column is developed isocratically with the same buffer, and o**-containing
fractions are pooled and dialyzed against storage buffer containing 40 mM
Tris=HCI, pH 7.7, 0.2 M KCl, 50% glycerol, 1 mM dithiothieitol (DTT),
and 1 mM EDTA.

When recombinant Tag o™ (with or without a hexahistidine tag) is com-
bined with the Tag RNAP core enzyme, specific interaction with and
transcription from the T7Al promoter-containing DNA fragment are
observed.'" Tag o® also forms complexes with the E. coli RNAP core
enzyme (Fig. 2A, lane 5), and the resultant holoenzyme is active on the T7
A1 promoter. The chimeric holoenzyme is highly active at 37°, when the
Taq o holoenzyme demonstrates only low levels of activity; the chimeric
holoenzyme demonstrates low levels of activity at 60°, when the E. coli o”°
holoenzyme is completely inactivated (Fig. 2B, compare lanes 1 and 1/).
Thus it appears that although the main contribution to high-temperature
transcription is coming from the Tagq core, o™ also contributes somewhat.

In Vitro Taq RNAP Reconstitution

The RNAP reconstitution procedure developed for E. coli RNAP and
described in detail elsewhere!” can be used successfully for 7ag RNAP
reconstitution, especially wild-type Tag RNAP reconstitution. The most im-
portant modification is that the 30-min thermoactivation step, which is
carried out at 30° for E. coli RNAP, is performed at 42° for Tag RNAP. In
addition, and following the thermoactivation step, a half-hour incubation at
65° to destroy contaminating E. coli RNAP is used. After reconstitution,
RNAP preparations can be used directly in transcription assays or stored
under 30% ammonium sulfate until further use. Alternatively, RNAP can
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be purified further by gel filtration on Superose-6 and Resource Q columns
(Pharmacia) as described.!” The Superose-6 step separates the assembled
enzyme from assembly intermediates and unassembled subunits and deter-
mines whether the assembly of recombinant Taqg RNAP has taken place as
judged by the appearance of characteristic chromatographic peaks in the
course of chromatography. Chromatographic fractions containing RNAP
are concentrated by filtration through a C-100 concentrator (Amicon) to
~1 mg/ml and are stored in the presence of 50% glycerol at —20°.

We performed intergeneric (Tag-E. coli) RNAP reconstitutions to de-
termine whether active hybrid RNAP can be prepared. One needs to have
an answer to this question to determine whether the active chimeric
enzyme can contaminate recombinant 7aq RNAP preparation, as in our
experience, even the best preparations of Tag RNAP subunit inclusion
bodies contain small amounts of E. coli RNAP subunits and/or E. coli
RNAP. The results of one such intergeneric RNAP reconstitution experi-
ment performed at standard conditions used to reconstitute E. coli RNAP
is presented in Fig. 2B. After reconstitution, RNAP core enzymes were
supplemented with recombinant ¢’® or ¢*, and an abortive transcription
initiation reaction was performed on the T7 Al promoter at 37, 45 and
60°. As can be seen, RNAP containing Taqg § and E. coli o, 3, and o’ as-
sembled with low efficiency and was active at 37° but not at 60° (Fig. 2B,
lane 3). In addition, o, Taq B and 3, and E. coli o assembled with low ef-
ficiency into an enzyme that was equally active at 37 and 60° (Fig. 2B, lane
4"). Results thus indicate that certain chimeric enzymes are indeed active
and may present a problem when 7ag RNAP mutants with low specific ac-
tivity are analyzed. However, the availability of active chimeric enzymes
opens the way for analyzing species-specific regulators interacting with
Taq or E. coli RNAPs.

Preparation of Taq RNAP from E. coli Cells Cooverexpressing
Taq rpo Genes

Wild-type Tag RNAP prepared by in vitro reconstitution is adequate
for most biochemical assays, and its specific activity is fairly similar to
the activity of RNAP purified from Tagq cells. However, we found that
Taq RNAP subunits harboring mutations, particularly those removing sub-
stantial portions of RNAP structural domains, assemble inefficiently
in vitro. The use of plasmids cooverexpressing Taq rpo genes allows one
to overcome these limitations and to prepare large amounts of assembled
wild-type or mutant 7ag RNAP.

A 4to 5 g pellet of cells cooverexpressing Tag RNAP is resuspended in
40 ml of grinding buffer containing 40 mM Tris—HCI, pH 7.9, 100 mM
NaCl, 0.2 mM PMSF, 10 mM EDTA, 15 mM 2-mercaptoethanol, and
5% glycerol. Cells are lysed by sonication, and cell debris is removed by



104 RNA POLYMERASE STRUCTURE AND PROPERTIES [9]

low-speed centrifugation. The cleared lysate is transferred into a 50-ml
polypropylene tube, diluted twofold with grinding buffer, and incubated
at 75° for 30 min with occasional mixing. The massive pellet that is formed
during this stage is removed by centrifugation (30 min at 15,000 rpm at 4°)
and discarded. The supernatant is loaded, at 1 ml/min, onto a 5-ml heparin
Hi-Trap column equilibrated in TGE buffer containing 100 mM NaCl, at-
tached to an FPLC, and kept at room temperature. After loading, the
column is washed with TGE buffer containing 300 mM NaCl, and Taq
RNAP is step eluted in ~7-10 ml of TGE buffer containing 600 mM NaCl.
The column is washed with TGE containing 1 M NaCl. The same column
can be used for multiple purifications. Proteins in the 0.6 M NaCl heparin
column fraction are precipitated overnight with dry ammonium sulfate
(0.3 g/ml) in a cold room.

The ammonium sulfate pellet is collected by centrifugation in a 15-ml
Corex glass tube, drained thoroughly, dissolved in 250 ul of TGE buffer,
loaded, at room temperature, on a Superose-6 (Pharmacia) column
attached to an FPLC, and equilibrated in TGE containing 200 mM NaCl.
Chromatography is conducted at 0.4 ml/min. RNAP is eluted in two peaks
(Fig. 3). The first peak contains material absorbing at 260 nm and probably
represents RNAP complexes with nucleic acids and is discarded. The
second peak, which contains the free RNAP core, is made 50% with
glycerol and RNAP is stored at —20°. Alternatively, RNAP can be concen-
trated approximately four-fold by dialyzing against the storage buffer
(earlier discussion). Typical yields are 1-3 mg of Tag RNAP core from 4
to 5 g of wet E. coli cells cooverexpressing Taq rpo genes.

In Vitro Transcription

Most in vitro transcription assays developed for E. coli RNAP can be
used with Tag RNAP with minor modifications. The following are the most
significant differences. The most obvious one is temperature—at our stand-
ard reaction conditions, the Tag ¢ RNAP holoenzyme has an optimal
transcription initiation activity at 75° and shows ~7, 50, and 85% activity
at 25, 45, and 65°, respectively. The second difference is that at optimal
conditions, the 7ag RNAP core appears to terminate transcription at
intriasic E. coli terminators much less efficiently than E. coli RNAP. Third,
Tag RNAP is much more resistant to rifampicin than E. coli RNAP, and
one should therefore use heparin rather than rifampicin to prevent
reinitiation of transcription. Finally, elongation complexes formed by the
Taq RNAP core enzyme appear to be highly active in intrinsic transcript
cleavage reaction, even at pH below 8.0, which complicates ‘“‘walking”
along the template using immobilized Tag RNAP. Several simple protocols
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Fic. 3. Purification of recombinant 7ag RNAP core enzyme from E. coli cells
cooverproducing Tag RNAP subunits. Results of the final (gel filtration on Superose-6
column) purification step of the recombinant 7ag RNAP core enzyme are presented. The
protein content of chromatographic peaks shown in the middle was analyzed by SDS-PAGE
and is shown at the top. PDA spectra of two main chromatographic peaks containing RNAP
are shown at the bottom.

are presented that should provide a starting point for more complex in vitro
transcription experiments involving Tag RNAP.

Standard abortive initiation reactions (10 ul) contain 40 mM Tris—HCI,
pH 8.4, 40 mM KCI, 5 mM MgSO,, 50 nM Taq RNAP core enzyme, and
100 nM of recombinant Tag . Reactions are preincubated for 10 min
at 65°, followed by the addition of the 100 nM T7 A1 promoter-containing



106 RNA POLYMERASE STRUCTURE AND PROPERTIES [9]

DNA fragment and an additional 10-min incubation at 65°. Abortive tran-
scription is initiated by the addition of 100 M CpA and 5 uCi [a->*P]JUTP
(3000 Ci/mmol) and is allowed to proceed for 10 min at 65°. Reactions are
terminated by the addition of an equal volume of urea-containing loading
buffer and are analyzed by denaturing gel electrophoresis (8 M urea, 20%
polyacrylamide) and autoradiography.

For experiments involving transcription elongation, elongation com-
plexes stalled at position 420 (EC*) of the T7 Al promoter-driven
templates derived from the pAA141 plasmid originally developed in the
Chamberlain’s laboratory18 are used. Reactions contain, in 15 ul, 40 mM
Tris—-HCI, pH 8.4, 40 mM KCI, 5 mM MgSO,, 100 nM of the DNA frag-
ment containing the T7 Al promoter, 50 nM of RNAP, 100 nM o,
10 uM CpApUpC, 50 uM ATP and GTP, and 5 xCi[a->*P]CTP (3000 Ci/
mmol). Reactions are incubated for no more than 10 min at 65° to allow
EC? formation (note that this complex contain 21 nucleotide long RNA,
as the 5 end of the CpApUpC primer corresponds to position —1 of the
template). Longer incubations lead to an accumulation of transcript cleav-
age products. EC?° can then be used to study transcription elongation, tran-
scription termination, or transcription pausing by synchronously restarting
EC? by the addition of various concentrations of NTPs. After the addition
of NTPs, reactions are allowed to proceed with reaction times and tem-
peratures chosen by the experimenter. Reactions are terminated by add-
ition of the formamide-containing loading buffer. Products are analyzed
by urea—PAGE electrophoresis (8§ M urea, 10% polyacrylamide), followed
by autoradiography and Phosphorlmager analysis.

Site-Specific Mutagenesis

Because of the very large size of plasmids cooverexpressing Taq rpo
genes, site-directed mutagenesis becomes problematic due to the lack of
unique restriction endonuclease recognition sites. Consequently, when
constructing plasmids expressing mutant RNAP, a stepwise procedure
needs to be adopted to construct cooverexpression plasmids bottom
up. As an example, we present a scheme used to construct mutations
in the evolutionarily conserved rudder element of the 5’ subunit (Fig. 4).
Analysis of Tag RNAP harboring deletions in the 5’ rudder showed that
this structural element plays no role in determining the length of the
RNA-DNA hybrid, as was proposed originally based on structural analy-
sis,' but instead plays a role in the elongation complex stability."® Our
attempts to obtain rudder deletions in E. coli RNAP were unsuccessful

18 C. K. Surratt, S. C. Milan and M. J. Chamberlin, Proc. Natl. Acad. Sci. USA 88,7983 (1991).
19 K. Kuznedelov, N. Korzheva, A. Mustaev, and K. Severinov, EMBO J. 21, 1369 (2002).
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Fic. 4. Site-specific mutagenesis of the Taq rpoC gene. See text for details.

due to the high toxicity of the mutant rpoC gene (K. Kuznedelov and
K. Severinov, unpublished observations).

To create plasmid pET28ABCr,AR, cooverproducing Taq o, 3, and
His-tagged (3’ lacking the rudder, two PCR reactions are performed to
amplify Taq rpoC regions at the left- and right-hand sides of the deletion
site. The left-hand side nonmutagenic PCR primer corresponds to Taq
rpoC positions 1280-1309 and contains a BgI/II site corresponding to a
unique rpoC BgllI site at position 1289. The right-hand side nonmutagenic
primer is complementary to rpoC positions 2872-2899 and contains a
Kpnl site corresponding to a unique rpoC Kpnl site at position 2885. The
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mutagenic primers correspond to rpoC positions 1729-1751 and 1804-1825
for the left-hand side PCR and the right-hand side PCR, correspondingly.
Each mutagenic primer also contains an in-frame Xbal site. The products
of each PCR reaction are purified and cloned into the pT7Blue blunt-end
cloning vector. Recombinant plasmids containing inserts in appropriate
directions (see Fig. 4) are selected by colony PCR. The Bg/II-Kpnl rpoC
fragment containing the mutation is assembled by cloning the Xbal frag-
ment containing the left-hand side Taq rpoC fragment into the pT7blue
plasmid containing the Xbal-Kpnl rpoC fragment. The entire mutant rpoC
gene is next assembled by cloning the Bg/lI-Kpul fragment harboring the
mutation instead of the corresponding fragment of pT7blue7aC. The entire
BgllI-Kpul fragment harboring the mutation is next sequenced to confirm
the presence of the desired mutation and the absence of undesirable muta-
tions generated by PCR. The resultant plasmid contains the mutant rpoC
gene bounded by unique Ndel and EcoRI sites, and these sites are used
to reclone the mutant gene into the pET28 expression plasmid. Subsequent
stages used to construct the cooverexpression plasmid are identical to the
ones shown in Fig. 1.

The pT7blueTaC plasmid has four unique sites close to or inside the
rpoC gene, Ndel, Bglll, Kpnl, and EcoRI, which divide the rpoC into ap-
proximately equal fragments suitable for site-directed mutagenesis. There-
fore, the procedure outlined here can be used for the incorporation of
site-specific mutants in any part of the rpoC gene.

Concluding Remarks

Overproduced Tag RNAP subunits assembled into functional RNAP
in vitro and in vivo when coexpressed in E. coli. Although Tag RNAP
differs from the prototypical E. coli enzyme in several important ways,
transcription initiation, transcription termination, and transcription cleav-
age assays developed for E. coli RNAP can be adapted to study 7ag RNAP
transcription with very small modifications. The availability of recombinant
Tag RNAP and discriminative transcription assays for this enzyme should
make it possible to test, by means of genetic engineering and biochemical
analysis, many of the predictions of current and future functional infer-
ences derived from RNAP structures. The ability to purify mutant Tagq
RNAP directly from E. coli cells should also make the structural analysis
of mutant RNAP possible.
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[10] Purification and Assay of Upstream Activation
Factor, Core Factor, Rrn3p, and Yeast RNA Polymerase I

By PrasaD TONGAONKAR, JONATHAN A. Dobpbp, and MasAayasu NOMURA

In yeast Saccharomyces cerevisiae, 35S ribosomal RNA (rRNA) genes
are arranged in tandem repeats of 100-150 copies on chromosome XII.
These genes are transcribed by RNA polymerase 1 (Pol I), whose sole
function is transcription of the 35S rRNA genes. Both in vitro and in vivo
studies indicate that the 35S rRNA gene promoter extends about 155 bp
upstream from the transcription initiation site. The core promoter, which
supports a low level of transcription in vitro, extends from +5 to about
—38 with respect to the transcription initiation site. A region upstream of
the core promoter, the upstream element (UE), which extends to ~—155,
is required for higher levels of transcription in vitro.!

A genetic screen was used to identify mutants (rrn mutants) that are
defective in Pol I transcription. These mutant yeast cells can grow in galact-
ose media by synthesizing 35S rRNA by RNA polymerase II (Pol II)
from the 35S rRNA gene fused to the GAL7 promoter, but fail to grow
in glucose media that repress transcription from the GAL7 promoter.
In addition to genes encoding subunits of Pol I, this genetic approach led
to the identification of seven new genes (RRN genes for ribosomal RNA
synthesis) that encode Pol I transcription factors or their subunits.”

The products of RRN genes have been expressed with epitope tags to
aid their purification and characterization. From both in vivo and in vitro
studies, it is now clear that in addition to Pol I, other transcription factors,
namely core factor (CF), upstream activation factor (UAF), Rrn3p, and
TBP are also required for the transcription of 35S rRNA genes. CF is com-
posed of Rrn6p, Rrn7p, and Rrnllp, whereas UAF is composed of
Rrn5p, Rrn9p, Rrn10p, UAF30p, and histones H3 and H4. Pol I, CF, and
Rrn3p are sufficient for low levels of transcription from the core promoter
in vitro. For higher levels of transcription, however, a template containing
UE in addition to the core promoter is required, and transcription factors,
TBP and UAF, are also required in addition to Pol I, Rrn3p, and CF.
Rrn3p forms a complex with Pol I, and this complex formation is required
to form an active preinitiation complex. The Pol [-Rrn3p complex and CF

'D. A. Keys, B.-S. Lee, J. A. Dodd, T. T. Nguyen, L. Vu, E. Fantino, L. M. Burson, Y. Nogi,
and M. Nomura, Genes Dev. 10, 887 (1996).
2y. Nogi, L. Vu, and M. Nomura, Proc. Natl. Acad. Sci. USA 88, 7026 (1991).
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appear to bind the core promoter weakly. UAF is a sequence-specific
DNA-binding factor and binds to the upstream regions of the 35S rRNA
gene promoter in the absence of any other components. TBP interacts with
the Rrn9 subunit of UAF and Rrn7p subunit of CF and appears to help,
together with UAF, to recruit the Pol I-Rrn3p complex to the promoter,
forming a stable preinitiation complex (for reviews, see ref. 3 and 4).
After identification and purification of these transcription factors and
Pol I were achieved, specific in vitro Pol I transcription from 35S rRNA
promoter was demonstrated using purified components.” The system
should be useful to identify additional factors that may modulate Pol I
transcription, as exemplified by the identification of Netlp as a factor
stimulating Pol I activity in vivo and in vitro.° This article describes
methods for the purification of Pol I and Pol I transcription factors. In
addition, a protocol for in vitro transcription assay is also described.

Purification of Proteins for Reconstitution of Pol I Transcription In Vitro

Strains for Purification of Pol I and Pol I Transcription Factors

To facilitate the purification of Pol I and transcription factors, strains
carrying epitope-tagged versions of genes encoding components of tran-
scription factors or Pol I have been constructed. These strains are shown
in Table L

General Methods

Growth of Yeast and Escherichia coli Cells for Protein Purification.
Yeast cells are grown in fermenters (VirTis, CF-CO Medical Industries,
Inc.) containing YEPD medium (1% yeast extract, 2% peptone, and 2%
dextrose) and 0.01% antifoam A (Sigma Chemical Co.). Yeast cells are
grown in minimal medium to midlog phase and are added to fermenters
so that Aggyg is ~0.006. Cells are then grown to a cell density of Aggg ~ 1,
harvested by centrifugation at 5000 rpm in a Sorvall H6000A swinging
bucket rotor, washed, and stored at —80° until required. The yield of cells
is about 3.54 g/liter.

3 M. Nomura, in “Transcription of Ribosomal RNA Genes by Eukaryotic RNA Polymerase
I” (M. R. Paule, ed.), p. 155. Landes Bioscience, Austin, TX, 1998.

*M. Nomura, Cold Spring Harb. Symp. Quant. Biol. 66, 555 (2001).

5J. Keener, C. A. Josaitis, J. A. Dodd, and M. Nomura, J. Biol. Chem. 273, 33795 (1998).

SW. Shou, K. M. Sakamoto, J. Keener, K. W. Morimoto, E. E. Traverso, R. Azzam, G. J.
Hoppe, R. M. R. Feldman, J. DeModena, D. Moazed, H. Charbonneau, M. Nomura, and
R. J. Deshaies, Mol. Cell 8, 45 (2001).
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TABLE 1
YEAST AND E. COLI STRAINS FOR PuriricaTiON OF PoL I, CF, UAF, Rrn3p, AND TBP

Protein Strain Comments Reference
Pol I NOY760 rpal35A::LEU2 has plasmid pNOY422, 5
which expresses (His)s-(HA1);-Rpal35p
CF NOY797 rrn7A:LEU2 has plasmid pNOY403, which S
expresses (HA1);-Rrn7p-(His)g
UAF  NOY798 rrn5A:TRPI has plasmid pNOY402, which 7
expresses Rrn5p-(HA1);-(His)g
Rr3p  E. coli BL21(DE3) The plasmid carries a gene for Rrn3p with a 5
carrying plasmid 27 amino acid residue N-terminal tag (MGS
pNOY3162 SHHHHHHSSGLVPRGSHMLEDPDK)
cloned in the pET15b vector
TBP E. coli BL21(DE3) The plasmid carries a gene for yeast TBP 8
carrying plasmid with an N-terminal

ylID/6HisT-pET11 MGSSHHHHHHSSGLVPRGSHM tag

For purification of recombinant proteins (Rrn3p and TBP) from E. coli,
cells are grown in fermenters containing LB medium (1% tryptone, 1%
NaCl, and 0.5% yeast extract) containing 50 pg/ml ampicillin at 37° to an
Agoo ~ 0.8. Cells are induced by the addition of 0.5 mM IPTG for 1.5 h,
harvested by centrifugation and stored at —80° until required. Typically,
the yield of E. coli cells is about 2 g/liter.

Lysis of Cells. About 60 g of yeast cells is resuspended in ~200 ml of
the buffer as per the purification protocol given later. Cells are then lysed
by passing through a French press (Aminco, Silver Spring, MD) at
20,000 psi twice. Lysis of E. coli cells is also carried out using a French
press as described earlier but at 8000 psi pressure. The extracts are clarified
by ultracentrifugation as given later.

Charging of Chelating Sepharose with Ni. Chelating Sepharose
(Pharmacia, NJ) is charged with NiSO, by presoaking with 100 mM NiSOy,
containing 1% Tween 20 overnight. The resin is then centrifuged in a
swinging bucket rotor, and the supernatant is removed. The resin is then
packed in a column, washed with water, and then equilibrated with the
required buffer. Buffers used with Ni-chelating Sepharose should not
contain EDTA and reducing agents.

HAI Antibody Resin. The HA1 antibody is linked to protein G
Sepharose (Pharmacia) using dimethyl pimelimidate.” The resin may be

7J. Keener, J. A. Dodd, D. Lalo, and M. Nomura, Proc. Natl. Acad. Sci. USA 94, 13458
(1997).
8 A. Hoffmann and R. G. Roeder, Nucleic Acids Res. 19, 6337 (1991).
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regenerated after use by washing with a solution containing 100 mM
glycine, pH 2.8, and 1.5 M KCl and then with 1 M Tris—HCI, pH 8, and
then reused.

Protease Inhibitors. Phenylmethylsulfonyl fluoride (PMSF) is generally
used while making extracts at a concentration of 0.2 mM. When required,
protease inhibitors, chymostatin, antipain, leupeptin, aprotinin, bestatin,
and pepstatin A, are used at a final concentration of 25 pug/ml each.

Pol I

Solutions

Wash buffer: 50 mM Tris—HCI, pH 7.8, 20% glycerol, and 300 mM
(NH,4),SOy4

Ni breakage buffer: 50 mM Tris—HCI, pH 7.6, 20% glycerol, 500 mM
KCl, 5 mM MgCl,, 5 mM imidazole, 0.2 mM PMSF, and 0.1%
Tween 20

Ni elution buffer: 20 mM Tris—-HCI, pH.7.6, 20% glycerol, 100 mM
KCl, 250 mM imidazole, 0.2 mM PMSF, and 0.1% Tween 20

Gradient buffer (GB): 20 mM Tris-HCl, pH 7.8, 20% glycerol,
0.1 mM EDTA, 0.5 mM dithiothreitol (DTT), and 0.2 mM PMSF.
GB100, GB160, GB420, and GB750 are gradient buffers containing
100, 160, 420, and 750 mM KCI, respectively.

Purification of Pol I

Pol I is purified from ~85-g cells of strain NOY760, which expresses the
(His)s-(HA1);-tagged Rpal35p subunit. Cells are washed with wash buffer
and are then resuspended in Ni breakage buffer and lysed using a French
press as described earlier. The extracts are clarified by ultracentrifugation
at 100,000 g for 1 h at 4°. The supernatent is mixed with 25 ml Ni-chelating
Sepharose preequilibrated with Ni breakage buffer for 1 h at4°. The resin is
then packed in a column containing 5 ml Ni-chelating Sepharose. The
column is washed with Ni breakage buffer and eluted by Ni elution buffer.

The eluate from the Ni-chelating Sepharose column is applied to a 1-ml
heparin—-Sepharose column (Hi-Trap, Pharmacia) preequilibrated with
GB100. The column is washed with GB100, and the bound proteins are
eluted with a gradient from 100 to 750 mM KCI in GB buffer. Pol I elutes
at 375 mM KCI. Fractions containing Pol I are identified by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by

°E. Harlow and D. Lane, “Antibodies: A Laboratory Manual.” Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, 1988.
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Coomassie staining, pooled, and diluted with an equal volume of GB buffer
and are applied to a 1-ml Mono Q column equilibrated in GB160 buffer.
The column is washed with GB160, and Pol I is eluted with a 50-ml linear
gradient from 160 to 420 mM KCI in GB buffer. Pol I elutes at around
330 mM KCI, and fractions containing Pol I are identified by SDS-PAGE
followed by Coomassie staining. The protein concentration of fractions is
determined by measuring A,gy. The concentration of Pol I purified by this
method in peak fractions is around 0.8 mg/ml. Peak fractions are assayed
for activity in a transcription assay and stored at —80°.

Core Factor

Solutions

Wash buffer, Ni breakage buffer, and Ni elution buffer are the same as
for the purification of Pol I.

Heparin wash buffer: Same as gradient buffer (GB) for Pol I, but in
addition contains 200 mM KCI, 0.05% Tween 20, and 10 mM
MgCl,

Heparin elution buffer: Same as heparin wash buffer but contains
550 mM KCl instead of 200 mM

DB buffer: Composition of the DB buffer is the same as for gradient
buffer (GB) Pol I, but also contains 0.05% Tween 20. DB buffers,
DB240, DB250, DB550, and DB600 containing 240, 250, 550, and
600 mM KCI, respectively, are used for CF purification

Peptide elution buffer: Same as DB buffer but contains 240 mM KCI
and 4 mg/ml HA1 peptide (peptide sequence: YPYDVPDYA)

Purification of CF

CF is purified from about 110 g of NOY797 cells. The initial steps in
purification of CF until Ni elution buffer are the same as for Pol 1. Eluates
from two preparations are applied to a 5-ml heparin—-Sepharose column
(Hi-Trap, Pharmacia), which is preequilibrated in heparin wash buffer.
The column is then washed with heparin wash buffer and step eluted using
heparin elution buffer.

The eluate from the heparin column is mixed with 4 ml of HA1 anti-
body resin for 1 h at 4°. The resin is then packed into a column and washed
with DB550 and then with DB250. A Q-Sepharose column (1 ml Hi-Trap,
Pharmacia) is linked to the HA1 antibody resin, and peptide elution
buffer is circulated through the two columns for 1.5 h at 1 ml/min. The
Q-Sepharose column is then transferred to an FPLC system and washed
with DB240. CF is eluted from the column by applying a 15-ml DB240 to
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DB600 linear gradient at 0.25 ml/min. Fractions are analyzed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) followed
by silver staining and stored at —80°. CF elutes at around 350 mM KCI.

The purification of CF can be a challenging task because of its instabil-
ity. An alternate protocol may be used in which extracts are first applied to
the HA1 antibody column. The bound protein is eluted using HA1 peptide,
and the eluate is applied to a heparin—-Sepharose column. This is followed
by another HA1 antibody column step.'”

Upstream Activation Factor

Solutions

UAF extraction buffer: 200 mM Tris—-HCI, pH 8.0, 400 mM
(NH4),S0O4, 20 mM imidazole, 0.1% Tween 20, and 10% glycerol

TA buffer: 20 mM Tris—HCI, pH 8.0, 20% glycerol, and 0.1% Tween
20. KCl is added to 450 mM for TA450 and to 1000 mM for TA1000

TA450 imidazole: 20 mM Tris—HCI, pH 8.0, 450 mM KCI, 250 mM
imidazole, 20% glycerol, and 0.1% Tween 20

Purification of UAF

For small-scale purification, NOY798 cells are grown in 30 liter YEPD
medium, for large-scale UAF preparation, an ~150- to 200-liter culture
may be used. Cells may be grown in several batches of fermenters, washed
with UAF extraction buffer, and stored at —80°.

About 60 g of cells is suspended in 200 ml UAF extraction buffer
and lysed using a French press as described earlier, PMSF is then added
to 0.2 mM. The cell extracts are centrifuged at 11,000 g for 10 min and
then at 100,000 g for 1 h. The supernatant is mixed with 20 ml of
Ni-chelating Sepharose equilibrated in UAF extraction buffer. After 1 h
at 4°, Ni-chelating Sepharose is packed into a column containing ~2 ml
Ni-chelating Sepharose and washed with 30 ml TA450. A 5-ml heparin—
Sepharose column (Hi Trap, Pharmacia), equilibrated previously with
TAA450, is attached to the outlet of the Ni-chelating Sepharose column.
Proteins bound to Ni-chelating Sepharose are then eluted with 50 ml
TA450 imidazole buffer. The heparin column, to which UAF eluted from
Ni-chelating Sepharose column is bound, is transferred to the FPLC
system. The column is washed with TA450 containing 0.5 mM DTT

op A Keys, L. Vu, J. S. Steffan, J. A. Dodd, R. T. Yamamoto, Y. Nogi, and M. Nomura,
Genes Dev. 8, 2349 (1994).
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(TA450-0.5 mM DTT), and bound proteins are eluted using a 22.5-ml
linear gradient of TA450-0.5 mM DTT to TA1000-0.5 mM DTT at a flow
rate of 0.5 ml/min. Fractions containing UAF are identified by dot blotting
an aliquot of each fraction and probing the membrane with the a-HA1
antibody.

At this stage, fractions containing UAF from several batches may be
pooled and protease inhibitors are added as mentioned earlier. For large-
scale preparations of UAF, fractions containing UAF are mixed with
5 ml HA1 antibody beads for 3 h at 4°. The HA1 antibody beads are cen-
trifuged at 1000 rpm in a Sorvall H6000A swinging bucket rotor and
the supernatant is removed. Beads are then washed five times with
TA450-0.5 mM DTT buffer containing protease inhibitors by centrifuging
in a swinging bucket rotor and removing the supernatant. Beads are then
packed in a column, and the outlet of the column is connected to a 5-ml
heparin column (Hi Trap, Pharmacia). The outlet of the heparin column
flows in a reservoir containing 10 ml TA450-0.5 mM DTT and HA1 pep-
tide and protease inhibitors. The concentration of the HA1l peptide is
adjusted so that the final concentration is about 1.0 mg/ml after taking into
consideration the buffer present in the tubing, columns, and so on. The res-
ervoir is connected to the HA1 antibody column through a pump, which
circulates the reservoir buffer through the two columns overnight in a cold
room. The heparin column is then removed and transferred to the FPLC
system. The column is first washed with TA450-0.5 mM DTT, and bound
proteins are eluted using a 18.5-ml linear gradient of TA450-0.5 mM
DTT to TA1000-0.5 mM DTT at a flow rate of 0.5 ml/min. Fractions are
analyzed by SDS-PAGE followed by silver staining. UAF elutes in a single
peak at around 650 mM KCI.

Rrn3p

Solutions

Rrn3p Ni breakage buffer: This buffer is the same as the Ni breakage
buffer for Pol I, but contains 200 mM KCl instead of 500 mM KCl

Ni wash buffer: 20 mM Tris-HCI, pH 7.6, 20% glycerol, 500 mM
KCl, 5 mM imidazole, 0.2 mM PMSF, and 0.1% Tween 20

The Ni elution buffer is the same as for purification of Pol I

Q-Sepharose gradient buffer (QB): 20 mM Tris-HCI, pH 7.8, 20%
glycerol, 0.1 mM EDTA, 0.5 mM DTT, and 0.1% Tween 20.
QB100, QB190, and QB550 are Q-Sepharose gradient buffers
containing 100, 190, and 550 mM KCI, respectively.
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Purification of Rrn3p

Esherichia coli BL21(DE3) cells carrying the pNOY3162 plasmid for
the expression of (His)g-tagged Rrn3p are grown and induced as described
earlier. Cells are then harvested by centrifugation. The cell pellet, ~30 g, is
resuspended in 120 ml Rrn3p Ni breakage buffer and lysed using a French
press as described previously. The extracts are centrifuged at 30,000 g for
40 min, and the supernatant is mixed with 20 ml Ni-chelating Sepharose
for 1 h at 4°. The resin is then centrifuged at 500 g, the supernatant is re-
moved, and the resin is packed in a column containing 2 ml Ni-chelating
Sepharose. The column is washed with 50 ml Ni wash buffer, and the
bound protein is eluted with Ni elution buffer.

A 5-ml Q-Sepharose (Hi-Trap, Pharmacia) column is equilibrated
with QB100, and the eluate from the Ni column is applied to the column.
The Q-Sepharose column is washed with QB100, and the bound protein
is eluted with a 60-ml QB190 to QB550 linear gradient at a flow rate
of 1 ml/min. Rrn3p-containing fractions are identified by Coomassie
staining. Rrn3p elutes at around 400 mM KCl. Fractions containing
Rrn3p are reapplied to Ni-chelating Sepharose and eluted as described
previously. The eluate from the Ni-chelating column is then applied to
a 1-ml Mono Q (Pharmacia) column equilibrated previously with QB100.
Rrn3p is eluted from the column using a 60-ml linear gradient of
QB190 to QB550 as described earlier. The purity of fractions is esti-
mated by Coomassie staining, and the protein concentration is deter-
mined by the Lowry method."" The concentration in the peak fraction is
typically around 0.35 mg/ml, and fractions are assayed for activity in the
transcription assay.

TBP

Solutions

Ni breakage buffer, Ni wash buffer, and Ni elution buffer are same as
for Rrn3p purification. Q-Sepharose buffer is also the same as for Rrn3p,
but the KCIl concentrations are 100 mM (QB100), 240 mM (QB240),
360 mM (QB360), and 600 mM (QB600).

10, H Lowry, N. J. Rosenbrough, A. L. Farr, and R. J. Randolph, J. Biol. Chem. 193,
265 (1951).
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Purification of TBP

Purification of (His)s-TBP from E. coli BL21(DE3) has been described
previously.® The initial steps in the purification of TBP until elution
from the Ni-chelating Sepharose column are the same as for Rrn3p. The
eluate from the Ni-chelating Sepharose column is applied to a 5-ml
heparin—-Sepharose column (Hi-Trap, Pharmacia) equilibrated previously
with QB240. The column is washed with QB240, and a 180-ml gradient from
QB240 to QB600 is then applied to elute the bound proteins. TBP is eluted
at around 430 mM KCI from this column. Fractions containing TBP are dia-
lyzed to 100 mM KCl and are then applied to a Mono S column, equilibrated
previously in QB100. The column is washed with QB100, and an 80-ml gra-
dient from 100 to 360 mM KClin QB is then applied at a flow rate of 0.5 ml/
min to elute the bound proteins. Fractions containing TBP are identified by
SDS-PAGE followed by Coomassie staining, pooled, and stored at —80°.
TBP is eluted at around 200 mM KCI. The protein concentration is esti-
mated by the Lowry assay,'' and a typical yield from 30 g of cells is about
3 mg of TBP by the aforementioned method.

Reconstitution of Pol I Transcription in Vitro

Solutions

All solutions are made in sterile DEPC-treated water using RNase-free
reagents. The solutions are then stored in small aliquots at —80°.

2.5X reaction buffer: The recipe to make 1 ml 2.5X reaction buffer is
given (the final concentrations of reagents in this 2.5X reaction
buffer are in parentheses): 50 pul 1 M Tris—acetate, pH 7.9 (50 mM),
125 pul 2 M potassium glutamate, pH 7.9 (250 mM), 67 ul 0.3 M
Mg-acetate (20 mM), 2 ul 1 M DTT (5 mM), 2.5 pl 40 U/ul
rRNAsin (Promega) (0.1 U/ul), 50 pul 10 mg/ml acetylated bovine
serum albumin (BSA) (0.5 mg/ml) from New England Biolabs, and
703.5 pl water

Dilution buffer: 20 mM Tris—acetate, pH 7.9, 20% glycerol, 0.2 mg/ml
acetylated BSA, and 1 mM DTT

20X NTP mix: 4 mM each of ATP, CTP, and UTP and 300 uM GTP

Glycogen precipitation mix: 2 mg/ml glycogen (Sigma type VII from
mussel) in 50 mM EDTA, pH 7.5

Heparin solution: Heparin sodium salt (grade I, Sigma) is dissolved in
water to make 1 mg/ml solution.

NHjy-acetate in ethanol: Water is added to 100% ethanol to make
95%, which is used to make 1 M NHy-acetate solution
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Fic. 1. The 3278-bp plasmid pNOY3238 was constructed by cloning the Smal/Xbal
fragment of the 35S rRNA gene into Smal/Xbal sites of plasmid pBluescript KS(+). The
plasmid was then digested with Bg/II/Xbal and religated after a fill-in reaction to give rise to
the 35S rRNA gene spanning from —210 to +128. The transcription initiation site (+1), the
—210 position at the 5’ end of the promoter, and the +128 position in the 35S rRNA gene are
located at positions 804, 1014, and 676, respectively, of the plasmid as shown. Some restriction
sites useful for linearizing the plasmid for use in in vitro transcription assays are also shown.
The sequence of the pNOY3238 plasmid is available upon request.

Gel-loading dye: 90% deionized formamide, 1X TBE (89 mM Tris
base, 89 mM boric acid, 2 mM EDTA), 0.05% of xylene cyanol, and
bromphenol blue

DNA template: A linear DNA template is used for runoff transcrip-
tion reactions, which eliminates the effect of transcription termin-
ation. Plasmid pNOY3238, in which the 35S rRNA gene spanning
from —210 to 4128 is cloned, is digested with Bg/I (or other suitable
restriction enzyme, see Fig. 1) and electrophoresed on a preparative
agarose gel (other suitable linearized DNA templates may also be
used, as in published papers™'?). The appropriate fragment

12D, L. Riggs and M. Nomura, J. Biol. Chem. 265, 7596 (1990).
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containing the 35S rRNA promoter is purified using Gene Clean as
per the manufacturer’s protocol. The concentration of the DNA is
determined by measuring Aeo of this solution.

Poll/Rrn3p complex: Molar concentrations of the Rrn3p and Pol I
preparations are calculated from their protein concentrations. A
slight molar excess of Rrn3p is mixed with Pol I and the mixture is
incubated for 1-4 h at room temperature. Small aliquots are then
made and stored at —80°. Excess Pol I in the reaction may lead to
the formation of nonspecific transcripts.

Pol I Transcription Assay

Because very small amounts of factors are required for in vitro
transcription experiments, it is best to make a master mix by adding
reaction buffer, DNA template, and proteins and only varying the protein
of interest, which minimizes experimental variations. In a typical trans-
cription assay with reaction volume 20 pl, 8 ul of 2.5X reaction buffer,
6 ng DNA template, 0.1-0.2 g Pol I (as Pol I/Rrn3 p complex), 20—
50 ng TBP are used as a starting point. Peak fractions from the purification
of CF and UAF are assayed for activity in in vitro transcription assays after
diluting 5-30-fold with dilution buffer. For setting up transcription assays,
it is advisable to first establish the transcription reaction using only the Pol
I/Rrn3p complex and CF and later test for stimulation in the presence of
TBP and UAF.

The volume of the master mix is adjusted by the addition of water so
that 17 pul is used per reaction. Serial dilutions of the protein of interest
are prepared using dilution buffer, and 1 ul of the diluted protein is added
to the reaction tube containing the master mix and preincubated at
room temperature for 10 min. During the preincubation period, the NTP
mixture is prepared by mixing 25 pl 20X NTP mix, 1 ul 0.2 M ATP,
and 20 pl [a-**P] GTP (10 puC/ul; 3000 Ci/mmol). After preincubation,
2 pl of NTP mixture is added to the tubes (this makes up the total volume
of the reaction 20 ul) to initiate transcription reaction, and incubation is
continued at room temperature for 20 min. At the end of 20 min, 1 ul of
heparin solution is added, and incubation is continued for an additional
5 min. Heparin binds to free Pol I and does not permit reinitiation
of transcription, thus avoiding the formation of incomplete transcripts.
The reaction is then stopped by adding 50 pl (1:1) phenol-chloroform
and 60 pl glycogen precipitation mix. The sample is then vortexed, and
the aqueous phase is withdrawn and added to tubes containing 330 ul
NHjy-acetate in ethanol. The tubes are then placed in dry ice for 15-20 min,
followed by centrifugation for 15 min at room temperature. At this stage, a
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small white glycogen pellet should be visible. Remove as much supernatant
as possible without disturbing the pellet. The pellet is resuspended in 8 ul
gel-loading dye, heated at 95° for 10 min, and analyzed on a 5% acrylamide
TBE-urea denaturing gel.

5% Acrylamide TBE-Urea Gel Electrophoresis

For a 50-ml gel solution, 21 g urea is dissolved in a mixture of 8.3 ml
30:0.8 acrylamide:bisacrylamide solution and 5 ml 10X TBE, and water
is added to make up the final volume to 50 ml. The solution is degassed,
and 250 pl 10% ammonium persulfate solution and 50 ul TEMED are
added to polymerize the acrylamide. The gels, with a thickness of
0.75 cm and measuring 15X26 cm, are allowed to polymerize for at
least 2 h, and a prerun is done at 700 V for 1 h in 1X TBE running
buffer. After loading the samples, electrophoresis is carried out at 700 V
until bromphenol blue runs out of the gel. The gel is dried and subjected
to autoradiography or phosphorimager analysis.

Concluding Remarks

As mentioned earlier, the in vitro Pol I transcription system described
in this article should be useful in identifying additional factors modulating
Pol I activity in vivo. In addition, some of the components in the system,
such as Pol I and Rrn3p, are known to be phosphorylated, but the func-
tional significance of such modification is just beginning to be studied."
UAF contains histones H3 and H4.” In view of a variety of known histone
modifications, such as phosphorylation, acetylation, and methylation, and
their physiological importance, possible modifications of histones in UAF
might also influence Pol I activity. The methods described in this article
should be useful in studies on these subjects.

13 S, Fath, P. Milkereit, G. Peyroche, M. Riva, C. Carles, and H. Tschochner, Proc. Natl. Acad.
Sci. USA 98, 14334 (2001).
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[11] Purification and Transcriptional Analysis of
RNA Polymerase I Holoenzymes from Broccoli
(Brassica oleracea) and Frog (Xenopus laevis)

By JuLio SAEZ-VASQUEZ, ANNIE-CLAUDE ALBERT,
KEITH EARLEY, and CRAIG S. PIKAARD

Transcription of ribosomal RNA by RNA polymerase I (pol) is a rate-
limiting process for ribosome production and hence for protein synthesis,
cell growth, and cell proliferation. RNA polymerase I can be purified in a
“holoenzyme” form capable of promoter recognition and accurate tran-
scription initiation in vitro. Initial evidence for a pol I holoenzyme came
from biochemical studies in plants using broccoli as an inexpensive and
abundant source of proliferating cells. Pol I holoenzymes can also be puri-
fied from vertebrates. This article presents methods for the purification and
transcriptional analysis of RNA polymerase I holoenzymes from broccoli
and cultured Xenopus cells.

In eukaryotes, nuclear genes are transcribed by three RNA polymer-
ases. RNA polymerase I (pol I) transcribes the repeated ribosomal
RNA genes (rRNA genes) that are located at the nucleolus organizer
regions.' Each rRNA gene encodes a primary transcript that is processed
into the three largest structural RNAs (188, 5.8S, 25-28S) of cytoplasmic
ribosomes. RNA polymerase II transcribes mRNAs of protein-coding
genes and the majority of small nuclear RNAs.°” RNA polymerase III
transcribes tRNAs, 58 ribosomal RNA, and other small RNAs.*!%-11

For all three polymerase systems, one can purify transcription factors
separately from the RNA polymerase core enzyme (the form of the enzyme
capable of RNA synthesis but not promoter recognition). However, all
three nuclear polymerases can also be purified stably associated with
most (or all) of the transcription factors required for promoter-dependent
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2K. M. Hannan, R. D. Hannan, and L. I. Rothblum, Front. Biosci. 3, 376 (1998).
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4 M. R. Paule and R. J. White, Nucleic Acids Res. 28, 1283 (2000).

ST. Moss and V. Y. Stefanovsky, Cell 109, 545 (2002).

 G. Orphanides, T. Lagrange, and D. Reinberg, Genes Dev. 10, 2657 (1996).
7R. D. Kornberg, Trends Cell Biol. 9, 46 (1999).

8T.I Lee and R. A. Young, Annu. Rev. Genet. 34, 77 (2000).
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transcription.'*?® The latter protein complexes, termed RNA poly-
merase holoenzymes, may be responsible for promoter recognition and
transcription initiation in the cell.

Purification of a cell-free TRNA gene transcription activity from
broccoli (Brassica oleracea) provided initial evidence for a pol I holoen-
zyme.'® Independent studies revealed pol I holoenzymes in Xenopus
laevis,'”” mouse,'” and rat.'® In all cases, holoenzyme activity involves a
small proportion (less than 15%) of the total extractable pol I activity.
Pol I holoenzyme complexes have been estimated to be at least 2 MDa
in mass, which is approximately three- to fourfold larger than the predicted
mass of the pol I core enzyme.

In our laboratory, Brassica and Xenopus pol I holoenzymes have been
purified to near homogeneity using, in sequence, preparative anion ex-
change, cation exchange, gel filtration, analytical anion exchange, and
DNA affinity chromatography.'®!72! Individual fractions from each
column program transcription initiation in vitro from a cloned rRNA gene
promoter, starting at the same site, and requiring the same promoter se-
quences, as used in vivo. Pol I holoenzyme transcription is also insensitive
to a-amanitin, a fungal toxin that inhibits RNA polymerases II and IIL.**
Thus the purified holoenzymes retain the characteristics and promoter spe-
cificity of pol I transcription in intact cells. Although the identification of
holoenzyme subunits is incomplete, biochemical and immunological assays
have revealed protein kinase, histone acetyltransferase, topoisomerase,
and DNA replication/repair activities.'”'***

This article describes methods for the preparation of cell extracts and
the purification and assay of holoenzyme activity. Brassica pol 1 holoen-
zyme purification is described in the greatest detail. Alterations in this
protocol relevant to the purification of pol I holoenzyme activity from
cultured Xenopus cells is provided in a later section.

2 A. I. Koleske and R. A. Young, Nature 368, 466 (1994).

13 A. J. Koleske and R. A. Young, Trends Biochem. Sci. 20, 113 (1995).

4y, Ossipow, J. P. Tassan, E. A. Nigg, and U. Schibler, Cell 83, 137 (1995).

57, Wang, T. Luo, and R. G. Roeder, Genes Dev. 11, 2371 (1997).

16 J. Saez-Vasquez and C. S. Pikaard, Proc. Natl. Acad. Sci. USA 94, 11869 (1997).
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(1999).
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[11] RNA POLYMERASE I HOLOENZYME PURIFICATION 123

Purification of Brassica Pol I Holoenzyme Activity

Solutions and Buffers Needed
Extraction buffer: 0.44 M sucrose, 1.25% Ficoll, 2.5% dextran T40,
20 mM HEPES-KOH, pH 7.4, 10 mM MgCl,, 0.5% Triton X-100.
Just before use, dithiothreitol (DTT) and protease inhibitors are
added [final concentrations: 0.5 mM DTT; 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 2.5 mg/ml antipain, 0.35 mg/ml bestatin,
0.5 mg/ml leupeptin, 4.0 mg/ml pepstatin A).

The following protease inhibitor stock solutions are needed.

PMSF (purchased from Sigma): 100 mM in isopropanol; store at room
temperature. PMSF is highly toxic and should be handled with
extreme care, as should all protease inhibitors.

Antipain (Sigma): 1 mg/ml in water; store at —20°

Bestatin (Sigma): 1 mg/ml in water; store at —20°

Leupeptin (Sigma): 5 mg/ml in water; store at —20°

Pepstatin A (Sigma): 1 mg/ml in methanol; store at —20°

Nuclei resuspension buffer (RB0): 50 mM HEPES-KOH pH7.9, 20%
glycerol, 10 mM EGTA, 10 mM Mg(SO,),

The following RB buffers are made by mixing RBO and RB1000
(containing 0 or 1000 mM KCl, respectively) buffers in appropriate ratios.

RB100 buffer: Nuclei resuspension buffer containing 100 mM KClI

RB175 buffer: Nuclei resuspension buffer containing 175 mM KCI

RB400 buffer: Nuclei resuspension buffer containing 400 mM KCI

RB800 buffer: Nuclei resuspension buffer containing 800 mM KCl

CB100 (column buffer, 100 mM KCl): 20 mM HEPES-KOH, pH 7.9,
20% glycerol, 0.1 mM EDTA, 0.1 M KCl

CB1000: 20 mM HEPES-KOH, pH 7.9, 20% glycerol, 0.1 mM
EDTA, 1.0 M KCI

Coomassie blue dye-binding protein assay’* mix: 2 ml of Bio-Rad
protein assay concentrate mixed with 7 ml H,O. Then disperse
90 pl in wells of a microtiter dish.

Crude Nuclear Extract Preparation

The extract preparation is adapted from the method of Kieber and
Signer.” Extracts are prepared in the cold room at 4° using prechilled
equipment and glassware. Whenever possible, samples are kept on ice.
Centrifuges and rotors are precooled to 4°.

24 M. M. Bradford, Anal. Biochem. 72, 248 (1976).
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1. Choose broccoli at the local grocery store. If the proliferating floral
buds are dark green and tightly closed, the broccoli is suitable for an extract
(or a meal). Use a razor blade or scalpel to slice off the floral bud clusters
that consist of the most rapidly proliferating cells. Avoid stem tissue.

2. Pour 100 g of tissue into a stainless steel Waring blender in the cold
room. Add 200 ml of extraction buffer. Using the highest speed setting,
homogenize with six to seven pulses of 5 s each, waiting 5 s between pulses.

3. Filter homogenate through two layers of Miracloth (Calbiochem)
into a 500-ml glass beaker (baked, sterile). Wearing clean gloves, twist the
Miracloth to compact the cell debris and squeeze out as much liquid as
possible.

4. Centrifuge homogenate at 10,000 g (7500 rpm in Beckman rotor
JA10) for 30 min at 4° to obtain a crude nuclear pellet that will also
contain starch (white) and cell debris. Discard the supernatant.

5. Resuspend pellet in 20 ml of RBO buffer, amended with DTT
(0.5 mM) and PMSF (1 mM), using a 10-ml glass pipette to achieve a
homogeneous suspension. Transfer to a sterile (baked) 150-ml glass beaker.

6. While swirling the beaker by hand, slowly add 1.16 g of solid NaCl
(final concentration ~1.0 M). The solution will become viscous as nuclei
lyse and release chromatin. Incubate for 10 min on ice, swirling the beaker
occasionally.

7. Add a sterile (autoclaved) stir bar to the nuclear lysate and stir at
low speed on a magnetic stirrer in the cold room. Add 0.4 ml of 50% (w/v)
polyethylene glycol (PEG 8000, in water), one drop at a time. Stir gently
for 20 min.

8. Pour lysate into a sterile oak ridge tube. Centrifuge at 19,000 g
(12,500 rpm in a Beckman JA20 rotor) for 30 min at 4°.

9. Recover supernatant into a fresh oak ridge tube and repeat
centrifugation.

10. Recover supernatant (20 ml) into a sterile graduated cylinder and
dilute with RBO to a final volume of 100 ml. Cover with parafilm and
invert repeatedly to mix. Long strands of chromatin will be apparent.

11. Filter supernatant through two layers of Miracloth into a sterile
glass beaker. Chromatin will adhere to the Miracloth. Wearing gloves,
squeeze out as much liquid as is practical without squeezing chromatin
through the Miracloth.

12. Measure the volume of the filtrate. Transfer to a chilled beaker on
a stirring motor and stir at low speed. Over a 20- to 30-min period, add
0.33 g of solid NH4(SO,), (ammonium sulfate) for every milliliter of
solution, letting small amounts dissolve before adding more. The final

23], J. Kieber, M. F. Lopez, A. F. Tissier, and E. Signer. Plant Mol. Biol. 18, 865 (1992).
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solution will be ~55% saturated for ammonium sulfate. The liquid will
become cloudy as proteins precipitate. Stir for an additional 45 min after
all ammonium sulfate has dissolved.

13. Pour into four oak ridge tubes. Centrifuge at 18,000 g for 30 min
at 4°,

14. After centrifugation, a pellet (green in color) forms along the walls
of the centrifugation tube and a green pellicle sometimes floats at the
surface. Save both the pellet and the pellicle by removing the supernatant
using a pipette.

15. Resuspend each pellet in 3 ml of RB100 amended with 0.5 mM
DTT and protease inhibitors (1 mM PMSF, 5.0 ug/ ml antipain, 3.5 ug/ ml
bestatin, 5.0 ug/ml leupeptin, 4.0 ug/ ml pepstatin A). Pool the four
resuspended pellets into one tube, giving a total volume of ~12.5 ml. Using
a sterile 10-ml glass pipette, pipette up and down to make the suspension
homogeneous. If necessary, use a chilled 15-ml Dounce homogenizer.

16. Centrifuge the protein suspension at 3000 g for 25 min at 4°
(5000 rpm in the JA20 rotor) to pellet insoluble material. Save the
supernatant, avoiding the slimy pellet.

17. Dialyze the supernatant at 4° against 500 ml of RB100 amended
with 0.5 mM DTT and 1 mM PMSF. After 2-3 h, replace with fresh
dialysis buffer and dialyze overnight.

18. Centrifuge the dialyzed extract at 19,000 g for 30 min at 4° to pellet
insoluble material. Save the pale green supernatant.

19. Begin chromatography immediately (for best results) or freeze
the supernatant in liquid nitrogen and store at —80°. Thawed extract
should be centrifuged at 19,000 g for 30 min at 4° to pellet any insoluble
material.

Pol I Holoenzyme Purification

The following procedure results in highly purified pol I holoen-
zyme.'*?'* The full purification scheme involves DEAE-Sepharose
(anion exchange), Biorex 70 (cation exchange), Sephacryl S300 (gel filtra-
tion), Mono Q (anion exchange), and DNA-cellulose (DNA affinity)
chromatography (see Fig. 1). Purification through Mono Q is sufficient
for most assays and provides multiple fractions for correlating holoenzyme
activity with the presence of specific polypeptides (see Figs. 2A and 2B).

DEAE-Sepharose CL-6B Chromatography. For ~12.5 ml of protein
extract (from 100 g broccoli; ~20 mg protein), use a column containing
~10 ml of DEAE-Sepharose CL-6B (Pharmacia). For larger volumes,
scale up proportionately. We reuse DEAE columns a maximum of three
times. Columns can be run using fast protein liquid chromatography
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Brassica holoenzyme purification
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FiG. 1. Purification of RNA polymerase I holoenzyme activity from broccoli (Brassica
oleracea). (A) Summary scheme for the purification procedure involving sequential
chromatography using DEAE-Sepharose CL-6B, Biorex 70, Sephacryl S300, Mono Q, and
double-stranded calf thymus DN A-cellulose. (B) Polypeptide composition of peak fractions at
several steps in the purification procedure. Aliquots of the crude nuclear extract, DEAE
400 mM KClI fraction, Biorex 800 mM KClI fraction, and Mono Q peak were subjected to
10% SDS-polyacrylamide gel electrophoresis. Proteins were visualized by silver staining
(Bio-Rad). Positions of molecular weight markers are indicated. The protein compositions of
peak DNA-cellulose and Mono Q fractions are almost identical (data not shown).

(FPLC; Pharmacia in our case) or using a column clamped to a ring stand
with tubing at the outlet linked to a fraction collector and with buffer flow
controlled by gravity.

Wash the column with 5-10 column volumes of high salt (RB1000)
buffer and then equilibrate with 5-10 volumes of low salt (RB 100) buffer.
Load the nuclear extract and collect 2- to 4-ml fractions. Wash with RB100
until flow-through protein levels fall to baseline. If using FPLC, this is
determined by monitoring UV,g, absorbance. If using a column on a ring
stand, 10-ul aliquots of each fraction are added to 90 pl of Bio-Rad protein
assay mix in a well of a microtiter dish. Blue color intensity is proportional
to protein content. Visual inspection is sufficient to determine when a
return to baseline has been achieved.

Elute the column with RB175. Pool peak fractions for later analyses.

Elute pol I holoenzyme activity with RB400. Save peak fractions
(~10-12 ml total for a 10-ml column) and dialyze against RB100 or use
an FPLC desalting column (e.g., Pharmacia HiPrep 26/10) equilibrated
and run in RB100 to accomplish buffer exchange.
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A Testing mono Q fractions for promoter-dependent transcription
(holoenzyme activity)
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B Immunoblotting of mono Q fractions to detect pol I subunits
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FiG. 2. RNA polymerase 1 subunits copurify with holoenzyme activity. (A) Mono Q
fractions were tested for their ability to program accurate transcription initiation from a
cloned B. oleracea TRNA gene promoter (pBor2). (B) Mono Q fractions (50 pl) were acetone
precipitated, subjected to electrophoresis on a 12.5% SDS—polyacrylamide gel, and blotted to
nitrocellulose membranes. Western blots were probed with antiserum raised against the last
exon of the largest A. thaliana RNA polymerase I subunit (190-kDa subunit) or against the
24.3- and 14-kDa RNA polymerase subunits. (C) Comparison of the abilities of Mono Q and
DNA-cellulose fractions to program accurate transcription initiation from a cloned B.
oleracea TRNA gene promoter (lanes 2-5). RNAs transcribed in vitro were detected using the
S1 nuclease protection assay. The probe was 5" end labeled at a plasmid polylinker site located
at +116. Transcripts initiated at the correct start site are labeled ““+1.” Lane 1 is a control
reaction with no protein added. Data are reproduced, with permission from the publisher,
from Saez-Vasquez and Pikaard.”!
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Biorex 70 Chromatography. Biorex 70 (Bio-Rad) is prepared according
to the manufacturer’s instructions. To maximize flow rates, fine particles
should be removed by repeated sedimentation. Twelve milliliters of
DEAE-400 fraction (in RB100) can be loaded onto ~2 ml Biorex 70 in
an FPLC column (e.g., Pharmacia HR5/5) or a disposable column. Wash
with 5 column volumes (10 ml) of RB100. Elute holoenzyme activity with
RB800, collecting 0.5- to 1.0-ml fractions. Peak protein fractions are
determined using UV absorbance or the Bio-Rad protein assay.

Sephacryl S300 Chromatography. To purify the holoenzyme according
to mass while desalting the Biorex 800 fraction, we use gel filtration (size-
exclusion) chromatography on a 190-ml Sephacryl S300 FPLC column
(Pharmacia) equilibrated with CB100. The Biorex 800 fraction is loaded,
and 1-ml fractions are collected and tested for polymerase I activity (see
assays later). Pol I-containing fractions corresponding to masses larger than
~600 kDa (generally fractions 70-80 for a 190-ml Sephacryl S300 column)
are pooled for subsequent Mono Q chromatography. Estimated masses are
based on calibration of the column with Blue Dextran (average molecular
mass, 2 MDa; to determine the void volume); thyroglobulin (670 kDa);
apoferritin (440 kDa); catalase (250 kDa); and bovine serum albumin
(66 kDa). Standards are purchased from Sigma.

Mono Q Chromatography. The approximately 10-ml Sephacryl S300
fraction representing masses from ~660 kDa to the void volume (in
CB100) is loaded onto a 2 ml Mono Q FPLC column (Pharmacia) equili-
brated in CB100 and run at a flow rate of 1 ml/min. The column is washed
with CB100 and is then eluted using a 20-ml (10 column volumes) linear
gradient from 100 to 600 mM KCI, collecting 1-ml fractions. Fractions are
then dialyzed against RB100 (amended with 0.5 mM DTT) and tested
using the promoter-independent polymerase assay as well as the pro-
moter-dependent transcription activity (see Fig. 2A). Immunoblotting can
also be used to verify the presence of polymerase subunits (Fig. 2B) or
casein kinase subunits.”®> Peak pol I holoenzyme activity elutes at
~400 mM KCl.

DNA-Cellulose Affinity Chromatography. Peak Mono Q fractions dia-
lyzed against RB100 are pooled, diluted with an equal volume of RBO (to
make KCI 50 mM), and loaded onto 0.3 ml calf thymus DNA-cellulose
(Sigma) equilibrated in RB50 in a small disposable column (Bio-Rad).
The flow through is reapplied several times to maximize DNA binding.
The column is washed with 3 ml of RB50 and is then eluted sequentially
with 0.5 ml RB175 and 0.5 ml RB400. Fractions are then dialyzed against
RB100 and tested for polymerase activity. Some holoenzyme activity elutes
in the 175 mM KCl fraction (~15-20%) but the majority elutes at 400 mM
(Fig. 2C).
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Transcription Assays

Promoter-Independent (Nonspecific) RNA Polymerase I Activity Assay

RNA polymerases in cell extracts or chromatography fractions are
detected using a simple enzyme assay*® >’ based on promoter-independent
transcription initiation at nicks or broken ends of DNA. Incorporation of
one or more radioactive ribonucleotide triphosphates into RNA is moni-
tored using anion-exchange paper (Whatman DES81) washed with 0.5 M
sodium phosphate to elute unincorporated nucleotide triphosphates. Substi-
tuting manganese for magnesium reduces the specificity of the polymerase
and increases nucleotide incorporation.

Inclusion of c-amanitin in the reactions at low concentration (2 ug/ml)
will block RNA polymerase II transcription in both animals and plants.**
At higher concentrations of «-amanitin (140 pg/ml), both RNA polymer-
ases II and III are blocked in animals, allowing one to monitor only pol
I transcription.”” In plants, however, pol III is resistant to a-amanitin,”
requiring such high concentrations of the toxin (>1 mg/ml) that its use is
impractical to discriminate pol I from pol III. Note that a-amanitin
is highly toxic and can cause death if ingested, thus it must be handled with
extreme care.

Solutions Needed

Transcription reaction mix (2X concentrate; a-labeled **P-GTP used
as the radioactive label): 100 mM HEPES-KOH, pH 7.9; 4 mM
MnCl,; 1 mM UTP; 1 mM rATP; 1 mM rCTP; 0.08 mM unlabeled
(not radioactive) rGTP; 2 mg/ml acetylated bovine serum albumin
(Boehringer); 10 pg/ml a-amanitin (Sigma); 50 pug/ml calf thymus
DNA (Sigma); 100 mM KCl.

The transcription reaction mix is made just prior to use. Stock
solutions of nucleotide triphosphates (100 mM in water), DNA
(10 mg/ml), and a-amanitin (1 mg/ml in water) are stored frozen at
—20°. Bovine serum albumin is stored in solution at 4°. HEPES and
MnCl, stocks (1 M) are stored at room temperature. DNA is
dissolved in water at 10 mg/ml and is sheared by repeatedly forcing
the solution through a hypodermic needle (25 gauge).

0.5 M sodium phosphate, dibasic (Na,HPO,); add 268 g of dibasic
sodium phosphate very slowly to 2 liters of Milli Q-purified water

26 1. B. Schwartz and R. G. Roeder, J. Biol. Chem. 249, 5898 (1974).

?7R. G. Roeder, J. Biol. Chem. 258, 1932 (1983).

2 D. R. Engelke, B. S. Shastry, and R. G. Roeder, J. Biol. Chem. 10, 1921 (1983).
2T, J. Guilfoyle, Plant Physiol. 58, 453 (1976).



130 RNA POLYMERASE STRUCTURE AND PROPERTIES [11]

that is stirring vigorously in a 2- to 4-liter beaker. If too much is
added at one time, the crystals aggregate and do not dissolve.

Procedure

1. Dialyze all fractions into 100 mM KClI buffer (RB100 or CB100).

2. In a microcentrifuge tube, make a reaction master mix that
contains 20 pl of 2X transcription reaction mix and 0.25 pl a-labeled **P-
GTP (1 pCi/ul) for every reaction to be performed (e.g., for 10 reactions,
mix 200 ul of 2X reaction mix and 2.5 ul of *P-GTP). Use appropriate
precautions for the safe handling of radioactive compounds, including the
use of protective clothing, eye protection, and shielding.

3. Pipette 20 pl of dialyzed fractions to be tested into numbered
microcentrifuge tubes. Be sure to include a buffer (no added protein)
control.

4. To each numbered microcentrifuge tube add 20 ul of reaction
master mix. Vortex at low speed.

5. Incubate 20-30 min at room temperature.

6. Cut Whatman DE-81 (anion-exchange) chromatography paper
into squares that are 1-2 cm on a side. Uniformity is needed because
background radioactivity levels are proportional to filter size. Lay the filter
squares on parafilm or aluminum foil. Number each square with a soft
pencil. Pipette each 40-ul reaction onto a separate filter. Immerse the filter
immediately in 50 ml 0.5 M Na,HPO,. All the filters can be pooled in the
same beaker.

7. Wash the filters for 5 min, using an orbital shaker to achieve
moderate agitation. Pour off the first wash solution into a radioactive
waste container. Repeat the wash at least three more times to remove
unincorporated **P-GTP.

8. Wash filters 5 min in 95% ethanol. Pour off the wash solution.
Repeat ethanol wash.

9. Wash filters with a small volume as (usually ~20 ml) of diethyl
ether to remove the ethanol and promote rapid drying of the filters. This
step is optional, but saves time.

10. Lay filters on a sheet of aluminium foil and allow them to air dry
for several minutes.

11. Place filters in scintillation vials and add scintillation cocktail.

12. Determine the number of radioactive decays per minute emitted
from each filter using the **P channel of a scintillation counter.

13. If testing successive fractions eluted from a column, plot incorpor-
ated cpm versus fraction number to visualize elution of polymerase peaks
(e.g., see Fig. 4A).
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A Xenopus pol 1 holoenzyme purification scheme
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Fi1G. 3. Xenopus pol I holoenzyme purification. (A) Purification scheme involving DEAE-
Sepharose CL-6B, Biorex 70, Sephacryl S300, Mono Q, and double-stranded calf thymus
DNA-cellulose chromatography. (B) Polypeptide composition of peak fractions throughout
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Testing mono Q column fractions for Xenopus pol 1 activity

A Promoter-independent polymerase activity

80001 ~ pol I activity
7000 i
pol1 60001 (Kct -0.6M
activity 5000 0.5
(cpm/20 uD) 4000 ] 0.4
30004 0.3
20004 L0.2
1000 4 FO.1

e 0
Fraction: 1 3 5 7 9 111315171921232527293133353739414345

B Promoter-dependent transcription

+1—» —-—é'!

Mono Q fraction: 14 15 16 17 18 19 20 21 22

FiG. 4. Transcription assays to detect Mono Q-fractionated Xenopus pol I. (A) Detection
of the pol I peak using the promoter-independent transcription assay. Fractions were tested
for their ability to catalyze the incorporation of labeled nucleotide triphosphates into RNA.
Transcription reactions were conducted in the presence of 200 pg/ml a-amanitin, which would
block pol II or pol III (if they were present) and used sheared calf thymus DNA as the
template. Counts per minute incorporated into RNA (in 20 ul of reaction mix) are plotted
versus fraction number. (B) Detection of Mono Q fractions capable of accurate, promoter-
dependent pol I transcription. Mono Q fractions were tested for their ability to program
transcription using a supercoiled X. laevis minigene (W40) that includes a complete promoter
fused to plasmid sequences. Transcripts were detected using the S1 nuclease protection assay.
Data are reproduced, with permission from the publisher, from Albert et al.

Promoter-Dependent Pol I Transcription and Detection of Transcripts

The promoter-independent polymerase assay described earlier allows
peaks of polymerase activity to be identified but does not distinguish core
polymerase activity from holoenzyme activity. The latter requires assaying
fractions for the ability to catalyze transcription initiated from the correct

the purification procedure. Aliquots of whole cell extract, DEAE 350 mM KCI fraction,
Biorex 800 mM KCl fraction, Mono Q peak fraction, and DNA-cellulose 350 mM KCl
fraction were subjected to SDS-PAGE. Proteins were visualized by staining with Coomassie
brilliant blue R-250. Masses of molecular weight markers are indicated to the left of the gel.
Data are reproduced, with permission from the publisher, from Albert et al.
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start site of a cloned rRNA gene promoter. We typically assay Brassica
holoenzyme activity using the minigene construct pBor2.?! This plasmid
contains B. oleracea TRNA gene sequences from —517 to +104 (relative
to the transcription start site, +1) cloned as an EcoRI-Xbal restriction
fragment into pBluescript II KS™ (Stratagene). Our preferred assay for
detecting transcripts is S1 nuclease protection using a DNA probe that
spans the transcription start site and is 5 end labeled on the antisense
strand within plasmid polylinker sequences downstream of +104. The S1
nuclease protection assay allows accurate initiation and transcript abun-
dance to be determined simultaneously.

Solutions Needed

2X transcription reaction mix: 30 mM HEPES, pH 7.9, 80 mM
potassium acetate, 12 mM magnesium acetate, 1 mM DTT, 20 pug/
ml o-amanitin (Sigma), 1 mM of each ribonucleotide triphosphate
(ATP, UTP, CTP, GTP).

Transcription stop solution: 150 mM NaCl, 50 mM Tris—HCI, pH 8.0,
250 mM sodium acetate, pH 5.3, 3 mg/ml yeast tRNA, 6 mM
EDTA, pH 8.0

Formamide hybridization buffer: 40 mM PIPES, pH 6.4, 400 mM
NaCl, 1 mM EDTA, 80% deionized formamide

S1 digestion buffer: 5% glycerol, 1 mM zinc sulfate, 30 mM sodium
acetate (pH 5.2), 50 mM NaCl, 125-250 units/ml S1 nuclease
(Sigma)

Formamide-dye gel loading buffer: 90% deionized formamide, 10 mM
NaOH, 1 mM EDTA, 0.1% (1 mg/ml) bromphenol blue, 0.1%
(1 mg/ml) xylene cyanol

Procedure

1. Mix 20 ul of each purified fraction with ~200 fmol (~0.5 ug) of
supercoiled pBor2 plasmid in a 1.5-ml microcentrifuge tube. Incubate
5 min at 25°.

2. Add 20 pl of 2X transcription mix. Mix by tapping the tube or by
vortexing at low speed.

3. Incubate transcription reactions for 1-2 h at 25°.

4. Add 360 pl of transcription stop solution and mix well.

5. Extract reactions with an equal volume of phenol:chloroform:isoa-
myl alcohol (25:24:1) and transfer aqueous phase to a clean tube.

6. Add ~50,000 cpm of probe DNA, which is the Sphl-Xba 1
(sequences —116 to +116) fragment of pBor2, 5’ end labeled at +116 using
T4 polynucleotide kinase and ~-labeled **P-ATP. Sequences +104 to +116
of this fragment are derived from the pBluescript plasmid polylinker.
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7. Precipitate nucleic acids with 2.5 volumes of ethanol.

8. Resuspend the RNA/probe pellet in 30 pl formamide hybridization
buffer.

9. Cover hybridization reaction with 50 ul of mineral (paraffin) oil to
prevent evaporation.

10. Incubate the hybridization reaction at 90-95° in a dry bath
incubator for 15 min to denature the probe and RNA.

11. Quickly transfer tubes to a 37° water bath. Allow RNA and probe
to hybridize 2 h to overnight.

12. Add to each tube 270 pl of S1 digestion buffer. Centrifuge tubes for
5 s in a microcentrifuge to get the S1 digestion buffer through the paraffin
oil layer. Vortex briefly. Repeat the centrifugation step to obtain the layer
of oil at the top again.

13. Incubate S1 nuclease digestion reactions for 30 min at 37°.

14. Stop reactions by removing 280 ul from the bottom of the tube (to
avoid paraffin oil) to a fresh tube containing 10 ul of 10% SDS and 5 ul of
0.5 M EDTA. The EDTA chelates the zinc, stopping enzymatic activity.
Vortex briefly to mix.

15. Add 30 pl of 7.5 M ammonium acetate and vortex to mix.

16. Add 1 ml cold (—20°) absolute ethanol to precipitate DNA/RNA
hybrids. Vortex and store at —80° for 30 min.

17. Collect pellets by centrifugation at 14,000 g for 15 min at room
temperature. Wash pellets with 70% ethanol and then allow pellets to air dry.

18. Resuspend pellets in 6-8 pul of formamide-dye sample buffer
(contains NaOH to degrade RNA such that only probe DNA remains).
Heat samples 3 min at 95°.

19. Load samples onto a 6-8% urea-PAGE sequencing gel alongside
molecular weight markers (a sequencing ladder using a primer 5’ end
labeled at the same nucleotide labeled for the S1 probe is ideal). Dry the
gel and expose it to X-ray film or a phosphorimager screen.

Purification of Xenopus laevis Pol I Holoenzyme Activity

Cell extract preparation is the major difference between the protocols
for isolating Brassica and Xenopus pol I holoenzyme activity. The column
chromatography procedures are very similar, with only minor changes in
salt concentrations needed. Promoter-independent and promoter-depend-
ent transcription assays are also similar, although reaction buffers and S1
nuclease assay probes differ.

Xenopus laevis transcription extracts are prepared according to McStay
and Reeder,” with only minor modifications. X. laevis cell line Xlk2
(established by Judy Roan and Ron Reeder; Fred Hutchinson Cancer
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Research Center, Seattle) is grown as an adherent monolayer culture in
glass or plastic roller bottles at room temperature in 50% Leibovitz’s L-
15 medium (+ glutamine; GIBCO), 5% fetal bovine serum (GIBCO),
5% NuSerum (Collaborative Research), and 1X penicillin (5 units)/
streptomycin (5 pg/ml) (GIBCO; purchased as a 1000X stock). Cells are
split approximately 1:8 every 10-14 days when the cultures become conflu-
ent. Alternatively, cells are harvested at confluence for preparation of tran-
scription extracts.
Solutions Needed for Xenopus Extracts

Phosphate-buffered saline (PBS): 150 mM NaCl, 2 mM Na,HPO,.
Adjust to pH 8.0 with 0.1 M NaH,PO,

Hypotonic buffer: 10 mM HEPES, pH 7.9, 10 mM KCI, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.2 mM EGTA. Just before use, amend
with 1 mM DTT, 0.1 mM PMSF, and 2 ug/ml aprotinin (final
concentrations)

High salt buffer: 300 mM HEPES, pH 7.9, 1.4 M KCl, 30 mM MgCl,.
Just before use, add DTT to 1 mM

Dialysis buffer: 25 mM HEPES, pH 7.9, 20% glycerol, 100 mM KCl,
0.2 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 0.1 mM PMSF

Procedure

1. Harvest cells using 1 mM EDTA in phosphate-buffered saline. The
EDTA causes the cells to release cells from the walls of the culture vessels.

2. Collect cells in 250-ml conical centrifuge tubes by centrifugation at
350 g for 10 min at 4° (we use a tabletop centrifuge).

3. Resuspend cell pellets in PBS (without EDTA) using 100 ml of
PBS for a packed cell volume of 10-15 ml. Divide into two 50-ml conical
tubes and pellet the cells again by centrifugation.

4. Resuspend the pellet in each 50-ml conical tube using hypotonic
buffer. The total cell plus buffer volume should be 50 ml. Shake the tubes
vigorously for 15 s. Let the tubes incubate on ice for 15 min. The cells will
swell in size two to three times their original packed cell volume.

5. Centrifuge the tubes as before to pellet the cells. Remove as much
supernatant as possible using a pipette. Note the packed cell volume.

6. Add 2 packed cell volumes of hypotonic buffer. Shake tubes
vigorously for 15 s and then incubate on ice for 15 min. Note the total
volume.

7. Pour the swollen cells into a chilled 40-ml Dounce homogenizer on
ice and homogenize with 15-20 strokes of an “A” (tight) pestle. Check cell

30B. McStay and R. H. Reeder, Cell 47, 913 (1986).
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lysis by examining aliquots under a microscope at 200X magnification
(phase-contrast optics is helpful). Homogenize until at least 90% of the
cells appear to be broken. With experience, one can see free nuclei as a
result of homogenization.

8. Pour the homogenate into a 50-ml plastic conical tube. Add 0.16
volumes of high salt buffer and shake the tube vigorously for 5 s.

9. Transfer the homogenate to an oak ridge centrifuge tube and
incubate on ice for 10 min. Invert tubes every 1-2 min to mix.

10. Centrifuge for 15 min at 25,000 g in a fixed angle rotor at 4°
(14,200 rpm in a Beckman JA20 rotor).

11. Remove the lipid layer that forms at the top using a Pasteur
pipette. Pour the supernatant into ultracentrifuge tubes and balance them.
We use tubes appropriate for a swinging bucket rotor (Beckman SW 28).

12. Centrifuge the tubes at 100,000 g for 1.5 h at 2-4° (24,000 rpm in
the Beckman SW 28 rotor).

13. Carefully aspirate the lipid layer off the top of the supernatant and
then pour the supernatant into a 50-ml conical tube, avoiding the milky
membranous layer at the bottom of the tube (just above a yellowish cell
debris pellet), which will flow slowly when the supernatant is decanted.

14. Dialyze the extract against 1 liter of dialysis buffer for at least 4 h.
Overnight dialysis is acceptable. A viscous precipitate will form during
dialysis and the volume of the extract will decrease to approximately one-
half the original volume.

15. Centrifuge the dialyzed extract for 10 min at 10,000 g at 4°. The
supernatant will be milky white.

16. The protein concentration in the extract is generally in the range of
15-25 mg/ml.

17. Begin chromatography procedures immediately or flash-freeze the
extract in a polypropylene conical centrifuge tube placed in liquid
nitrogen. Store frozen extracts at —80°.

Chromatography of Xenopus Pol I Holoenzyme Activity. Purification
of the Xenopus pol 1 holoenzyme, like the Brassica holoenzyme, is per-
formed using DEAE-Sepharose, Biorex 70, Sephacryl S300, Mono Q,
and DNA-cellulose chromatography. The purification scheme is summar-
ized in Fig. 3A. Cell extracts are first fractionated on DEAE. Proteins
that elute in CB350 are diluted to 250 mM KCI and are loaded onto a
Biorex column equilibrated in CB250. The Biorex column is then eluted
with CB800 and the eluate is loaded onto a 190-ml Sephacryl S300 gel fil-
tration column equilibrated in CB100. The holoenzyme peak that elutes
from the Sephacryl column in fractions corresponding to masses greater
than 1 MDa is then fractionated on Mono Q, using a 10 column volume



[11] RNA POLYMERASE I HOLOENZYME PURIFICATION 137

gradient from 250 to 600 mM KCl. Holoenzyme activity peaks in fractions
eluted at 0.35-0.38 M KCI. Peak Mono Q fractions are then pooled, dia-
lyzed to 100 mM KCI (CB100), and subjected to chromatography on
double-stranded DNA-cellulose (Sigma). The DNA-cellulose column is
washed with CB100 and is then step eluted with CB150, CB350, CB500,
and CB700. Holoenzyme activity elutes at 350 mM KCI.

Promoter-Dependent Transcription. Xenopus pol 1 holoenzyme tran-
scription reaction conditions are adapted from McStay and Reeder.*
Reactions are typically performed using 40-ul reactions containing 10%
glycerol, 25 mM HEPES, pH 7.9, 90 mM KCI, 6 mM MgCl,, 1 mM
DTT, 150 pg/ml a-amanitin, 0.5 mM each of ATP, UTP, CTP, GTP, and
200-400 ng of X. laevis IRNA gene template DNA (typically, the minigene
W40°"). Reactions are incubated 2 h at 25° and transcripts are detected
using the S1 protection assay with a 5’end-labeled, single-stranded 65 nu-
cleotide probe complementary to RNA strand sequences from —15 to
+50. The RNA and probe are hybridized overnight at 65° in 0.3 M NaCl,
10 mM Tris-HCI, pH 7.5, 1 mM EDTA. S1 digestion is for 1 h at 37° in
5% glycerol, 50 mM NaCl, 30 mM sodium acetate pH 4.5, 1 mM zinc sul-
fate, and 100-150 units/ml S1 nuclease. Protected fragments are then sub-
jected to denaturing polyacrylamide gel electrophoresis and are visualized
by autoradiography or phosphorimaging (see Fig. 4B).

Activities Associated with Brassica and Xenopus Pol I Holoenzymes

Biochemical and immunological tests have detected several holoen-
zyme-associated activities that suggest that pol I holoenzymes are similar
in animals and plants. For instance, casein kinase 2 copurifies with both
Xenopus and Brassica pol I holoenzymes.'”** Holoenzyme fractions also
contain at least one histone acetyltransferase activity in both the Xenopus'’
and Brassica (unpublished) systems. In Xenopus, TATA-binding protein
has been shown to copurify with pol I holoenzyme activity, whereas
the more abundant vertebrate transcription factor UBF does not.'” It
is not yet clear if TATA-binding protein is also part of the Brassica pol
1 holoenzyme, although this seems likely.

A priority for future research is to identify the polypeptides present in
RNA polymerase I holoenzyme fractions, as this is likely to reveal proteins
that integrate pol I transcription with other cellular processes, such as
growth signaling, cell cycle control, and DNA repair mechanisms. The
similarities between Brassica and Xenopus holoenzymes, including their
similar chromatographic properties and their analogous associations with

3Lp, Labhart and R. H. Reeder, Cell 37, 285 (1984).
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casein kinase 2 and histone acetyltransferase activities, suggest that the
identification of proteins in either system is likely to be relevant to the
other. The fact that broccoli is readily available in large quantities favors
its use for such studies. Furthermore, Brassica species are very closely re-
lated to Arabidopsis thaliana, for which complete genome sequence data
exist, such that limited amino acid sequence data can be combined with
database searching to aid in the identification of holoenzyme subunits.

[12] Assays and Affinity Purification of Biotinylated
and Nonbiotinylated Forms of Double-Tagged
Core RNA Polymerase II from Saccharomyces cerevisiae

By MARIA L. KIREEVA, LUCYNA LUBKOWSKA,
NataLia Komissarova, and MIKHAIL KASHLEV

The molecular mechanisms of transcription by RNA polymerase 11
(Pol IT) have been studied in various in vitro systems, which utilize a highly
purified core enzyme of Pol II (with or without additional protein factors).
The Pol II core enzyme is isolated using a combination of ion-exchange
chromatography and immunoaffinity chromatography with an antibody
against the Rpbl subunit.'? The alternative to the immunoaffinity ap-
proach is introduction of an affinity tag. This strategy was applied success-
fully to mammalian Pol II, where a FLAG epitope was inserted into the
Rpb9 subunit, which allowed achieving a 1000-fold purification in one
step.” We have introduced hexahistidine and biotin acceptor peptide tags
into the amino terminus of the Rpb3 subunit of yeast Pol I1.* According
to the Pol II core enzyme® and elongation complex® crystal structures, tags
are located on a surface of the enzyme opposite from the active center and
sites of interaction with the DNA and RNA. Indeed, the tagged enzyme
is indistinguishable from the wild-type Pol II in the in vitro activity test,
and tagged Rpb3 rescues the rpb3 temperature-sensitive phenotype as

1 A. M. Edwards, S. A. Darst, W. J. Feaver, N. E. Thompson, R. R. Burgess, and R. D.
Kornberg, Proc. Natl. Acad. Sci. USA 87, 2122 (1991).
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3 E. Kershnar, S.-Y. Wu, and C.-M. Chiang, J. Biol. Chem. 273, 34444 (1998).

4M. L. Kireeva, N. Komissarova, D. S. Waugh, and M. Kashlev, J. Biol. Chem. 275,6530 (2000).

5J. Fu, A. L. Gnatt, D. A. Bushnell, G. J. Jensen, N. E. Thompson, R. R. Burgess, P. R.
David, and R. D. Kornberg, Cell 98, 799 (1999).

SA. L. Gnatt, P. Cramer, J. Fu, D. A. Bushnell, and R. D. Kornberg, Science 292,
1876 (2001).
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efficiently as wild-type Rpb3.* The double tag insertion allowed us to de-
velop and optimize a rapid purification protocol for Pol II: the biotinylated
core enzyme is isolated in two steps by chromatography on a metal affinity
column and monomeric avidin resin. An alternative protocol, which in-
cludes three chromatographic steps, was developed for the purification of
nonbiotinylated histidine-tagged Pol II.

Along with the affinity purification opportunuties, the introduction of
a tag provides a valuable tool for immobilization of the RNA polymerase
in the solid phase and separation of the transcription complexes from the
free nucleic acids, thus promoting analyses of RNA polymerase inter-
actions with RNA and DNA. This approach has been used successfully
for analyses of various aspects of transcription elongation and termination
by Escherichia coli RNA polymerase’'* and yeast Pol IL*'> Another
promising application of the tagged enzyme is a single molecule assay
addressing the movement of the polymerase along the template.'®'” This
method requires the presence of a biotin residue on the surface of the
enzyme for attachment of the polymerase molecule to the streptavidin-
coated bead. Thus, introduction of the double (hexahistidine and biotin-
containing) tag is exteremely useful for both purification of the enzyme
and functional assays. This article is dedicated to purification of Pol II using
hexahistidine and biotin tags and to the utilization of immobilized Pol II in
various experimental systems.

Materials and Reagents

This section describes materials, reagents, and buffers required for puri-
fication of the double-tagged Pol II and characterization of the purified
enzyme. It includes the protocol for expression and purification of biotin

7M. Kashlev, E. Martin, A. Polyakov, K. Severinov, V. Nikiforov, and A. Goldfarb, Gene
130, 9 (1993).
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protein ligase BirA, which was used for Pol II biotinylation in vitro, the
description of the yeast strain producing the double-tagged enzyme, and
preparation of the cell lysate used as a source of Pol II.

All chemicals are from Sigma (St. Louis, MO) unless indicated other-
wise. Ni*"-NTA agarose and TALON resin are from Qiagen (Chatsworth,
CA). SoftLink Soft Release avidin resin is from Promega (Madison, WI).
GST-Sepharose, factor Xa protease, and the Mono Q HRS5/5 column are
from Amersham Pharmacia Biotech (Piscataway, NJ). The protein concen-
tration is determined with the protein dye reagent (Bio-Rad, Hercules,
CA) using bovine serum albumin (BSA) as the standard. Proteins are re-
solved under denaturing reducing conditions in the 4-12% gradient Nu-
Page bis-Tris polyacrylamide gel with MES running buffer (all from
Invitrogen, Carlsbad, CA) and stained with QuickBlue stain (Boston Bio-
logicals, Wellesley, MA). RNA is resolved in a 20% acrylamide gel under
denaturing conditions and quantified on a phosphorimager (Typhoon,
Molecular Dynamics, Sunnyville, CA).

Buffers

All buffers used for protein purification are supplemented with the
following protease inhibitors:'"® 1 mM phenylmethylsulfonyl fluoride
(PMSF), 2 mM benzamidine, 2 uM pepstatin A, 0.6 uM leupeptin, 2
pg/ml chymostatin, and 5 pg/ml antipain.

Lysis buffer: 150 mM Tris-acetate, pH 7.9, 50 mM potassium acetate,
5 mM MgCl,, 10 mM ZnCl,, 2 mM 2-mercaptoethanol, 0.5 mM
EDTA

BL buffer: 1xPBS (137 mM NaCl, 2.7 mM KCI, 43 mM Na,-
HPO4e7H,0, 1.4 mM KH,PO,), 10 mM MgCl,, 2 mM 2-mercap-
toethanol

BE buffer: 50 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 2 mM
2-mercaptoethanol, 10 mM glutathione

TB buffer: 20 mM Tris—-HCI, pH 7.9, 5 mM MgCl,, 10 mM ZnCl,,
2 mM 2-mercaptoethanol

HB buffer: 20 mM Tris—HCI pH 8.0, 10 mM ZnCl,, 0.5 mM EDTA,
1 mM 2-mercaptoethanol, 10% glycerol

QB buffer: 20 mM Tris—acetate, pH 7.9, 10 mM ZnCl,, 2 mM 2-
mercaptoethanol, 0.5 mM EDTA 10% glycerol

The potassium chloride, ammonium sulfate, and potassium acetate con-
centrations in mM for buffers TB, HB, and QB, respectively, are indicated
in parentheses in the text (e.g. TB(40) is TB containing 40 mM KCl).

18 A. J. Koleske, D. M. Chao, and R. A. Young, Method Enzymol. 273,176 (1996).
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GST-BirA Expression and Purification

The biotinylation of Pol II carrying the tagged Rpb3 subunit is per-
formed in vitro by a recombinant GST-BirA fusion protein,*'* which is
purified in one affinity chromatography step from E. coli BL21-based strain
C14 [malE52::Tn10/dcm ompT lon ADE3] carrying pDW364 and pLysS
(Novagen, Madison, WI) plasmids. pDW364 is a plasmid derived from
the pGEX-3X vector (Amersham Pharmacia Biotech) by insertion of the
BirA-coding sequence via BamHI and EcoRI restriction sites. Here we
provide a step-by-step protocol for GST-BirA expression and purification
from this strain.

1. Inoculate 10 ml of LB containing 50 pg/ml ampicillin and 25 ug/ml
chloramphenicol with a single colony of the C14-pDW364 strain, grow
overnight at 37°, and start a 2-liter culture of LB with the same antibiotics.

2. Grow to ODgg of 0.6-0.7 at 30° (it usually takes 3—4 h) and induce
with 1 mM IPTG for 2-3 h.

3. Harvest bacteria by centrifugation (10 min at 3000 rpm in a Sorvall
SLA 3000 rotor) and resuspend in 30 ml of BL buffer.

4. Lyse bacteria on ice by sonication using a 500-W ultrasonic
processor with a 13-mm probe (15-20 9-s pulses with 40% amplitude
separated by a 10-s pause between the pulses is sufficient to achieve
complete lysis).

5. Remove cell debris by centrifugation (15 min at 10,000 rpm in a
Sorvall SLA 1500 rotor) and filter the supernatant through a PES Nalgene
filter (Nalge Nunc International, Rochester, NY).

6. Incubate the lysate with 1 ml of GST Sepharose beads in a 50-ml
conical tube on a rocking platform at 4°. Collect the beads by centrifuga-
tion (Sorvall R6000B table top centrifuge, 1000 rpm, 5 min), wash with
50 ml of lysis buffer, resuspend in 2 ml of lysis buffer, and pack into a
disposable column.

7. Wash the column by gravity flow with 10 ml of BL buffer at room
temperature.

8. Elute GST-BirA by gravity flow with BE buffer at room
temperature. Collect 0.5-ml fractions. Fractions containing more than
1 mg/ml of protein should be combined. The typical yield is 15-20 mg of
GST-BirA from 2 liters of culture. The protein in BE buffer can be frozen
in liquid nitrogen and stored at —70° for more than a year without a
detectable loss of activity.

K. L. Tsao, B. DeBarbieri, H. Michel, and D. S. Waugh, Gene 169, 59 (1996).



142 RNA POLYMERASE STRUCTURE AND PROPERTIES [12]

9. To obtain BirA free of the GST domain, treat the fusion protein
with factor Xa protease, which cleaves between GST and BirA domains,
according to the manufacturer’s instructions. Isolate BirA by chromatog-
raphy on a Mono-Q HR5/5 column exactly as described by O’Callaghan
et al.* Note. We found that removal of the GST tag increases the activity
of BirA only slightly and, therefore, is not necessary for the efficient
biotinylation of Pol II.

BJ5464 Rpb3 His-Bio Strain

The BJ5464 Rpb3 His-Bio strain was derived from a protease-deficient
BJ5464 strain®’ in which the wild-type Rpb3 open reading frome
(ORF) was substituted by the tagged Rpb3 ORF. The tag contains six
histidine residues followed by a 26 amino acid substrate for a bacterial
biotin protein ligase BirA.*!” The complete translated sequence of the
tag is MGSHHHHHHSNSGLNDIFEAQKIEWHEDTG. The biotiny-
lated lysine residue is shown in bold. Gene replacement was done
according to the standard protocol,?” and substitution of the wild-type copy
by a tagged copy was verified by Southern hybridization.

Yeast Whole Cell Lysate Preparation

1. To prepare lysate from 100 to 120 g of wet yeast cells, start 500 ml
of YPD culture with the Rpb3 His-Bio strain, grow overnight, inoculate a
10-liter fermentor (Biostat B, B. Braun Biotech, Melsungen, Germany),
and grow to stationary phase (ODggo of 5). Concentrate the culture to
1 liter using a Sartocon slice filter cassette with a Hydrosart membrane
(Sartorius, Goettingen, Germany), wash cells with water until the
permeate runs clear, and collect by centrifugation (5-10 min, 3000 rpm
in a Sorvall SLA 1500 rotor). At this point, cell paste can be frozen at —70°
for several months. However, because thawing and resuspension of the
frozen yeast cells take at least 2 h, it may be more convenient to proceed
with the lysis step immediately after cell harvesting.

2. Rinse 200 ml (dry volume) of acid-washed glass beads (400-600 pm,
Sigma) with the lysis buffer. Resuspend the cells in 3x lysis buffer using
50 ml of the 3x lysis buffer per 100 g of cells. Pour the cell suspension into
the stainless steel chamber of the BeadBeater apparatus (Biospec
Products, Bartlesville, OK) and fill the chamber with wet glass beads.

20C. A. O’Callaghan, M. F. Byford, J. R. Wyer, B. E. Willcox, B. K. Jacobsen, A. J.
McMichael, and J. 1. Bell, Anal. Biochem. 266, 9 (1999).

2L E. W. Jones, Methods Enzymol. 194, 428 (1991).

228, Sherer and R. W. Davis, Proc. Natl. Acad. Sci. USA 76, 4951 (1979).
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Disrupt yeast by twenty 30-s pulses with 60-s pauses between runs using a
digital controller (VWR International, West Chester, PA). The chamber
should be chilled in an ice saltwater bath during the run. Note. The 400-ml
stainless steel chamber is optimal for the disruption of cells obtained from
a 10-liter culture. Lysis of larger amounts of yeast cells requires multiple
runs. Processing of smaller amounts of yeast cells in the same chamber is
undesirable because a significant fraction of protein will be lost on the
beads or the lysate will be diluted excessively. A procedure described by
Krogan et al.>* may be used if processing of 10-20 g of yeast cells is
preferred.

3. When cell disruption is completed, disassemble the chamber and let
the beads settle. Collect the lysate using a 10-ml pipette. The beads can be
rinsed once with 30-50 ml of the lysis buffer.

4. Remove insoluble material from the collected lysate by centrifuga-
tion (20 min, 10,000 rpm, Sorvall SLA-3000 rotor). We obtain approxi-
mately 200 ml of the lysate with 30-35 mg/ml total protein from 100 g of
cell paste. The lysate can be frozen in liquid nitrogen in 40-ml aliquotes
and stored at —70°.

Activity Assays and Optimization of Purification Conditions

This section includes the basic activity assay, which was used to detect
transcriptionally active Pol II in the whole cell lysate and in fractions
obtained throughout purification. We also included experimental protocols
used for optimization of Pol II purification by affinity chromatography on
Ni*"-NTA agarose and on SoftLink Soft Release avidin resin. These proto-
cols illustrate how insertion of the double affinity tag provides flexibility in
manipulations with Pol II from the crude cell lysate and may serve as a
basis for the design of various solid-phase systems with Pol II tailored to
specific experimental goals. In addition, they can be adapted for isolation
and activity testing of Pol II from several milliliters of culture and, there-
fore, may be especially valuable for simultaneous biochemical analyses of
many Pol II mutants.

Activity Assay for Histidine-Tagged Pol I1

The activity of the Pol I core enzyme can be determined by a factor-in-
dependent reconstitution of the elongation complex (EC) from the
enzyme, RNA primer, and two DNA oligonucleotides.* However, the basic
EC assembly protocol, described in detail elsewhere,* is not suitable for

BN. J. Krogan, M. Kim, S. H. Ahn, G. Zhong, M. S. Kobor, G. Cagney, A. Emili,
A. Shilatifard, S. Buratowski, and J. F. Greenblatt, Mol. Cell. Biol. 22, 6979 (2002).
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activity testing during purification, as the crude yeast lysate contains mul-
tiple ribonucleases, which degrade the RNA primer instantly. This section
outlines a modification of the basic assembly protocol (Fig. 1). The main
differences between the basic** and the modified protocol are that the
polymerase is immobilized on Ni*'-NTA agarose and that the bulk of
the lysate proteins is removed from the beads by a high-salt washing before
RNA and DNA addition.

1. Incubate 1 zl of lysate with 5 pl of Ni**-NTA agarose [10 yul of 50%
suspension of beads in TB(40)] for 30 min at room temperature with
constant shaking in an Eppendorf thermomixer (Brinkmann, Westbury,
NY) at 1400 rpm, incubate for 10 min in TB(1000), and wash with 1 ml of
TB(40). All washes are done by resuspending the agarose in 1 ml of wash
buffer, spinning down the pellet for about 10 s in a six-tube tabletop
centrifuge (VWR, West Chester, PA) and removing all but 50-100 ul of
supernatant.

2. All assembly steps are done at 25°. Combine the immobilized Pol II
[10 ul of Ni*"-NTA agarose suspension in TB(40)] with 1 pmol of the
RNA:DNA hybrid** and incubate for 10 min. We routinely use 41
nucleotide template and nontemplate DNA strands and a 9 nucleotide
RNA primer (Fig. 1). For quantitative analyses, it is convenient to use
a RNA primer labeled by 5’ end phosphorylation with v-[**P]JATP (7000
Ci/mmol, ICN Biomedicals, Irvine, CA).24

3. Add 10 pmol of the nontemplate DNA oligonucleotide for 10 min.

4. Wash the EC with 1 ml of TB(40), incubate with 1 ml of TB(1000)
for 10 min, and wash again with TB(40).

5. Incubate with 10 uM of each ATP, CTP, and GTP for 5 min so that
the 9 nucleotide primer in catalytically active ECs is extended to 20
nucleotides. The known amount (3-100 fmol) of the free labeled RNA
should be loaded on the same gel and used as a standard for EC
quantification. Note: The efficiency of the EC formation by Pol II
immobilized from the lysate is the same as that of the purified Pol II. The
possible limitations of this assay for the quantitation of Pol II in the crude
lysate are discussed in more detail later.

Binding Capacity of Ni**-NTA Agarose for Pol Il

The first step in affinity purification of double-tagged Pol II is metal
affinity chromatography. We used the EC reconstitution assay to deter-
mine the saturation point of Ni*"-NTA agarose by Pol II from the whole

24N. Komissarova, J. Becker, M. L. Kireeva, and M. Kashlev, Methods Enzymol. 370, 233
(2003).
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Nontemplate DNA
5'-ACTTACAGCCATCGAGAGGGACACGGCGAAUAGCCUACCC-3’
RNA 5'-AUCGAGAGG-3' 20-nt RNA

e
3'-TGAATGTCGGTAGCTCTCCCTGTGCCGCTTATCGGATGGG-5'

Template DNA

Ni?*-NTA
agarose bead

Z
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Fic. 1. Assembly of EC with immobilized Pol II. (Bottom) A tagged enzyme (oval)
immobilized on a surface of a Ni*"-NTA agarose bead, formation of the EC on a single-strand
template (solid line) with annealed RNA primer (wavy line with arrow), and incorporation of
a fully complementary nontemplate DNA strand to complete the transcription bubble
formation. The position of the radioactive label on the 5’ end of the RNA is indicated by an
asterisk. (Top) Sequences of RNA and DNA oligonucleotides, and the 20 nucleotide
transcript synthesized by the active EC upon incubation with ATP, CTP, and GTP.

yeast cell lysate and optimized the binding conditions to increase the
selectivity of the Pol II interaction with Ni*"-NTA agarose. For this
purpose, we incubated 10 pl of the lysate with a decreasing amount of
the Ni>"-NTA agarose (Fig. 2). Immobilization of histidine-tagged Pol II
was done by a 30-min incubation at 25° with constant shaking with Ni*"-
NTA agarose suspension in TB(40) in all experiments described later.
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FiG. 2. Binding of hexahistidine-tagged Pol II from the yeast whole cell lysate to Ni**-NTA
agarose. (A) Binding capacity of Ni>*-NTA agarose. Ten microliters of lysate was mixed with
5 plof 3 M KCland 1.5 ul of 1 M imidazole (where indicated) and was incubated with 5, 1.5,
or 0.5 ul of Ni*"-NTA agarose for 30 min with constant shaking. The agarose was washed as
described in the text, the volume of the suspension was adjusted to 10 yl, and the immobilized
enzyme was used for EC formation with 2 pmol of the RNA:DNA hybrid and 20 pmol of the
nontemplate DNA strand. The complex was treated exactly as described in the activity assay
protocol (steps 2-5). RNA products are indicated by arrows. (B) Proteins bound to Ni**-NTA
agarose from the whole cell lysate. Forty microliters of lysate was mixed with 20 ul of 3 M
KCl, 6 ul of 100 mM imidazole, or 12.5 ul of 2 M ammonium sulfate where indicated,
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Shorter incubation times may result in incomplete binding, especially if the
amount of protein is close to saturation of the affinity resin.

The binding capacity of Ni*"-NTA agarose for Pol II from the crude
cell lysate was 100 pmol (50 ug) of active Pol II per 1 ml of Ni*"-NTA
agarose (note that here and below the volume of agarose pellet, not the
50% suspension, is indicated; the pellet is always resuspended in TB, and
the total volume of the suspension, which may vary, will be indicated in
the protocols) (Fig. 2A). It is significantly lower than the capacity reported
by the manufacturer (5-10 mg of protein per 1 ml of Ni**-NTA agarose).
Two batches of Ni*"-NTA agarose tested in parallel were indistinguish-
able; the Co®" — based TALON resin has an even lower binding capacity
(data not shown).

The low binding capacity of the affinity resin can, at least in part, be
caused by a competition of the lysate proteins with the histidine-tagged
Pol II for binding to the Ni**-NTA groups. We performed the binding in
the presence of 1 M KCIl to prevent hydrophilic interactions of the lysate
proteins with the agarose. To determine optimal conditions for Pol II puri-
fication by metal affinity chromatography, we examined the protein com-
position of the fraction bound to Ni*"-NTA agarose in the presence of
(NH4),SOy,4, imidazole, and glycine, which are known to inhibit interactions
of histidine-containing proteins with the Ni*" ion. Indeed, the addition of
10 mM imidazole to the lysate slightly reduced the binding of contaminat-
ing proteins (Fig. 2B, lanes 2 and 3). However, the addition of 500 mM
(NH4),SO,4 to the lysate increased the amount of some low molecular
weight contaminating proteins, but, again, did not affect Pol II binding
(lanes 1 and 2). Glycine at a concentration above 10 mM inhibited both
Pol II and contaminating protein binding with equal efficiency (data not
shown). In summary, we could not achieve any noticeable increase in
the resin-binding capacity for Pol II from the whole cell lysate under any
conditions tested. The size of the Ni*"-NTA agarose column used for
Pol II purification was determined on the basis of experimental results
shown in Fig. 2A.

Biotinylation of Double-Tagged Pol 11

The second step of double-tagged Pol II purification is affinity chroma-
tography on a SoftLink Soft Release avidin resin, which is based on revers-
ible interaction of the monomeric avidin with a biotin acceptor peptide,

incubated with 10 ul of Ni?*-NTA agarose, and washed with TB(40). Proteins were eluted
from the beads with 30 pl of TB(40) containing 100 mM imidazole. Lane 4 contains 0.5 ug of
purified Pol II. The molecular weight of the markers (lane 6) is indicated at the right.
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biotinylated in vitro with the BirA enzyme. A number of examples of the
in vitro biotinylation of proteins carrying the biotin acceptor domain® or
biotin acceptor peptides”**” have been described to date (reviewed by Cull
and Schatz”®). Notably, biotinylation of proteins in the crude cell lysate is
not widely used, mostly due to the high activity of proteases and a low con-
centration of the substrate protein in the lysate, which may lead to a low
efficiency of biotinylation.”® However, in the case of tagged Pol II, efficient
biotinylation in the crude cell lysate was critical for the development of a
fast and simple affinity purification procedure. Our goal was to use the first
purification step, metal affinity chromatography, not only to remove the
bulk of the whole cell lysate proteins from Pol II, but also to separate bio-
tinylated Pol II from free biotin and use affinity chromatography on the
avidin column as the next (and the last) step. To achieve the highest pos-
sible yield of the biotinylated protein, we have tested multiple conditions
of the biotinylation reaction.

The extent of biotinylation in various reaction conditions was addressed
by comparing the amount of Pol II immobilized via the hexahistidine tag to
Ni?*-NTA agarose to the amount of Pol II immobilized via the biotin to
avidin resin. The assay reproduces the first steps of the Pol II purification
protocol: the biotinylation reaction is done in the crude cell lysate and is
followed by binding of Pol II to Ni*"-NTA agarose and subsequent elution
of the bound proteins with imidazole performed in a batch format. Then,
partially purified Pol II is reimmobilized on either avidin or Ni**-NTA
resin, and activity of the immobilized Pol II is measured by the EC assem-
bly. We applied this approach to determine the effect of the BirA concen-
tration, biotin concentration, time, and temperature on biotinylation
efficiency. A similar assay was also used to determine the size of the Soft-
Link Soft Release avidin resin column for the preparative purification. Im-
portantly, because BirA activity is inhibited by an increased ionic strength
and glycerol,”® the yeast lysis buffer has a low salt concentration and does
not contain glycerol. The detailed protocol for the titration of GST-BirA in
the biotinylation reaction is given next as a sample assay, and the result of
the titration is shown in Fig. 3.

1. To 100 ul of the yeast whole cell lysate, add ATP to 1 mM from a
100 mM stock solution, p-biotin to 100 M from a 200 mM stock solution

23], E. Cronan, Jr., J. Biol. Chem. 265, 10327 (1990).

26p, J. Schatz, Bio/Technology 11, 1138 (1993).

27p. Saviranta, T. Haavisto, P. Rappu, M. Karp, and T. Lovgren, Bioconj. Chem. 9, 725
(1998).

M. G. Cull and P. J. Schatz, Methods Enzymol. 326, 430 (2000).
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in dimethyl sulfoxide (DMSO), and purified GST-BirA. Incubate for
90 min at 4°.

2. Add 50 ul of 3 M KCl and combine with 50 ul of Ni*"-NTA
agarose. Incubate for 30 min with shaking at 25°.

3. Wash five times with 1 ml of TB(300) to remove unbound proteins
and free biotin.

4. Adjust the volume of the suspension to 90 pl, add 10 pl of 1 M
imidazole (pH 7.9), and incubate for 10 min at 25°.

5. Withdraw 40 pl of supernatant. Dilute to 400 ul with TB(40).
Incubate 100 pl of the diluted imidazole eluate with 10 ul of Ni*"-NTA
agarose or with 10 ul of SoftLink Soft Release avidin resin for 30 min at
25° with constant shaking.

6. Add 1 ml of TB(1000), incubate for 10 min, and wash twice with
1 ml of TB(40). Adjust the volume of the Ni**-NTA agarose or SoftLink
Soft Release avidin resin suspension to 100 ul.

7. Test the activity by reconstitution of the EC as described in steps 2-5
of the activity assay protocol. Use 5 ul of the agarose per 1 pmol of the
RNA:DNA hybrid.

GST-BirA, uM 0 0.1 1

Resin|l A N|A N|A N

20 nt —» — S ——

9 nt —
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Fic. 3. Optimization of biotinylation conditions of the double-tagged Pol II: Titration of
GST-BirA. One hundred-microliliter aliquots of the yeast cell lysate were treated as described
in the text (optimization of biotinylation protocol, step 1) without the addition of GST-BirA
or using 0.1 and 1 uM of the enzyme. Free biotin was removed by Pol II immobilization on
Ni*-NTA agarose and washing the beads (steps 2 and 3), and Pol II was eluted with
imidazole (step 4) and reimmobilized on Ni*"-NTA (lanes marked N) and SoftLink Soft
release avidin (lanes marked A) resins (steps 5 and 6). EC assembly was done using one-tenth
of the reimmobilized Pol II with 1 pmol of the RNA:DNA hybrid and 10 pmol of
nontemplate DNA (step 7). The equal amount of ECs formed on the Ni>*-NTA and avidin
resins when the lysate was incubated with 1 uM GST-BirA (lanes 5 and 6) indicates that all
molecules of Pol II carry both hexahistidine and biotin tags in these conditions.
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Purification of Double-Tagged Pol II

The protocols described here were developed and tested for the
medium-scale purification (from 20 g of wet yeast cell paste) of both bioti-
nylated and nonbiotinylated forms of the double-tagged Pol II. One 40-ml
aliquot of the frozen lysate described earlier was used for each run. All
purification steps should be done at 4-8°.

Affinity Purification of Biotinylated Pol I1

1. Equilibrate the 10-ml Ni*"-NTA agarose column (2.6 x 4 cm) with
lysis buffer containing 1 M KCIl. Prepare the 5-ml column (1 x 7 cm) with
SoftLink Soft Release avidin resin according to the manufacturer’s
instructions and equilibrate it with TB(300).

2. To the yeast cell lysate obtained from 20 g of cells, add purified
GST-BirA to 1 uM (75 pg/ml) concentration, ATP to 1 mM from a
100 mM stock, and biotin to 100 uM from a 200 mM stock solution in
DMSO. Incubate the lysate for 90 min with stirring to complete
biotinylation. Slowly add 3 M stock of KCI to a final concentration of
1 M and 1 M stock of imidazole (pH 7.9) to final concentration of 10 mM.

3. Load the lysate to the Ni*"-NTA column at 0.5 ml/min.

4. Wash the column with 100-200 ml of TB(1000) at 0.2-0.5 ml/min
(the wash step can be done overnight).

5. Elute the protein from the Ni**-NTA agarose column with TB(300)
containing 200 mM imidazole at 0.5 ml/min. The elution progress can be
monitored by measuring UV absorbtion.

6. When the imidazole eluate starts to come out from the Ni*"-NTA
agarose column, it is convenient to connect it to the SoftLink Soft Release
avidin resin column and load the imidazole eluate directly to the avidin
column.

7. When the imidazole elution from the Ni*"-NTA agarose column is
complete (15-20 ml of the elution buffer), separate the columns and wash
the avidin resin with 100 ml of TB(300) at 1 ml/min.

8. Elute Pol II with TB(300) containing 5 mM biotin at 0.5 ml/min.
The peak can be monitored by measuring UV absorption or 5-ml fractions
should be collected and tested for activity.

9. Concentrate the eluted protein by ultrafiltration in a Centiprep
(Millipore, Bedford, MA) with a 50- or 100-kDa molecular weight cut-off
membrane to approximately 0.5-1 mg/ml, add glycerol to 20% final
concentration, and freeze in aliquots in liquid nitrogen. Store the protein at
—70°. The typical yield is 0.2-0.3 mg of Pol II from 40 ml of lysate (20 g of
wet cells).
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Purification of Nonbiotinylated Pol II Core Enzyme

Parts of the following protocol for the purification of Pol II are adapted
from the protocols for the Pol I, II, and III purification reported by
Huet e al.*® and from the Pol II holoenzyme purification procedure by
Koleske et al.'®

1. Add 2 M stock of ammonium sulfate to the yeast whole cell lysate
obtained from 20 g of cells to achieve 0.4 M final concentration. Clarify
the lysate by centrifugation in a Beckman 45Ti rotor for 2 h at 35,000 rpm.

2. Prepare a 40-ml heparin HyperD (BioSepra, Cergy-Saint-Christophe,
France) column (2.5 x 8 cm) and equilibrate it with buffer HB(100).

3. Dilute the lysate fourfold with HB(0) buffer and load it to the
heparin HyperD column at 1 ml/min.

4. Wash the column with 100 ml of HB(100) buffer and develop with a
400-ml gradient from 100 to 800 mM ammonium sulfate in buffer HB at
1 ml/min. The Pol II activity peak is eluted at 200 mM ammonium sulfate.

5. Pool fractions containing Pol II activity determined by the EC
assembly from the preimmobilized Pol II and load to a 5-ml Ni*"-NTA
agarose column equilibrated with HB(200) at 0.5 ml/min.

6. Wash the column with 30 ml TB(300) and elute Pol II with 10 ml
TB(300) containing 200 mM imidazole at 0.5 ml/min.

7. Dilute the eluate twofold with buffer QB(0) and load at 0.5 ml/min
to a Mono Q HRS/5 column equilibrated with buffer QB(100).

8. Apply a 15-ml gradient from 100 to 2000 mM potassium acetate in
buffer QB at 0.5 ml/min and collect 0.3-ml fractions. The Pol II peak is
eluted at 0.8-0.9 M potassium acetate.

9. Pool three to five of the most active fractions, dilute threefold with
buffer QB(0), and concentrate on Centricone (Millipore, Bedford, MA)
with a MWCO 100 kDa. Add glycerol to 20% final concentration, and
freeze in aliquots in liquid nitrogen. Store the protein at —70°. The yield is
0.2-0.3 mg of Pol II from 20 g of yeast cell paste.

The Pol II preparation obtained from the BJ5464 Rpb3His-Bio tag
strain without BirA treatment contains approximately 15% of biotinylated
enzyme (Fig. 3, lane 1), most likely due to endogenous biotinylation by
the yeast biotin protein ligase.®® If necessary, the biotinylated fraction
can be removed by incubating the purified Pol II with 0.5 ml of avidin resin
and collecting the unbound fraction.

29 J. Huet, N. Manaud, G. Dieci, G. Peyroche, C. Conesa, O. Lefebvre, A. Ruet, M. Riva, and
A. Sentenac, Methods Enzymol. 273, 249 (1996).
303, E. Cronan, Jr. and J. C. Wallace, FEMS Microbiol. Lett. 130, 221 (1995).
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Yield of Pol Il Core Enzyme

The yield of the purified Pol II core enzyme that we report is about
twofold higher than the yield of the immunoaffinity purification (compare
200-300 pg from 20 g of cells and 720 ug from 165 g of cells'). Do we
isolate all Pol II from the yeast cells in the form of core enzyme or do
we purify a fraction of Pol II? On the one hand, 30 pmol (at least 15 ug)
of Pol II capable of active EC formation, as judged by the assembly assay
(Fig. 2A), or 20-30 ug of Pol II protein, as estimated by the Coomassie
blue-stained SDS gel (Fig. 2B and data not shown), is immobilized on
Ni*"-NTA agarose from 2 ml of lysate (1 g of cells). The longer incubation
time or the addition of fresh resin does not increase the yield of Pol II.
Pol II activity measured by the nonspecific initiation/chain elongation
assay suggests that the cell lysate obtained from 165 g of cells contains
1.2 mg of Pol II (7 ug per 1 g of cells)." Thus, our results are sufficiently
close to those reported by others and may indicate a complete recovery
of Pol II from the lysate by metal affinity chromatography. On the other
hand, if the total amount of Pol II is 30,000 copies per cell, as was deter-
mined by Borggrefe et al.,’>’ 1g of yeast cells should contain about
500 pg of core Pol II enzyme. They used denaturing conditions to extract
total protein from the yeast cells grown in minimal media to the midlog
phase. The difference between our estimate of Pol II amount in the crude
cell lysate and data reported by Borggrefe et al.>' may have different ex-
planations. It is possible that yeast harvested in the stationary phase
contains a lower amount of Pol II than cells from the culture grown to
the midlog phase. However, it is most likely that the missing Pol II pool
is associated with the insoluble fraction of the lysate. In addition, we cannot
rule out that the cell lysate contains a pool of soluble Pol II molecules that
are bound to transcription factors or nucleic acids, and therefore are
inactive in the transcription assay and are inaccessible for immobilization
via the affinity tag.

Properties of Affinity-Purified Double-Tagged Pol II

Binding Capacity of Ni**-NTA Agarose for Purified Pol Il

Purified histidine-tagged Pol II was used in a solid-phase transcription
system with the enzyme immobilized on Ni*"-NTA agarose. Therefore,
we analyzed the binding capacity of Ni*" -NTA agarose for purified Pol II

i, Borgreffe, R. Davis, A. Bareket-Samish, and R. D. Kornberg, J. Biol. Chem. 276,
47150 (2001).
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in an experiment similar to the one described for the crude cell lysate. We
found that it is 0.2-0.3 mg of Pol II per 1 ml of Ni*"-NTA agarose, as com-
pared to 5-10 mg reported by the manufacturer. Notably, the capacity of
the same resin for the histidine-tagged E. coli RNA polymerase is about
0.1 mg of protein per 1 ml of agarose (M. Kashlev, unpublished observa-
tion). The possible (but unproven experimentally) explanation of such a
low capacity of Ni*"-NTA agarose to hexahistidine-tagged RNA polymer-
ases is that these enzymes do not easily penetrate the pores on the surface
of agarose beads due to their large size and/or formation of multimers.

The capacity of Ni*"-NTA agarose for the EC, preassembled in the so-
lution, is the same as the capacity for free RNA polymerase for both yeast
and bacterial enzymes. The immobilization of Pol II or the EC on a limiting
amount of resin may lead to the appearance of catalytically inactive com-
plexes (M. L. Kireeva, unpublished observation). Therefore, we routinely
immobilize 1 pg (2 pmol) of purified Pol II (or EC formed with 1 ug of
the enzyme) on 10 ul of Ni*"-NTA agarose beads. The increase of the
Ni?*-NTA agarose amount up to 100 zl of agarose beads per 1 ug of
polymerase does not affect the complex formation or enzyme activity.
Such an excess, for instance, is used in the activity assay performed with
the Pol II from the crude extract to ensure the complete immobilization
of the protein.

Subunit Composition of Affinity-Purified Pol 11

We have compared biotinylated and nonbiotinylated Pol II prepar-
ations purified by the two protocols described earlier from two separate
batches of yeast cells (Fig. 4). One batch was kept in stationary phase over-
night and another was cultured without media change for 3 days. All prep-
arations contained Pol II core enzymes of approximately 90% purity (Fig.
4) with 10-12 subunits, which could be identified by their electrophoretic
mobility."*> We have not addressed the phosphorylation state of the
CTD subunit of Rpbl1 directly; however, we believe that it is not phosphor-
ylated in our Pol II preparations because no phosphatase inhibitors were
used throughout the purification. Reconstitution of the ECs showed similar
specific activity in all four of these Pol II preparations (data not shown).

Analyses of the subunit composition revealed that Pol I obtained from
the overnight culture contains smaller amounts of Rpb4 and Rpb7 subunits
as compared to the preparation purified in the same way from the cells that
were cultured for 3 days (Fig. 4, compare lanes 1 and 5). This result could
be expected, as it is known that the amount of Rpb4 and Rpb7 in the yeast

32 M. H. Sayre, H. Tschochner, and R. D. Kornberg, J. Biol. Chem. 267, 23367 (1992).
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Fic. 4. Affinity-purified double-tagged Pol II. Fifteen micrograms each of biotinylated
(lanes 1 and 5) and nonbiotinylated (lanes 2 and 6) Pol II purified from overnight (lanes
1 and 2) and 3-day cultures (lanes 5 and 6) of Rpb3 His-Bio strain were resolved in the 4-12%
SDS polyacrylamide gel and stained as described in the text. The molecular weight of the
markers (lanes 3 and 4) is indicated at the left. Pol II subunits are identified at the right.

cell is significantly affected by growth conditions, and Pol II purified from
logarithmically growing cells contains substoichiometric amounts of these
subunits.”® We also observed that biotinylated Pol II purified by affinity
chromatography on the SoftLink Soft Release avidin resin contained less
Rpb4 and Rpb7 than nonbiotinylated Pol II purified from the same lysate
by heparin and metal affinity chromatography (compare lanes 1 and 2 or 5
and 6). Such a depletion might be caused by the effect of the methacrylate
matrix, which is used for avidin immobilization in the SoftLink Soft Re-
lease avidin resin, on the interaction of the Rpb4/Rpb7 dimer with Pol II.
The Rpb4/Rpb7 dimer is usually dispensable for in vitro transcription in
most experimental systems.’ However, if proper stoichiometry of the dimer
is essential in a particular experimental setup, we recommend purifying
Pol II from the culture, which has been kept in a stationary phase for 3
days, and using the purification protocol suggested for the nonbiotinylated
enzyme.

3 M. Choder and R. A. Young, Mol. Cell. Biol. 13, 6984 (1993).
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The highly purified histidine- or histidine- and biotin-tagged Pol II core
enzyme can be used in a variety of in vitro transcription assays. Assembly
of the EC provides a convenient tool for the promoter- and factor-
independent initiation of transcription. The variety of the templates util-
ized in this system can be expanded significantly using EC ligation to a
linear DNA fragment.
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The carboxyl-terminal domain (CTD) of the largest RNA polymerase
(RNAP) II subunit is composed of tandem repeats of the consensus
sequence TyrSer,ProsThr,SersProgSer;. The consensus repeat has been
well conserved, although the number of repeats varies from 52 in mammals
to 26-27 in yeast. Reversible phosphorylation of the CTD, especially at
Ser positions 2 and 5, plays an important role in the regulation of gene
expression. RNAP IIA, which contains an unmodified CTD, and RNAP
ITIO, which contains a hyperphosphorylated CTD, have distinct functions
in the transcription cycle. RNAP IIA is recruited actively to the promoter
as part of the preinitiation complex, whereas RNAP 110 is responsible for
transcript elongation. The phosphorylated CTD mediates promoter escape
and the recruitment of factors necessary for processing of pre-mRNA.
CTD kinases and phosphatase(s) modulate the state of CTD phos-
phorylation and accordingly play a critical role in regulating the synthesis
and processing of the primary transcript. Previously, procedures were
described for the in vitro phosphorylation of RNAP IIA with various
CTD kinases." This article describes procedures for various assays in-
volving CTD dephosphorylation. These procedures provide the tools for
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the identification and characterization of enzymes that dephosphorylate
the CTD of RNAP II.

Basic Assay Procedures: General Comments

A variety of approaches have been developed for measuring CTD
phosphatase activity. These approaches differ primarily in the nature of
the substrate used and the method of following phosphate release. The
choice of substrate depends on the experimental objective and, to a certain
extent, the nature of the substrate available to the investigator. The nature
of the substrate generally dictates the method to be utilized for measuring
phosphate release.

Consideration of Substrate

The in vivo substrate for CTD phosphatase is RNAP II. Accordingly,
this would seem to provide the most reliable substrate for the identifica-
tion, purification, and characterization of the CTD phosphatase(s). RNAP
Il is a complex multisubunit enzyme with a molecular weight in excess of
550,000. It is not available in recombinant form, and the phosphorylated
form of the enzyme, RNAP IIO, is difficult to purify from most sources.
However, RNAP IIO can be prepared by the in vitro phosphorylation of
RNAP IIA with a variety of CTD kinases.”> An additional complication is
that RNAP IIO can exist either free or within macromolecular complexes
in vivo. The ability of CTD phosphatase to dephosphorylate the CTD is in-
fluenced by the nature of the complex in which RNAP IIO is contained.*”

Early observations establish that mammalian CTD phosphatase (FCP1)
is not active in the dephosphorylation of either the isolated largest RNAP
ITIO subunit or recombinant CTDo (rCTDo) under the reaction conditions
employed for the dephosphorylation of native RNAP 110.° An additional
complication is the fact that rCTD is not a good substrate for several
CTD kinases that actively phosphorylate RNAP 1I in vitro.” Accordingly,
it is difficult to obtain fully phosphorylated rCTD that might be utilized
as a substrate. These studies suggest that determinants outside the CTD
influence the activity of both FCP1 and a variety of CTD kinases.

2P. S. Lin, M. F. Dubois, and M. E. Dahmus, J. Biol. Chem. 277, 45949 (2002).

3 E.-J. Cho, M. S. Kobor, M. Kim, J. Greenblatt, and S. Buratowski, Genes Dev. 15,3319 (2001).

4H. Cho, T. K. Kim, H. Mancebo, W. S. Lane, O. Flores, and D. Reinberg, Genes Dev. 13,
1540 (1999).

SN. F. Marshall and M. E. Dahmus, J. Biol. Chem. 275, 32430 (2000).

SR. S. Chambers, B. Q. Wang, Z. F. Burton, and M. E. Dahmus, J. Biol. Chem. 270, 14962
(1995).
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Synthetic peptides containing multiple copies of the consensus repeat
and phosphorylated on Ser 2, Ser 5, or at both positions have been used
to examine the specificity of CTD phosphatase.” The conditions required
to observe activity with synthetic peptide substrates, specifically pH
and CTD phosphatase concentration, differ significantly from reactions in
which native RNAP IIO serves as a substrate.

Measurement of Phosphate Release

The two basic procedures for measuring CTD phosphatase activity in-
clude a direct measure of phosphate release and a change in the electro-
phoretic mobility in SDS-PAGE that accompanies dephosphorylation of
either the largest RNAP I1O subunit or rCTDo. Most CTD kinases appear
to phosphorylate the CTD in a processive manner at either Ser 2 or Ser 5.
In mammalian RNAP II, the incorporation of 50+ phosphates within the
CTD results in a marked reduction in the electrophoretic mobility of the
largest subunit.® Accordingly, the reversal of this reaction by CTD phos-
phatase results in a marked increase in electrophoretic mobility.” It is
important to note that in assays that utilize synthetic peptides, activity
can be followed by the release of phosphate from a fraction of substrate,
whereas in assays that utilize RNAP IIO, activity is followed by a change
in electrophoretic mobility that results from the complete conversion of
RNAP subunit IIo or rCTDo to the unphosphorylated form.

Dephosphorylation of Synthetic CTD Phosphopeptides

CTD phosphopeptides composed of four tandem YSPTSPS repeats,
phosphorylated at Ser 2, Ser 5, or both Ser 2 and Ser 5, or even Tyr 1,
are made using an automated peptide synthesizer."” CTD phosphopeptides
are purified by reversed phase high-performance liquid chromatography
(HPLC) on a Vydac C18 column developed with a linear acetonitrile gra-
dient. The peak UV-absorbing fractions are lyophilized, dissolved in TE
buffer (10 mM Tris-HCI pH 8.0, 1.0 mM EDTA), and stored at 4°. The
CTD phosphopeptides can be biotinylated prior to purification for use in
affinity chromatography or immunoprecipitation.

The standard reaction (25 ul) contains 25 uM CTD phosphopeptide
and 1-5 ug FCP1 in 50 mM Tris-acetate, pH 5.5, 10 mM MgCl,.” The

7'S. Hausmann and S. Shuman, J. Biol. Chem. 2717, 21213 (2002).

8J. M. Payne and M. E. Dahmus, J. Biol. Chem. 268, 80 (1993).

?R. S. Chambers and M. E. Dahmus, J. Biol. Chem. 269, 26243 (1994).
19°C. K. Ho and S. Shuman, Mol. Cell 3, 405 (1999).
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reaction is incubated at 37° for 60 min and is quenched by the addition
of 0.5 or 1.0 ml of malachite green reagent (BIOMOL green reagent,
BIOMOL Research Laboratories). Phosphate release is determined by
measuring Agpo and is quantified by comparison to a phosphate standard
curve.

Preparation of rCTDo and RNAP IIO Substrates

General Considerations

The CTD of mammalian RNAP II contains at its very C terminus a
serine flanked by acidic residues. This serine lies within a consensus casein
kinase II (CKII) phosphorylation site and is C-terminal to the last consen-
sus CTD repeat. The in vitro phosphorylation of RNAP II with CKII in
the presence of [y-**P]JATP has been used extensively to label RNAP 1II
for a variety of studies.®”'" The subsequent incubation of RNAP II with
CTD kinase in the presence of excess unlabeled ATP results in the
formation of RNAP IIO, which can serve as a substrate for CTD phosphat-
ase.”’ Because only the most carboxyl-terminal serine (CKII site) is
labeled with **P and lies outside the consensus repeat, complete dephos-
phorylation by a protein phosphatase specific for the consensus CTD
repeat results in an electrophoretic mobility shift of subunit Ilo back to
the position of subunit Ila without the loss of label.

rCTD

Mammalian GST-CTD (90 kDa) is expressed in Escherichia coli and
partially purified over a glutathione-agarose column with a step elution
of 15 mM glutathione and by ammonium sulfate fractionation. **P-labeled
GST-CTDo (apparent M, of 116,000) is prepared by phosphorylation at
the most carboxyl-terminal serine with recombinant CKII in the presence
of [y-**P]ATP (6000 Ci/mmol), followed by phosphorylation in the pres-
ence of 2 mM unlabeled ATP with recombinant MAPK2/ERK2 (Upstate
Biotechnology)® (Fig. 1A, lanes 11-15). GST-CTDo is purified over a
glutathione—agarose column. Conditions have not been defined that result
in the efficient phosphorylation of rCTD with either mammalian TFIIH or
P-TEFb (Fig. 1A, lanes 1-5 and 6-10, respectively).

'M. E. Kang and M. E. Dahmus, J. Biol. Chem. 268, 25033 (1993).
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FiG. 1. Preparation of GST-CTDo and RNAP IIO. Recombinant GST-CTD and purified
calf thymus RNAP IIA were labeled with *?P by phosphorylation with CKII and subsequently
incubated with 2 mM unlabeled ATP in the presence of increasing amounts of TFITH (lanes
1-5), P-TEFb (lanes 6-10), and MAPK2/ERK?2 (lanes 11-15). Reactions contain equimolar
amounts of GST-CTD (A) and RNAP II (B). The difference in band intensity is a result of
differences in the efficiency of CKII labeling. Reaction products were resolved by a 5% SDS-
PAGE gel. The positions of GST-CTDa and GST-CTDo and subunits Ila and Ilo are
indicated. From Lin ef al.?

RNAP 110

Calf thymus RNAP IIA is purified by the method of Hodo and Blatti'?
with modifications as described by Kang and Dahmus."" Specific isozymes
of ¥P-labeled RNAP IIO can be prepared by the phosphorylation of
purified RNAP IIA with CKII and [y->P]ATP, followed by CTD phos-
phorylation in the presence of 2 mM ATP with different CTD kinases.”
The apparent M, of subunit Ilo is 240,000 relative to subunit Ila, which is
214,000. RNAP IIO is purified by step elution from DES3 as described
by Chesnut et al."® Preparation of RNAP IIO by the phosphorylation of
**P-labeled RNAP I1A with TFIIH, P- TEFb, and MAPK2/ERK2 is shown
in Fig. 1B. Note the marked shift in electrophoretic mobility of subunit ITa
to the position of subunit Ilo that accompanies CTD phosphorylation.

12H. D. Hodo and S. P. Blatti, Biochemistry 16, 2334 (1977).
13J. D. Chesnut, J. H. Stephens, and M. E. Dahmus, J. Biol. Chem. 267, 10500 (1992).
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Dephosphorylation of rCTDo

Buffer

The standard CTD phosphatase buffer contains 50 mM Tris-HCI, pH
7.9, 10 mM MgCl,, 20% glycerol, 0.025% Tween 80, 0.1 mM EDTA, and
5 mM dithiothreitol (DTT).

Assay Procedure

CTD phosphatase assays are carried out in 20 ul CTD phosphatase
buffer.” Reactions contain 75 fmol **P-labeled GST-CTDo and 7 pmol
RAP74. Reactions are initiated by the addition of CTD phosphatase and
are incubated at 30° for 30 min. Assays are terminated by the addition of
5x concentrated Laemmli buffer and GST-CTDa/o resolved on an 8%
SDS-PAGE gel. Gel images are scanned with a phosphor imager. Al-
though mammalian FCP1 does not dephosphorylate rCTDo, it may well
serve as a substrate for yet to be discovered CTD phosphatases.

Dephosphorylation of Purified Calf Thymus RNAP 110

Reactions (20 ul) contain 18 fmol **P-labeled RNAP 11O and 7 pmol
RAP74 in the standard CTD phosphatase buffer described earlier.
RAP74 stimulates FCP1 activity with RNAP I1O as a substrate by 20-fold.°
Reactions are initiated by the addition of CTD phosphatase and are incu-
bated at 30° for 30 min. Assays are terminated by the addition of 5x con-
centrated Laemmli buffer, and RNAP II subunits are resolved on a 5%
SDS-PAGE gel. Gel images are scanned on a phosphor imager. The de-
phosphorylation of **P-labeled calf thymus RNAP I10 prepared by TFIIH,
P-TEFb, and MAPK2/ERK?2 is shown in Fig. 2.

An equimolar mixture of RNAP IIO and GST-CTDo can be used in
assays to examine the dependence of CTD phosphatase(s) activity on
native RNAP II. For assays involving both substrates in the same reaction,
a 5-6% SDS-PAGE gel permits the best resolution of the phosphorylated
and unphosphorylated species.

Whereas the pH optimum for the dephosphorylation of CTD phos-
phopeptides is 5.5, the pH optimum for the dephosphorylation of RNAP
I1O is 7.9. Mammalian FCP1 does not dephosphorylate RNAP IIO at pH
5.5 nor does it dephosphorylate CTD phosphopeptides or GST-CTDo at
pH 7.9. Therefore, RNAP IIO is the preferred substrate of mammalian
FCP1 at physiological pH. Results utilizing nonnative substrates for the
identification and characterization of novel CTD phosphatase(s) must be
interpreted with some caution.
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FiG. 2. Dephosphorylation of RNAP IIO prepared by phosphorylation with TFIIH,
P-TEFb, and MAPK2/ERK?2. Different isozymes of RNAP I1O, prepared as shown in Fig. 1,
were incubated with increasing amounts of FCP1 and analyzed by a 5% SDS-PAGE gel. The
positions of subunits I1a and Ilo are indicated. From Lin et al.?

Dephosphorylation of RNAP IIO Contained in Nuclear Extracts

A variety of studies have shown that changes in growth conditions can
alter the level and pattern of CTD phosphorylation. Therefore, HeLa nu-
clear extracts from differentially treated cells provide an excellent source
of heterogeneous, endogenous RNAP I1O. Although these assays utilize
“native”” RNAP IIO, extracts can contain endogenous CTD phosphatase
activity as well as factors that influence the reaction in unknown ways. In
experiments using HeLa nuclear extracts, CKII labeling results in the in-
corporation of radiolabeled phosphates onto a myriad of proteins. There-
fore, the mobility shift that results from dephosphorylation can be
followed most easily by Western blotting.” Antibodies directed against an
epitope on the largest RNAP II subunit that lies outside of the CTD, such
as POL3/3,'* are most useful in that their reactivity is not influenced by
the state of CTD phosphorylation. A shift in the mobility of subunit Ilo
to that of subunit Ila is a direct measure of CTD phosphatase activity.
Monoclonal antibodies specific for Ser 2 and Ser 5, H5, and H14, respect-
ively, can also be utilized to examine the relative activity of a given
phosphatase for Ser 2 and Ser 5 phosphates.”'> The disappearance of

4R. E. Kontermann, Z. Liu, R. A. Schulze, K. A. Sommer, L. Queitsch, S. Duebel, S. M.
Kipriyanov, F. Breitling, and E. K. F. Bautz, Biol. Chem. Hoppe-Seyler 376, 473 (1995).
5 M. Patturajan, R. J. Schulte, B. M. Sefton, R. Berezney, M. Vincent, O. Bensaude, S. L.

Warren, and J. L. Corden, J. Biol. Chem. 273, 4689 (1998).
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Immunoreactivity corresponding to subunit ITo is a direct measures of CTD
phosphatase activity. Control reactions in which the largest subunit
is followed by POL3/3 immunoreactivity are necessary to ensure that the
loss of H5 and H14 reactivity is not the consequence of limited proteolysis
removing the CTD.

The dephosphorylation of RNAP IIO contained in nuclear extracts is
carried out as described earlier with minor modifications. Reactions are
performed in 20 pl of modified CTD phosphatase buffer without Tween
80 and in the presence of 20 mM KCI. Tween 80 can decrease the efficiency
of membrane transfer of the largest RNAP II subunit, whereas KCI
prevents the precipitation of proteins in HelLa nuclear extracts. The re-
moval of Tween 80 and the addition of KCI do not appear to affect CTD
phosphatase activity.

Reactions involving endogenous RNAP II in HeLa nuclear extracts
contain approximately 200-250 fmol of RNAP IIO. Reactions are carried
out in the presence of 7 pmol RAP74 and are initiated by the addition of
CTD phosphatase. Following an incubation at 30° for 30 min, reactions
are terminated by the addition of 5x concentrated Laemmli buffer. The
large RNAP II subunits are resolved on a 6% SDS-PAGE gel prior to
blotting. The use of Western blots to follow the dephosphorylation reaction
is not limited to RNAP IIO contained in cell extracts. It can also be applied
in assays involving purified RNAP 110.*

The dephosphorylation of RNAP IIO contained in a HeLa nuclear
extract upon incubation with FCP1 is shown in Fig. 3. The top image shown
in Fig. 3 is an immunoblot probed with monoclonal antibody POL3/3 and
shows the mobility shift of subunit IIo to the position of subunit IIa. The
bottom two images in Fig. 3 are identical samples probed with monoclonal
antibodies HS and H14. The disappearance of immunoreactivity with HS
and H14 demonstrates the removal of phosphates from Ser 2 and Ser 5
by FCP1.

Dephosphorylation of RNAP IIO in Elongation Complexes

The assembly of RNAP II into macromolecular complexes at specific
points in the transcription cycle can influence the activity of CTD phos-
phatase. Of special interest is the turnover of phosphate during the elonga-
tion phase of transcription. Procedures have been developed for the
preparation of elongation complexes and the examination of their sen-
sitivity to dephosphorylation.*!° To establish the effect of CTD phosphat-
ase on RNAP II in early elongation complexes (EECs), RNAP II is first

16 A. L. Lehman and M. E. Dahmus, J. Biol. Chem. 275, 14923 (2002).
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Fic. 3. Dephosphorylation of RNAP IIO contained in a nuclear extract. A HeLa nuclear
extract containing about 200-250 fmol of RNAP II was incubated with FCP1. The reaction
products were resolved by a 6% SDS-PAGE gel, transferred, and probed with monoclonal
antibodies POL3/3, H5, and H14. From Lin et al.

assembled onto the promoter. **P-labeled RNAP IIA is prepared as de-
scribed previously and is incubated with the HeLa nuclear extract on ice
for 10 min. To form preinitiation complexes on immobilized templates,
the **P-labeled RNAP ITA/HeLa nuclear extract mixture is incubated with
100 ng of immobilized template on Dynabeads (Dynal Inc.) for 30 min at
30° in a 12 pl reaction containing 20 mM HEPES, pH 7.9, 7 mM MgCl,,
55-60 mM KCI, and 7 mM DTT. For transcription of the adenovirus 2
major late (Ad2-ML) template, the pulse labeling of transcripts is initiated
in the presence of 600 uM ATP, GTP, and UTP and 0.6 uM CTP to gener-
ate elongation complexes paused at G11. Pulse labeling is carried out for
30 s at 30° and is terminated by the addition of 0.5 ul of 0.5 M EDTA.
Beads containing the paused EECs are then concentrated magnetically
and washed once with 12 ul HMKT (20 mM HEPES, pH 7.9, 7 mM
MgCl,, 55 mM KCl, 0.1% Triton X-100). The beads are washed twice suc-
cessively with 12 ul HMKS (20 mM HEPES, pH 7.9, 7 mM MgCl,, 55 mM
KCl, 1% Sarkosyl) and then twice with 12 ul HMKT. EECs are then resus-
pended in 12 ul HMKT. Elongation complexes can be walked down the
template in the presence of required nucleotides to give a final concentra-
tion of 20 M for each nucleotide present.” After 5 min at 30°, the com-
plexes are concentrated magnetically, washed twice with 12 ul HMKT,
and resuspended in 12 ul HMKT. The cycle of chase-wash-resuspension
is repeated as many times as needed to advance complexes to the desired
position.
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For CTD phosphatase assays involving EECs, 24 ul complex (twice the
standard transcription reaction) in HMKT is washed twice with 20 ul ali-
quots of CTD phosphatase buffer and resuspended in 18 pl phosphatase
buffer. CTD phosphatase buffer containing RAP74 and CTD phosphatase
(2 pl) is added to initiate the reaction. Reactions are incubated for 30 min
at 30°. Assays are terminated by the addition of 5x concentrated Laemmli
buffer, and RNAP II subunits are resolved on a 5% SDS-PAGE gel. The
gel images are scanned on a phosphor imager.

Figure 4 shows the dephosphorylation of free RNAP IIO and RNAP
ITO contained in a G11 EEC in the presence of increasing amounts of
FCP1. The bottom part of Fig. 4 is a quantitation of subunits Ila and Ilo
and demonstrates that RNAP IIO in an elongation complex is about
100-fold more resistant to dephosphorylation than free RNAP I10.

Substrate -«——Free [10 — -+——(Gl1 EECs —»
FCPI (mU) - - 0 4 40 400 - = 0 4 40 400
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FiG. 4. Dephosphorylation of RNAP IIO contained in early elongation complexes. Early
elongation complexes, paused at G11, were prepared on an immobilized Ad2-ML template
and incubated with increasing amounts of FCP1. Transcription was initiated by the addition of
32p_Jabeled RNAP IIA. Input RNAP II is shown in lane 7. Lanes 2 and 8 show free RNAP
110 and RNAP 11O contained in G11 complexes, respectively. Lanes 3-6 and 9-12 show the
reaction products after incubation with increasing amounts of FCP1. (Left) Free RNAP II and
(right) RNAP II contained in EECs. The lower panels are a quantitation of the results. From
Marshall and Dahmus.’
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[14] RNA Polymerase III from the Fission Yeast,
Schizosaccharomyces pombe

By YiNG HuaNG, MiTsuHIRO HaMADA, and RICHARD J. MARAIA

RNA polymerase 111 (Pol III) is a nuclear enzyme that has been special-
ized to produce small nontranslated RNAs in great abundance. Analyses
reveal that the Pol III system of the fission yeast Schizosaccharomyces
pombe differs from the well-characterized S. cerevisiae and human Pol I11
systems' in that it requires precisely positioned (i.e., at —30) upstream
TATA elements for function.>* These observations, together with ob-
served differences among different model eukaryotes, in Pol III termin-
ation” indicate that S. pombe will provide novel insights into transcription
mechanisms. This article describes the immunoaffinity purification of
epitope-tagged Pol I11 from S. pombe, the use of TspRI-generated templates
that contain a 9 nucleotide 3’ overhang for use in promoter-independent
transcription, and other methods for functional analyses in vitro.

Materials and Solutions

Strains and Media

The wild-type allele of rpc53, which encodes a Pol III-specific subunit of
S. pombe Pol IIlI, was replaced by a double epitope-tagged allele of
spRPC53, by homologous recombination, in the fission yeast strain,
yYH3282 [h" his3-DI leul-32 ura4-D18 ade6-M216 rpc53::(FH-rpc53,
ura4")]. In this strain, the nmtl promoter controls RPC53 expression.
The resulting RPC53 protein contains a FLAG epitope and six histidines
at its N terminus. Cells are grown in YES (5 g/liter yeast extract, 30 g/liter

LE. P. Geiduschek and G. A. Kassavetis, J. Mol. Biol. 310, 1 (2001).
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served differences among different model eukaryotes, in Pol III termin-
ation” indicate that S. pombe will provide novel insights into transcription
mechanisms. This article describes the immunoaffinity purification of
epitope-tagged Pol I11 from S. pombe, the use of TspRI-generated templates
that contain a 9 nucleotide 3’ overhang for use in promoter-independent
transcription, and other methods for functional analyses in vitro.

Materials and Solutions

Strains and Media

The wild-type allele of rpc53, which encodes a Pol III-specific subunit of
S. pombe Pol IIlI, was replaced by a double epitope-tagged allele of
spRPC53, by homologous recombination, in the fission yeast strain,
yYH3282 [h" his3-DI leul-32 ura4-D18 ade6-M216 rpc53:(FH-rpc53,
ura4")]. In this strain, the nmtl promoter controls RPC53 expression.
The resulting RPC53 protein contains a FLAG epitope and six histidines
at its N terminus. Cells are grown in YES (5 g/liter yeast extract, 30 g/liter

LE. P. Geiduschek and G. A. Kassavetis, J. Mol. Biol. 310, 1 (2001).

2Y. Huang and R. J. Maraia, Nucleic Acids Res. 29, 2675 (2001).

3M. Hamada, Y. Huang, T. M. Lowe, and R. J. Maraia, Mol. Cell. Biol. 21, 6870 (2001).
‘Y. Huang, E. McGillicuddy, M. Weindel, and R. Maraia, Nucleic Acids Res. 31,2108 (2003).
5 M. Hamada, A. L. Sakulich, S. B. Koduru, and R. Maraia, J. Biol. Chem. 275, 29076 (2000).
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glucose, supplemented with 225 mg/liter each of adenine, histidine,
leucine, uracil, and lysine).

Resins

Anti-FLAG M2 agarose is from Sigma (St. Louis, MO). Ni-NTA resin
is from Qiagen (Valencia, CA). Streptavidin resin is from Pierce
(Rockford, IL).

Other Reagents

FLAG peptide (DYKDDDDK) and imidazole are from Sigma. Prote-
ase inhibitors are from Roche. Ribonucleotides are from Pharmacia
(Piscataway, NJ). Radiolabeled [a-**P]GTP (10 mCi/ml, 3000 Ci/mmol)
is from ICN (Costa Mesa, CA). Biotin-14-dATP is from InVitrogen (Carls-
bad, CA). Escherichia coli tRNA is from Roche, (Indianapolis) and
RNasin is from Promega (Madison). TspRI, EcoRI, BssHII, Xhol, and
the Klenow fragment are from New England Biolabs (Beverly, MA).

Solutions

Buffer A: 200 mM Tris—-HCI, pH 7.9, 10% glycerol (v/v), 10 mM
MgCl,, 2 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl
fluoride (PMSF), 2.5 pg/ml antipain-dihydrochloride, 1 pg/ml apro-
tinin, 0.35 pg/ml Bestatin, 2 pg/ml chymostatin, 0.5 pg/ml leupeptin,
0.5 pg/ml pepstatin A, and 0.1 mg/ml Pefabloc SC

Buffer B: 20 mM HEPES, pH 7.9, 20% glycerol (v/v), 2 mM DTT,
0.1% NP-40, and 0.1 mM PMSF

Buffer C: 20 mM HEPES, pH 7.9, 60 mM KCIl, 10 mM MgCl,,
0.2 mM EDTA, 0.5 pul of RNasin, 0.6 mM ATP, CTP, and UTP,
0.05 mM GTP, and 5 uCi [a—>*P]GTP TB: 20 mM HEPES, pH 7.9,
60 mM KCI, 10 mM MgCl,, 0.2 mM EDTA, and 0.5 ul of RNasin

Buffer D: 20 mM Tris—-HCI, pH 7.4, 7.5 M guanidine-HCI, 0.5%
sarkosyl, and 5 pg/ml of E. coli tRNA

Buffer E (99% deinonized formamide, 0.02% SDS, bromphenol blue,
and xylene cyanole to faint color intensity)

TBE: 90 mM Tris-borate and 2 mM EDTA, pH 8.0

Methods

Method 1. Preparation of Fission Yeast Extracts

1. Grow yYH3282 cells in YES at 32° to an ODgy of 0.8-1.0.
Examine under a microscope to ensure a healthy culture of
rod-shaped fission yeast cells.
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2. Collect cells by centrifugation at 3000 rpm for 15 min. Wash the
pellet (~20 g) once in distilled water and suspend cells in buffer A.

3. Break yeast cells in a French pressure cell (Thermo Spectronic,
Rochester, NY). Pass through a French press twice to increase cell
breakage.

4. Slowly add cold 5 M NaCl to a final concentration of 400 mM and
incubate the lysate for 20 min at 4°, with rotation.

5. Clear the lysate by centrifugation at 36,000 rpm for 1 h at 4° in a
70Ti Beckman rotor (Beckman, Fullerton, CA).

6. Collect the ““S-100”" supernatant, excluding the top lipid layer, and
passit through a Miracloth filter (Calbiochem, Darmstadt, Germany)
to remove any cloudy material.

7. Slowly add cold and finely ground ammonium sulfate at a ratio of
0.35 g/ml of the supernatant.

8. Incubate the precipitate at 4~ overnight for complete solubilization
of the salt.

9. Collect proteins by centrifugation at 10,000 rpm for 30 min at 4° in
a Sorvall SS-34 rotor (Sorvall, Charlotte, NC).

10. Discard the supernatant. Remove residual supernatant by a second
centrifugation at 10,000 rpm for 10 min at 4° in a Sorvall SS-34
rotor.

11. Solubilize the precipitated protein pellet in 20 ml of buffer B and
dialyze the solubilized extract into buffer B containing 500 mM
NaCl. Note that the amount of buffer added at this step will
determine the final concentration of the extract.

12. Remove insoluble material by centrifugation at 10,000 rpm for
10 min at 4° in a Sorvall SS-34 rotor.

13. Aliquot portions of the extract in small tubes (e.g., 1.5 ml) and
store at —80°. The concentration is typically 20 mg/ml.

Method I1. Construction of TspRI-Generated 9 Nucleotide 3' Overhang
(ie., 3'-Tailed Templates)

A series of tRNAS"uGaM genes that differ only in the Pol III termin-
ator that follows the tRNAS"UGAM sequence contain (dT)2-7 residues
at the test terminator.” These genes also contain an efficient Pol III ter-
minator, (dT)8, located approximately 100 bp downstream of the test
terminator. The 3'-tailed tRNAS'ucaM templates are constructed as
follows. A primer containing a 7spRI recognition sequence is used to
amplify the tRNAS"uGaM-2T, -3T, -4T, -5T, -6T, and -7T genes by the
polymerase chain reaction (PCR) using the primers (Mserup2, AC-
CTGCAGTGAAATCAACCATTT GAGCATTGGAAACT, the TspRI
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site is underlined, and Mserdow2, TGGAATTCGAGACCTCCTTTCC
GAGCCCGG CCTTTTTG GCCGAG, EcoRI site underlined), and the
products were cloned into the TA-cloning vector (In Vitrogen) and named
pTA-tRNAS"UGAM-2T, -3T, etc. PCR parameters are one cycle at 94° for
1 min, 25 cycles at 94° for 15 sec, 55° for 30 s, 72° for 1 min, and one cycle
at 72° for 10 min. To generate the 3/-tailed tRNAS"uGaM templates, PCR
is performed on the pTA-tRNAS“"uGaM templates using the M13 forward
and reverse primers. The 3'-tailed templates are generated by digestion of
these PCR products with EcoRI and TspRI, followed by gel purification.
TspRI leaves a 9 nucleotide 3’ overhang upstream of the tRNA sequence,
whereas EcoRlI leaves a 5’ overhang just beyond the efficient (dT)8 termin-
ator. Because Pol III will initiate from the 3’ overhang but not the 5 over-
hang (R. Maraia, unpublished result), the tailed template will efficiently
load Pol III for unidirectional transcription (see Fig. 1).

A
Purification scheme for tandem epitope-tagged S. pombe RNA Polymerase II1
Ammonium sulfate (40%) precipitation of S100
Anti-FLAG M2 agarose chromatography
Nickel-NTA agarose chromatography
Glycerol gradient (10-40%) sedimentation

B TspRI-generated 3'-tailed template constructs
TspR1 TNE2-T) EcoR1
-102 (+1) +110 +158
3 ||III\IIIHI[III\IIIHI\II\\IIHIII\III\\[III5.
Tn 212 nt
RT 265 nt
C Immobilized template for assembly of transcription complexes
EcoRl T BssHI
-200 +1 Tn(3) +207 +252
OlHHIIIIIITHIIIHL]_HIHILHILHIIIIIHIH
207 nt

FiG. 1. (A) Purification scheme for double epitope-tagged S. pombe RNA polymerase II1.
(B) Schematic representation of the TspRI-generated 9 nucleotide, 3’ overhang-containing
template used to examine promoter-independent transcription of naked DNA constructs by
SpPol III. (C) Schematic representation of the tRNA gene construct used to examine
promoter-dependent transcription of preassembled transcription complexes by SpPol III.
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Method II1. Promoter-Dependent Transcription by S. pombe RNA
Polymerase Il of Preassembled, Immobilized tRNA Transcription
Complexes (Pol Il Recycling Assay)

Accurate initiation of the S. pombe tRNAS"UGAM-3T gene produces
a ~210 nucleotide transcript that terminates at the downstream (dT)8
terminator.” The tRNA gene is immobilized as follows.

1.

2.

»

Digest 4 ug of plasmid pMser3T carrying the tRNAS"UGAM-3T
gene with EcoRI.

Biotinylate the DNA with the Klenow fragment and biotin-14-
dATP. Unincorporated nucleotides are removed by a G-50 quick
spin high-capacity column (Roche).

Digest with BssHII and Xhol.

Immobilize the 469-bp DNA fragment containing the tRNAS®
UGAM-3T gene by overnight incubation with the streptavidin-
agarose resin as described.®

Quantitate the concentration of immobilized DNA per volume of
agarose by ethidium bromide staining and comparison to known
amounts of standard DNA.

. Store at 4° as a 50% slurry of agarose-DNA in TE containing 0.1%

sodium azide.

Assembly of the Preinitiation Complex

1.

Incubate 10 ul of extract with 20 pl of streptavidin resin containing
0.5 pg immobilized template in 200 ul of TB containing 0.5 mM
ATP, CTP, and GTP for 30 min at 25° (to compare different ratios
of immobilized DNA to your extract).

. Remove the supernatant after centrifugation at 1000 rpm at 4° for

5 min. Wash the resin twice with 0.5 ml of TB containing 400 mM
KCI and twice with TB.

Promoter-Dependent Transcription Reaction and RNA Purification

1. Make a mixture of 25 ul of buffer C containing 200 ng of the
immobilized template and 1-5 pl of affinity-purified S. pombe
RNA pol IIL.

2. Incubate at 25° for 1 h.
3. Stop the reaction by adding 87.5 ul of buffer D, followed by

87.5 pl of H,O and 200 pl of ultrapure phenol:chloroform:isoamyl
alcohol (25:24:1, v/v). Vortex and/or nutate for at least 5 min.
Centrifuge at 14,000 rpm for 10 min at 25°.

SR. J. Maraia, D. J. Kenan, and J. D. Keene, Mol. Cell. Biol. 14, 2147 (1994).
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10.

Extract the aqueous phase, add 0.1 volume of 2 M NaOAc, pH 5.2,
and 0.5 ml of ethanol, vortex, and incubate the mixture at —20°
for 2 h.

Collect the pellet by centrifugation at 10,000 rpm for 30 min.
Discard the supernatant, and dry the pellet in a SpeedVac Plus
centrifuge (Savant, Hicksville, NY) for 15 min.

Resuspend the pellet in 20 pl of buffer E.

Heat at 85° for 10 min.

Analyze transcription products by electrophoresis on prerun,
prewarmed 6% polyacrylamide gels containing 8 M urea in TBE.
Fix the gel in 30% methanol and 5% acetic acid for 30 min, dry
the gel with a gel dryer apparatus (Bio-Rad, Hercules, CA), and
expose the gel to a FUJIFILM screen (Fuji, Stamford, CT) for
autoradiography.

Analyze data with Image Reader software (Fuji).

Method 1V. Purification of Double Epitope-Tagged S. pombe RNA
Polymerase III Affinity Purification

1.

i

Incubate 100 mg of extract containing the epitope-tagged subunit
of Pol IIT with 100 yl of anti-FLAG M2 agarose at 4° for 4 h with
constant rotation.

Wash the resin five times with 15 volumes of buffer B containing
500 mM NacCl.

Elute bound material twice for 30 min at 4° in 10 pl of buffer B
containing 500 mM NaCl and 200 pg/ml FLAG peptide that has
been neutralized to pH 7.4.

Combine both eluates and add buffer B containing 500 mM NaCl
to a final volume of 300 ul and imidazole to a final concentration
of 5 mM.

Add 30 yul of Ni-NTA resin and incubate for 4 h at 4°.

Wash the resin three times with 15 volumes of buffer B containing
500 mM NaCl and 5 mM imidazole, followed by 15 volumes of
buffer B containing 500 mM NaCl and 20 mM imidazole.

Elute bound material twice for 30 min at 4° in 20 pl of buffer B
containing 100 mM NaCl and 300 mM imidazole.

To remove imidazole, dilute the preparation 10-fold in buffer B
containing 100 mM NaCl and then concentrate with a Microcon
YM-3 (Millipore, Bedford, MA). Repeat this procedure three
times.

Aliquot and store the Pol III preparation at —80°.
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FiG. 2. SDS-PAGE, silver staining analysis of tandem epitope-tagged, affinity-purified
S. pombe RNA Pol III. (A) SpPol 11T was isolated from yYH3282 cells by anti-FLAG M2
chromatography, followed by purification on Ni-NTA agarose (lane 5). The affinity-purified
SpPol III was then subjected to centrifugation through a 10 to 40% glycerol gradient.
Gradient fractions are collected from top to bottom and analyzed by 4-20% SDS-PAGE
followed by silver staining. Lanes 1-5 are even numbered fractions 14-22. Positions of four S.
pombe RNA pol III subunits, spRpc160, spRpc130, FH-spRpc53, and spRpc34, detected by
Western blotting (data not shown) are indicated by arrows, and positions of associated
proteins are indicated by dots at the right of lane Fxn #18. Molecular mass markers are
indicated to the left. (B) Products of in vitro transcription reactions with 10 pl of the glycerol
gradient fractions 14 through 22 and the TspRI-generated 3'-tailed template (corresponding
to the —3T construct, see Fig. 3) shown in Fig. 1B. The arrow indicates the position of the
major transcription product of SpPol III transcription.

10. Analyze the preparation by 4-20% SDS-PAGE (In Vitrogen) fol-
lowed by silver staining with the SilverXpress kit (In Vitrogen). A
typical sample of the Pol III prepared this way (1 ul) is shown in
Fig. 2A.

Glycerol Gradient Sedimentation

1. Prepare a 10-40% glycerol (v/v) gradient in buffer B containing
100 mM NaCl in a 3-ml Beckman centrifuge tube using the Biologic
program on a Biologic workstation (Bio-Rad).
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2T 3T 4T 5T 6T 7T
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Fic. 3. Examination of termination by SpPol III using TspRI-generated 3'-tailed templates.
Digestion of DNA with TspRI yields a 3’ overhang of 9 nucleotides and serves to load Pol 111
for initiation at the junction of the 3’ overhang (the tail) and the dsDNA. Immunoaffinity-
purified SpPol III was used to transcribe 3'-tailed templates that differed only in the number
of dTs at the test terminator, TN(,_7) (from 2T to 7T, as labeled above the lanes). Polymerases
that terminate at TN produce a band of ~210 nucleotides, whereas polymerases that continue
beyond TN produce read-through (RT) transcripts of ~260 nucleotides (i.e., that extend to the
EcoRI end of the template). Note the appearance of and increasing amount of T1 band with
increasing dT tract length of Tn. Both RT and T~ bands were sensitive to the Pol III-specific
inhibitor tagetitoxin (not shown).

— Immobilized template -

r Nakedq —  Preassembled —
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FiG. 4. Promoter-dependent transcription by purified, tandem epitope-tagged SpPol II1.
In vitro transcription was performed with supercoiled plasmid pMser-3T and 5 ul of S. pombe
extract to serve as a positive control (lane 1) or using the immobilized pMser-3T template
shown in Fig. 1C preassembled with transcription complexes (lanes 3-5) or without
preassembly (i.e., naked immobilized DNA, lane 2). One-half microliter (lane 4) or 2 ul
(lane 5) of affinity-purified SpPol III was used in the reactions shown in lanes 4 and 5 as
indicated. Two microliters of bovine serum albumin (250 ng/ml) served as control for lane 3.
Arrow points to the 207 nucleotide RNA.
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2. Gently layer 200 ul of the purified Pol III onto the top of the
10-40% glycerol gradient and centrifuge at 55,000 rpm for 5 h at 4°
in a SW60Ti rotor using a L8 ultracentrifuge (Beckman).

3. Collect 100-ul fractions from the top of the centrifugation tube using
the density gradient fractionator (Brandel, Gaithersburg, MD) and
the continuous fraction collector (Brandel). Fractions (5 pl) when
analyzed by SDS-PAGE followed by silver staining typically show
the pattern as in Fig. 2B.

Discussion

Our analyses reveal that SpPol III is a multisubunit complex as
expected (Fig. 2). Characterization of the individual polypeptide bands
by sequencing should allow the identification of each subunit of S. pombe
RNA polymerase III and any associated factors. Comparison of our
preparation to Pol III from human and S. cerevisiae is consistent with a high
degree of conservation.

The affinity-purified SpPol III (Fig. 2) is active in (i) promoter-
independent transcription of naked DNA containing a 3’ overhang, (ii)
recognition of the Pol IIl-specific termination signal (Fig. 3), and (iii)
promoter-dependent tRNA gene transcription (Fig. 4). However, the
relatively low level of termination efficiency of isolated Pol 111 as compared
to that observed from intact S. pombe transcription complexes assembled
via a promoter-dependent mechanism on the same templates® suggests
a role for promoter-mediated initiation and/or involvement of TFs III
in increasing termination efficiency. Additional characterization of the
affinity-purified, epitope-tagged RPC53 Pol III also exhibits sensitivity to
the Pol ITI-specific inhibitor tagetitoxin (data not shown).

Isolation of SpPol III represents a necessary step toward the reconstitu-
tion of an in vitro Pol 111 system from S. pombe. The method described here
should also be applicable to other multisubunit transcription factors, e.g.,
the Pol IlI-specific factor TFIIIC, and to identify factors associated with
the TFIIB-related factor (Brf) variant that is involved in the TATA-
dependent transcription of Pol III-dependent genes in S. pombe.

The TspRI-mediated generation of 3’-overhang templates described
here, for the first time, provides a homogeneous preparation of a template
containing an extended, i.e., 9 nucleotide 3’ overhang that should be gener-
ally applicable to other templates (i.e., the TspRI recognition sequence can
accommodate a large number of unique sequence variations) for the study
of other RNA polymerases.
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[15] Purification of Highly-Active and Soluble Escherichia
coli o’° Polypeptide Overproduced at Low Temperature

By Hunun Zu1 and DING JuN JIN

The sigma subunit of bacterial RNA polymerase (RNAP) is required
for promoter-specific transcription initiation.! Among the multiple sigma
factors in Escherichia coli, o'° is the primary sigma factor that is respon-
sible for the transcription of house keeping genes.”” In traditional RNAP
purification procedures, o’° is tightly associated with core RNAP forming
holoenzyme and it can be separated from core RNAP by multiple chroma-
tography involving Bio-Rex 70/DEAE-cellulose and Ultragel AcA44.* For
rapid purification of large amounts of the o’ polypeptide, several expres-
sion systems have been developed to overproduce native or recombinant
o’ polypeptide.” ' In general, expression of the ¢’ polypeptide was in-
duced at 37° or higher. Under these conditions, however, the overproduced
o’? formed insoluble inclusion bodies inside cells’'° (see Fig. 2). Thus, to
purify o’ from inclusion bodies, one must solubilize the ¢’® in denaturant
solutions such as 8 M urea or 6 M guanidinium hydrochloride and then
allow the solubilized ¢’° polypeptide to refold by gradually removing the
denaturants through dialysis or multiple dilutions. However, it has been
found that only a small fraction (5-10%) of the refolded o’° polypeptide
is monomeric and fully active.>!!

It is a very common phenomenon that high-level expression of desired
proteins is accompanied by a deposition of overproduced products into in-
soluble inclusion bodies in E. coli-based expression systems. The reasons
for misfolding and subsequent aggregation of overproduced proteins in
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3 M. Lonetto, M. Gribskov, and C. A. Gross, J. Bacteriol. 174, 3843 (1992).

“P. A. Lowe, D. A. Hager, and R. R. Burgess, Biochemistry 18, 1344 (1979).

5 M. Gribskov and R. R. Burgess, Gene 26, 109 (1983).

% A. Kumar, B. Grimes, N. Fujita, K. Makino, R. A. Malloch, R. S. Hayward, and
A. Ishihama, J. Mol. Biol. 235, 405 (1994).

7 A. J. Dombroski, Methods Enzymol. 273, 134 (1996).

8 C. Wilson and A. J. Dombroski, J. Mol. Biol. 267, 60 (1997).
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Overnight culture in LB with 2% glucose, ampicillin (100 zg/ml) and tetracycline
(10 pg/ml) at 30°C or 37°C

Cell culture growing at 30°C or 37°C is induced at mid-log phase with 1 mM IPTG,
followed by growing cells at 30°C. Cells are harvested 3 hrs after the induction

Cells are disrupted by pressure disruption
Collect soluble fractions after centrifugation

|

Metal affinity resin
Bound 67’ is eluted with 50 mM imidazol

Resource Q column
0.1-0.5 M NaCl gradient

o fractions are concentrated and stored in protein storage buffer

FiG. 1. Schematic for overproduction and purification of soluble His-tagged o’° from E. coli
XL-1 blue/pQE30-rpoD.

E. coli are not well understood thus far; however, it has been reported that
the solubility and activity of overproduced proteins can be increased by
induction at low temperature,'>'* fusion with thioredoxin,'*'* or coex-
pression with some molecular chaperones, such as GroEL/GroES, ClpB/
DnaK, and DnalJ."*"'® This article describes a simple method for the purifi-
cation of large amounts of soluble ¢’° polypeptide with high activity. The
key element in obtaining overproduced soluble o’® polypeptide inside cells
is to induce the expression of the protein at a low temperature (30°) instead
of at 37° (Fig. 2). By this method, we can isolate highly pure and active His-
tag-0’° recombinant proteins in larger quantities using only two simple
steps. A schematic of the overproduction and preparation procedure is
shown in Fig. 1

Cell Growth and Induction

The E. coli strain (AD19275) that overproduces the histidine-tagged o’°

protein was kindly provided by Dr. Alicia Dombroski. The rpoD gene
is cloned into Kpnl and Hindlll sites in the polylinker of the pQE-30

2R.T. Aplin, J. E. Baldwin, S. C. Cole, J. D. Sutherland, and M. B. Tobin, FEBS Lett. 319,
166 (1993).

13 K. X. Huang, Q. L. Huang, M. R. Wildung, R. Croteau, and A. 1. Scott, Protein Expr. Purif.
13, 90 (1998).

4. P. Chao, C. J. Chiang, T. E. Lo, and H. Fu, Appl. Microbiol. Biotechnol. 54, 348 (2000).

K. Yokoyama, Y. Kikuchi, and H. Yasueda, Biosci. Biotechnol. Biochem. 62, 1205 (1998).

16.C. Schlieker, B. Bukau, and A. Mogk, J. Biotechnol. 96, 13 (2002).
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expression vector (Qiagen, Chatsworth, CA), resulting in pQE30-rpoD and
the recombinant ¢’® protein containing a six-histidine tag at its N ter-
minus.”® The host for the pQE30-rpoD is XL1-Blue [recAl(F', proAB,
lac19Z AM15, Tnl0)] (Stratagene, La Jolla, CA). The overnight culture
of AD19275 (XL1-Blue/pQE30-rpoD, also renamed as DJ420 in our strain
collection) is grown overnight in 25 ml LB medium plus 2% glucose,
100 pg/ml ampicillin, and 10 pg/ml tetracycline at 37°. The next day, the
entire 25-ml overnight culture is diluted 1:10 in fresh LB medium
(250 ml) plus 2% glucose and 100 pg/ml ampicillin and is grown at 30° or
at 37° until midlog phase (ODgyy ~ 0.5-0.7). Isopropyl-3-D-thiogalacto-
side (IPTG) is added to a final concentration of 1 mM, and the cultures
are grown at 30° for an additional 3-4 h. Cells are harvested by
centrifugation at 3500 rpm for 15 min at 4° in a cold Sorvall H-6000 rotor.
The cell pellets are stored at —70° or used immediately. Note. To monitor
the expression of rpoD, 1 ml of cells from cultures immediately before the
addition of IPTG and 1 ml of cells from cultures after induction for 3—4 h
are spun down and resuspended in 100 pl of 1x NuPAGE LDS sample
buffer (Invitrogen, Carlsbad, CA). After heating at 90° for 5 min, samples
(10 pl) from equivalent cells (ODgp units) are resolved on a 10% Bis—Tris
SDS-PAGE gel and stained with Simply Blue SafeStain (Invitrogen).

Comments. Glucose is included in the medium to minimize leaky ex-
pression of ¢’ under noninducing conditions. Because an excessive
amount of soluble ¢’° from leaky expression is detrimental to cell growth
(at 30°), it is better to grow preinduction cultures at 37° to expedite the
growth of cells followed by induction at 30°.

Purification Procedure
The following are carried out at 4° or on ice with precooled buffers.

1. The cell pellet from the 250-ml culture is resuspended in 20 ml ice-
cold binding buffer (BB): 20 mM Tris-HCI, pH 8.0, 5 mM imidazole,
500 mM NaCl, 1 mM 4-(2-aminoethyl)benezenesulfonyl fluoride hydro-
chloride (AEBSF; ICN Biomedicals Inc.). Cells are lysed by two passes of
the cell suspension through a French press at 1000 psi. The cell lysate is
centrifuged for 20 min at 12,000 rpm in a Sorvall SS-34 rotor, and the
supernatant is saved, as it contained most of overproduced o’ (Fig. 2).
Note. When needed, the pellet is resuspended in 20 ml binding buffer
containing 8 M urea. To monitor the distribution of the ¢’° in different
fractions, the samples of total cell lysate, supernatant, and 8 M urea extract
are mixed with equal volume of 2x NuPAGE LDS sample buffer, resolved
on 10% Bis-Tris SDS-PAGE gels, and stained (Fig. 2).
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F1G. 2. SDS-PAGE analysis for solubility of His-tagged ¢’° overproduced at 30 and 37°.
Lane M: SeeBlue Plus2 prestained protein markers (Invitrogen); their sizes are indicated on
the left. Lane 1: cell lysate before induction. Lane 2: cell lysate after induction for 4 h with
1 mM IPTG. Lane 3: the supernatant of cell lysate. Lane 4: 8 M urea extract of the pellet.
Each lane contains the equivalent of 100 ul of cells at ODgyp = 0.5.

2. Six milliliters of 50% slurry of Talon Superflow metal affinity resin
(Clontech, Palo Alto, CA) is placed in a gravity flow column (1 x 20 cm,
Econo column, Bio-Rad, Hercules, CA). The column is washed twice with
10 ml of distilled water, followed by equilibrium with BB. The supernatant
containing ¢’ is passed two times by gravity flow through the metal affinity
column. The column is washed four times with 5 ml of BB. Bound proteins
are eluted in 20 ml of elution buffer (20 mM Tris—-HCI, pH 8.0, 50 mM
imidazole, 500 mM NaCl, and 1 mM AEBSF). Most of the His-tagged ¢"°
polypeptide elutes under this condition (Fig. 3).

3. The His-tagged o’° fraction from Talon metal affinity column
is purified further by the application of a Resource Q column (1 ml,
Amersham, Piscataway, NJ) using the FPLC system. The eluate from the
metal affinity column is dialyzed overnight against 1 liter of TGED bulffer
[S0 mM Tris-HCl, pH 8.0, 10% glycerol, 0.1 mM EDTA, 0.1 mM
dithiothreitol (DTT)] plus 0.01% Triton X-100 and is then loaded on a
Resource Q column, which is equilibrated with TGED. A total of 40 ml of
the linear gradient from 0.1 to 0.5 M NaCl in TGED buffer is used to
separate the His-tagged o'° at 1 ml/min flow rate. The fractions (2 ml
each) are collected and subjected to SDS-PAGE analysis. More than 50%
of input ¢’” is eluted at 0.35 M NaCl from the Resource Q column with
high purity (>98%) (Fig. 4). Fractions containing ¢’® are concentrated to
about 1-2 mg/ml by application of Centricon YM-30 concentrators
(Amicon, Bedford, MA) mixed with an equal volume of pure glycerol
and stored at —70° for long-term storage. The typical yield is about
5-10 mg of ¢’° from a 250-ml culture.
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FiG. 3. Purification of soluble His-tagged ¢’® using Talon Superflow metal affinity
resin. Lane M: SeeBlue Plus2 prestained protein markers. Lane 1: the soluble fraction of cell
lysate. Lane 2: flow through from the metal affinity column. Lanes 3-5: the eluate of 50, 100,
and 1000 mM imidazole, respectively. Each lane contains the equivalent of 100 ul of cells at
OD600 =0.5.

In Vitro Transcription Assay for Sigma Activity

The activity of the purified ¢’° is evaluated by its ability to stimulate
promoter-specific transcription. First, the holoenzyme for the in vitro tran-
scription assay is reconstituted by mixing purified core enzyme at a concen-
tration of 100 nM with various concentrations of the purified ¢’°. For
example, to reconstitute the holoenzyme at a 1:1 molar ratio of core
RNA polymerase to ¢’°, about 4 ug core RNA polymerase and 0.7 g
0’® are mixed in 100 ul of protein storage buffer (50 mM Tris-HCI, pH
8.0, 50% glycerol, 0.1 mM EDTA, 0.1 mM DTT, and 50 mM NaCl) at
room temperature (25°) for 10 min and then stored at —20°. The soluble
o’% is purified as described in this article, whereas the ¢’® from inclusion
bodies (they are induced at 37°) is prepared as described previously.”®

For in vitro transcription, a reaction mixture is prepared as follows: 2 ul
of 5x transcription buffer (200 mM Tris—-HCI at pH 8.0, S mM DTT,
0.5 mg/ml purified bovine serum albumin, 50 mM magnesium chloride,
and 750 mM NaCl), 1 ul of plasmid DNA template containing the Tac pro-
moter (pDJ631, 0.1 pg/ul), and 4 pl of H,O. The 7-ul aliquots of the reac-
tion mixture are mixed with 1-ul aliquots of the reconstituted RNAP
holoenzyme (~0.04 ug/ul) to give the final concentration of ~10 nM (cal-
culated for a final reaction volume of 10 pl). Following a 15-min preincuba-
tion at 37°, the transcription reactions are initiated by the addition of 2 ul
of 5x NTP mixture (1 mM for ATP, CTP, and GTP, 0.1 mM for UTP) con-
taining 1 pCi of [a-**P]JUTP. After incubation at room temperature (25°)
for 15 min, the transcription reactions are terminated by the addition
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FiG. 4. Purification of soluble His-tagged ¢’° using the Resource Q column. (A) The
protein elution profile. (B) SDS-PAGE analysis of fractions from the Resource Q column.
Ten-microliter samples of each fraction were mixed with 10 ul of 2x sample buffer, and 10 ul
of the mixture was loaded on a 10% NuPAGE Bis-Tris gel (Invitrogen). The fraction
numbers are labeled on the top. Lane M: SeeBlue prestained protein markers (Invitrogen)
and their sizes are indicated on the left.

of 5 ul of stop solution (250 mM EDTA at pH 8.0, 50% glycerol, 0.05%
xylene cyanol, and bromphenol blue). Aliquots of the terminated
reactions (3 ul) are analyzed on a 6% sequencing gel. The RNA transcripts
are visualized and quantified by exposure of the gel to a PhosphorImager
screen (Amersham, Piscataway, NJ).

As shown in Fig. 5, the reconstituted RNAP from the soluble ¢’° poly-
peptide was highly active. The RN AP reconstituted at a 1:1 molar ratio of
core RNA polymerase to ¢’ was nearly as active as the holoenzyme
purified by the conventional method,'” and the RNAP reconstituted at a

7M. V. Sukhodolets and D. J. Jin J. Biol. Chem. 273, 7018 (1998).
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FiG. 5. In vitro transcription assays using His-tagged o'® polypeptides purified from
soluble or insoluble fractions. The soluble o’® was purified as described in the text, whereas
the ¢’ from inclusion bodies was prepared as described previously.”® The in vitro
transcription assay was carried out in the presence of about 10 nM core RNAP and indicated
amounts of purified o’°. The same amount of purified holo RNAP (labeled as Holo, 10 nM)
was used as control. Transcripts from 7ac and RNAI promoters are indicated.

1:2 molar ratio of core RNA polymerase to o'’ was a active as the holoen-

zyme. However, the recombinant ¢’° polypeptide purified from insoluble
inclusion bodies had very low activity (Fig. 5), in agreement with the notion
that the majority of the refolded ¢’® polypeptides purified from inclusion
bodies were multimeric and inactive.”
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[16] Expression, Purification of, and Monoclonal
Antibodies to ¢ Factors from Escherichia coli

By LArry C. ANTHONY, KATHERINE M. FoLEY, NaNcy E.
THompsoN, and RicHARD R. BURGESS

Escherichia coli DNA-dependent RNA polymerase is the sole enzyme
responsible for the synthesis of messenger, transfer, and ribosomal RNA.
This multisubunit enzyme consists of four different polypeptide chains with
subunit architecture a,33’w. While the RNA polymerase core enzyme is
capable of elongation and termination of transcription, an additional sub-
unit, o, is required to initiate transcription selectively at specific promoter
sequences.'” The E. coli housekeeping o factor, ¢’°, was the first prokary-
otic o factor to be purified and characterized.' Since then, six additional o
factors have been found in E. coli K12. All seven sigma factors have been
categorized into two families by means of sequence similarity.> The ¢”°
family contains ¢’°, 6%, 0°%, 6%, o, and o', However, 0™, because of dif-
ferences in sequence, promoter recognition, and function, is relegated to its
own separate family.* Proteins from the ¢’ family have been shown to
interact with two conserved DNA hexamers centered approximately 10
and 35 bp upstream of the transcription start site.”® In addition to unique
spacing requirements within promoters, each sigma factor recognizes spe-
cific promoter sequences, allowing E. coli the means to regulate gene ex-
pression.”® For example, ¢ initiates transcription of genes expressed
during heat shock,” whereas o° directs expression of genes required for
stationary phase survival (Table I)."

The major sigma factors of E. coli (¢°, 0%, 6°, 0, and ¢") can be
purified using the basic principles of overexpression, isolation of inclusion
bodies, denaturation and protein refolding, and purification over an
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4W. Cannon, M. F. Claverie, S. Austin, and M. Buck, Mol. Microbiol. 8, 287 (1993).
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TABLE I
EXPRESSION STRAINS AND PROPERTIES OF E. coli o FACTORS

Overexpression Calculated No. of 1 Asgo nm’ Isoelectric Charge
o factor strain (plasmid)® Function MW amino acids (mg/ml) point? (pH 7)° Refs.
o (6®)  LCAS7 (pLA4) Housekeeping 70,261 613 1.77 4.59 —425 14
a* (™)  LCA7 (pLA5) Nitrogen regulation 54,011 477 1.26 454 —30.6 18
o8 (6%  LN14 (pLHN30)  Stationary phase 37,956 330 1.46 479 -17.3 16
o2 (6)  LN9 (pLHN16) Heat shock 32,468 284 0.75 5.72 5.0 12,17
o (6¥)  LCAI17 (pLN17)  Flagellar synthesis 27,520 239 1.01 5.16 -82 11,15
ot LCA30 (pLA17)  Periplasmic stress 21,695 191 1.47 5.31 -2.9 This work; 19
ofeet LCA3S (pJP2) Iron transport 19,479 173 1.08 6.01 -2.5 This work; 20

“BL21(DE3)pLysS was used as the expression strain for ¢’°, 0>*, 6%, 0, and o*. BL21(DE3) was used for ¢* and BL21(DE3)Tuner was

Fecl

used for o “ overexpression. All BL21 derivatives were obtained from Novagen (Madison WI).

b Absorption coefficients, isoelectric points, and protein charge were calculated for the gene sequence using the DNASTAR Protean module

(DNASTAR, Madison, WI).
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ion-exchange column. Their significant negative charge at physiological pH
(Table I) allows for purification on anion-exchange resin such as PorosHQ
or Mono Q resins (Amersham). Protocols describing the purification
of these sigma factors have been published previously.''"* Therefore,
the purification protocols described in this article merely summarize and
refine the established protocols using the most current chromatography
techniques.

Because of lower expression levels and their specific properties, the
extracytoplasmic sigma factors (¢ and o7°“") cannot be purified using
the basic technique described earlier for the purification of the other
E. coli o factors. Neither ¢F nor ¢! has a significant charge at physio-
logical pH (Table I) and will not bind tightly to anion or cation-exchange
resin. Additionally, upon overexpression of o from a T7 promoter,
it was found that 90% of the o protein remained with the cellular mem-
brane fraction following cell disruption and was not suitable for purifica-
tion."” Due to its extreme insolubility and aggregation during refolding
from denatured inclusion bodies, o"°' has required untraditional means
of purification, such as size exclusion chromatography in the presence of
mild denaturant.”’ Clearly, alternative methods for purification are re-
quired for these o factors. Our laboratory has found that purification of
0" can be accomplished easily through use of a Hiss-thrombin cleavage
tag overexpression vector (pET15b, Novagen). Through the use of the
Fold-It kit (Hampton Research), we found the optimal refolding conditions
for 07! and developed a method of purification based on one single
chromatographic step.

We also have generated a library of monoclonal antibodies to each of
the seven E. coli o factors (Table II). This antibody library provides useful
tools for performing Western blot assays, immunoprecipitation assays, and
analysis of transcription in E. coli.

"'D. N. Arnosti and M. J. Chamberlin, Proc. Natl. Acad. Sci. USA 86, 830 (1989).

I2R. R. Burgess, Methods Enzymol. 273, 145 (1996).

13R. R. Burgess and M. W. Knuth, in “Strategies for Protein Purification and Characteriza-
tion: A Laboratory Course Manual,” p. 205. Cold Spring Harbor Press, Cold Spring Harbor,
NY, 1996.

14 M. Gribskov and R. R. Burgess, Gene 26, 109 (1983).

15T, K. Kundu, S. Kusano, and A. Ishihama, J. Bacteriol. 179, 4264 (1997).

161.. H. Nguyen and R. R. Burgess, Protein Expr. Purif. 8,17 (1996).

7L. H. Nguyen, D. B. Jensen, and R. R. Burgess, Protein Expr. Purif. 4, 425 (1993).

8D, Popham, J. Keener, and S. Kustu, J. Biol. Chem. 266, 19510 (1991).

19°S. Raina, D. Missiakas, and C. Georgopoulos, EMBO J. 14, 1043 (1995).

204, Angerer, S. Enz, M. Ochs, and V. Braun, Mol. Microbiol. 18, 163 (1995).



TABLE II
o-SPECIFIC MONOCLONAL ANTIBODIES AND THEIR PROPERTIES

Epitope Polyol responsive
Antibody o Isotype (amino acids) Western blot? Immunoprecipitates? for IAC? Refs.?

2G10 o° IgG3 470-486 Yes Holoenzyme No 1,2

6RN3 o> IgG2a 88-137 Yes No No 3

1RS1 o’ IgG1 33-256 Yes No No 4

3RH3 o2 IgG1 1-25 Yes Holoenzyme ND 5

1RF18 o IgG1 ND¢ Yes ND ND This work
1RES3 ot IgG1 ND Yes oF, holoenzyme Yes This work
1FE16 ofeet IgG1 ND Yes 07! holoenzyme Yes This work

“ Antibodies that are “polyol” responsive may be used for immunoaffinity chromatography (IAC) by attaching the antibodies to a
chromatography resin (i.e., CNBr-activated Sepharose).®

»1, M. S. Strickland, N. E. Thompson, and R. R. Burgess, Biochemistry 27,5755 (1988); 2, L. Rao, D. P. Jones, L. H. Nguyen, S. A. McMahan,
and R. R. Burgess, Anal. Biochem. 241, 173 (1996); 3, S. A. Lesley, Ph.D. Thesis, University of Wisconsin-Madison; 4, L. H. Nguyen, D. B.
Jensen, N. E. Thompson, D. R. Gentry, and R. R. Burgess, Biochemistry 32, 11112 (1993); 5, S. A. Lesley, N. E. Thompson, and R. R.
Burgess, J. Biol. Chem. 262, 5404 (1987); 6, N. E. Thompson, D. A. Hager, and R. R. Burgess, Biochemistry 31, 7003 (1992).

“Not determined.
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Purification of ¢7°, ¢°%, ¢°, ¢°2, and o"

Buffer A: 50 mM Tris—-HCI, pH 7.9; 100 mM NaCl; 0.1 mM
EDTA; 0.1 mM dithiothreitol (DTT); 5% glycerol

Buffer B: 50 mM Tris-HCI, pH 7.9; 6 M guanidine-HCI;
100 mM NaCl; 0.1 mM DTT

Buffer C: 50 mM Tris—-HCI, pH 7.9; 50 mM NaCl; 0.1 mM
EDTA; 0.1 mM DTT; 5% glycerol

Buffer D: 50 mM Tris—-HCI, pH 7.9; 500 mM NaCl; 0.1 mM
EDTA; 0.1 mM DTT; 5% glycerol

Storage buffer: 50 mM Tris—-HCI, pH 7.9; 100 mM NaCl; 0.1 mM

EDTA; 0.1 mM DTT; 50% glycerol

1. Escherichia coli BL21(DE3)pLysS cells containing the appropriate
overexpression vector are subcultured into 500 ml LB medium supple-
mented with antibiotics at 37° to Agyo nm 0.5-0.6 and induced by the
addition of 1 mM isopropylthio-g3-p-galactoside (IPTG). Cells are allowed
to grow for an additional 3 h before harvesting by centrifugation at 8000 g
for 25 min at 4°. Cells can be stored at —20° until use.

2. Cells (~0.7 g wet weight) are resuspended in 10 ml of buffer A.
Cells are sonicated for 90 s and centrifuged at 20,000 g for 15 min at 4°.

3. The inclusion body pellet is washed with 10 ml of buffer A + 1%
Triton X-100 to remove cell membranes and membrane proteins and is
then centrifuged as described earlier. The inclusion body pellet is then
washed twice with 10 ml of buffer A to remove residual Triton X-100.

4. The wash inclusion body pellet is solubilized in 5 ml of buffer B and
incubated at room temperature for 30 min. Insoluble material is removed
by centrifugation at 20,000 g for 15 min at 4°.

5. The solubilized inclusion bodies are slowly drip diluted over 5 min
into 300 ml of buffer C at 4° with constant stirring and allowed to refold for
1 h at 4°. The solution is then centrifuged at 8000 g for 25 min to remove
any insoluble material.

6. The clarified solution is applied to a 10-ml PorosHQS50 anion-
exchange column preequilibrated with buffer C at a flowrate of 2-3 ml/
min. The column is then washed with buffer C for 10 minutes and eluted
over 30 min with a linear salt gradient of 0-100% buffer D.

7. Peak fractions are pooled and dialyzed against storage buffer and
stored at —80°.

Purification Notes

o A SDS-PAGE gel showing the purified o factors after dialysis into
storage buffer is presented in Fig. 1.
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FiG. 1. SDS-PAGE of the purified major o factors from E. coli. All proteins were purified
from inclusion bodies, solubilized and refolded from 6 M guanidine hydrochloride, and
purified by anion-exchange chromatography. Lane M is broad range protein molecular weight
markers (Novagen). Sizes in kilodaltons are indicated on the left.

e We have found that while PorosHQS50 resin works well for the
purification of ¢’°, it does not have the resolution necessary to
separate o'° monomer from dimer. For this reason, we recommend
using Mono Q resin, which is easily able to separate the two o’°
species.

e For overexpression of ¢°2, rifampicin was added (150 pg/ml
final concentration) to the LB culture media 30 min after the
addition of IPTG. This step is necessary to inhibit the production
of heat shock proteins, which would otherwise degrade the
overproduced o°>'%13,

e Because of both positive and negative protein surfaces, 0> can be
purified over either anion- or cation-exchange columns. A detailed
protocol on refolding o> from Sarkosyl and use of cation exchange
has been published previously.'*"?

Purification of ¢

Buffer E: 50 mM Tris—-HCI, pH 7.9; 500 mM NaCl; 10 mM
imidazole; 0.1% Tween 20; 5% glycerol
Storage buffer: 50 mM Tris—HCI, pH 7.9; 200 mM NaCl; 0.1 mM
EDTA; 0.1 mM DTT; 50% glycerol
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1. Escherichia coli cells LCA30 [BL21(DE3), pLA17] are subcultured
into 200 ml LB medium supplemented with 100 pg/ml ampicillin at 37° to
Ageoo nm 0.5-0.6 and induced by the addition of 1 mM IPTG. Cells are
allowed to grow for an additional 3 h before harvesting by centrifugation
at 8000 g for 25 min at 4°. Cells can be stored at —20° until use.

2. Cells (0.4 g wet weight) are resuspended in 20 ml of buffer E and
lysozyme is added to facilitate cell breakage. Cells are sonicated for 90 s,
and the sample is centrifuged at 20,000 g for 15 min 4°.

3. The supernatant containing soluble Hise-thrombin-¢* is transferred
to a 50-ml polypropylene tube and diluted with 20 ml of buffer E to reduce
sample viscosity.

4. The solution is applied to a 0.5-ml Ni-NTA agarose column
(Qiagen) with a flow rate of approximately 0.5-1.0 ml/min. The Ni-NTA
column is washed with 20 ml of buffer E to remove material that may bind
nonspecifically to the Ni-NTA resin. Hise-thrombin-oF is eluted with the
addition of buffer E + 300 mM imidazole. Typical yields from this step are
around 8-10 mg of Hisg-thrombin-o*.

5. If desired, the Hisg-tag can be removed easily with the Thrombin
Capture Cleavage kit (Novagen). Purified ¢ (~3 mg) is added to a
reaction consisting of 300 ul thrombin digest buffer, 2.6 ml of H,O, and
6 U of biotinylated thrombin. The reaction is incubated for 2.5 h at 25°.

6. To remove the biotinylated thrombin, 300 ul of streptavidin
agarose (50% slurry) is added to the reaction and allowed to incubate
for 30 min at 25° on a rotary shaker.

7. After incubation, the reaction is transferred to spin filters
(included in the kit) and centrifuged at 500 g for 5 min. The filtrates
should contain a mixture of digested Hise-tag fragment and o and be free
of thrombin.

8. The filtrates (~3 ml) are pooled, diluted with 12 ml of buffer E,
and poured over a 0.5-ml Ni-NTA column to remove Hisg-tag fragments.
The flow through, which should contain pure o, is collected.

9. Fractions are analyzed for protein concentration by the Bradford
assay and analyzed for purity by SDS-PAGE.

Purified ¢ Starting amount of Hisg-0® Yield o™

2.65 mg 3.00 mg 88%

10. The purified oF is dialyzed against storage buffer and stored
at —80°.
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Purification Notes

e A SDS-PAGE gel showing the protein yields at each purification
step is presented in Fig. 2.

e The second Ni-NTA column (step 8) removes undigested Hiss-
thrombin-c© as well as any protein contaminants that bind
nonspecifically to the Ni-NTA resin.

e This procedure should be scalable for purifying larger amounts of 0.
However, we would recommend optimization of the thrombin digest
conditions to achieve the maximum amount of thrombin digestion
and final yield.

e Because the purified ¢" is relatively dilute (~200 pg/ml), the flow
through can be concentrated in a 4-ml 10-kDa Ultrafree-4 concen-
trator (Millipore) by spinning at 7500 g for 90 min at 4°. We
recommend keeping protein concentrations below 0.75 mg/ml to
avoid potential aggregation of the sample during storage.
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FiG. 2. SDS-PAGE of the purification of oF. After overexpression, Hiss-thrombin-o*
was purified from the soluble fraction by Ni-NTA chromatography. The N-terminal
Hise-thrombin tag was removed from oF by thrombin digest. Thrombin was removed by
the use of streptavidin agarose, and undigested protein was removed by a second Ni-NTA
column. Lane 1, cell supernatant; lane 2, flow through from the first Ni-NTA column; lane 3,
Ni-NTA eluate from the first Ni-NTA column; lane 4, eluate from the streptavidin agarose
column; lane 5, pure o© from the second Ni-NTA column flow through. Lane M is broad
range protein molecular weight markers (Novagen). Sizes in kilodaltons are indicated on
the right.
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Purification of ¢F¢!

Buffer F: 50 mM Tris—-HCI, pH 7.9; 500 mM NaCl; 0.1 mM
EDTA; 0.1 mM DTT; 5% glycerol

Buffer G: 50 mM Tris-HCI, pH 7.9; 6 M guanidine-HCI;
100 mM NaCl; 0.1 mM DTT

Buffer H: 55 mM Tris, pH 8.2; 264 mM NaCl; 11 mM KCI;
0.05% PEG3350; 550 mM GuHCI; 2.2 mM MgCly;
2.2 mM CaCl,; 440 mM sucrose; 550 mM arginine;
30 mM lauryl maltoside; 0.1 mM DTT

Buffer I: 50 mM Tris—HCI, pH 7.9; 200 mM NaCl; 0.1 mM
EDTA; 0.1 mM DTT; 5% glycerol

Storage buffer: 50 mM Tris—-HCI, pH 7.9; 200 mM NaCl; 0.1 mM

EDTA; 0.1 mM DTT; 50% glycerol

1. Escherichia coli cells LCA35 [BL21(DE3) Tuner, pJP2] are subcul-
tured into 500 ml LB medium supplemented with 50 pg/ml kanamycin at
37° to Agoo nm 0.5-0.6 and induced by the addition of 1 mM IPTG. Cells
are allowed to grow for an additional 3 h before harvesting by centrifuga-
tion at 8000 g for 25 min at 4°. Cells can be stored at —20° until use.

2. Cells (1 g wet weight) are resuspended in 10 ml of buffer F and
lysozyme is added to facilitate cell breakage. Cells are sonicated for 90 s
and Triton X-100 is added to a final concentration of 1%. The solution is
mixed well and centrifuged at 20,000 g for 15 min at 4°.

3. The inclusion body pellet is washed three times with 10 ml of buffer
F and centrifuged as described earlier.

4. The washed inclusion body pellet (80 mg wet weight) is solubilized in
1 ml of buffer G and incubated at room temperature for 30 min. Insoluble
material is removed by centrifugation at 20,000 g for 15 min at 4°.

5. The solubilized inclusion bodies (~3.35 mg protein) are drip diluted
into 7 ml of buffer H at 4° and allowed to refold for 1 h at 4°.

6. Half of the sample (4 ml = 1.6 mg) is injected onto a Superdex 200
HR 10/60 gel filtration column (Amersham) preequilibrated with buffer I
at a flow rate of 0.75 ml/min. One-milliliter fractions are collected while
monitoring at Asgp nm and Asep nm- The column profile is shown in Fig. 3A.

7. The remaining sample (4 ml) is injected in a second run on the
Superdex 200 column as described previously.

8. Fractions are analyzed for protein concentration by the Bradford
assay and analyzed for purity by SDS-PAGE.

Purified ¢7¢!  Protein loaded  Yield oF¢!

Run 1 0.71 mg 1.58 mg 44%
Run 2 0.86 mg 1.58 mg 55%
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FiG. 3. Chromatography and purification of 0", ¢! was purified from inclusion bodies,

solubilized in 6 M guanidine hydrochloride, refolded, and purified by gel filtration on a
Superdex 200 HR 10/60 column. (A) Chromatograph from a Superdex 200 column.
Absorption was monitored at Ajgg nm (solid line) and Asgo nm (dashed line). Horizontal bar
indicates fractions pooled for dialysis into storage buffer. (B) SDS-PAGE gel of each
purification step. Lane 1, cell extract after overexpression; lane 2, cell supernatant; lane 3,
inclusion bodies; lane 4, pooled fractions from first Superdex 200 column; lane 5, pooled
fractions from second Superdex 200 column. Lane M is broad range protein molecular weight
markers (Novagen). Sizes in kilodalton are indicated on the right.
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9. Pooled ¢! fractions are dialyzed against storage buffer and stored
at —80°. The final yield of o7 is 1.57 mg.

Purification Notes

e Expression of ¢! was performed in the BL21(DE3)Tuner strain

(Novagen), which contains a mutation in the lactose permease gene
lacY. We were unable to obtain any overexpression of o' in the
normal BL21(DE3)pLysS strain. The reason for this is unknown.

o A SDS-PAGE gel showing the sample at each purification step is

presented in Fig. 3B.

o'l appears to be unstable at concentrations over 0.5 mg/ml and

precipitates readily during refolding. The optimal refolding condi-

tions (buffer H) were identified by use of the Fold-It kit from

Hampton Research.

e The difference between the weights of steps 4 and 5 is primarily due
to water contamination. The wet weight of the inclusion body pellet
(step 4) was done on a Mettler balance, whereas the protein
concentration of the solubilized inclusion bodies (step 5) was
determined by the Bradford assay, which measures only protein
content.

e The purified inclusion body pellet is contaminated with nucleic
acids. However, the nucleic acids are removed by the Superdex
200 column and do not coelute with the purified ¢"°“!. Typical
Asg0 nm260 nm  Tatios for the purified o7 were from 1.6-1.8,
indicating that nucleic acid contamination of the purified sample
is minimal.

Production of o-Specific Monoclonal Antibodies

To prepare monoclonal antibodies against the seven o factors of E. coli,
each recombinant ¢ factor (holoenzyme was used for o°%) was used to im-
munize Balb/c ByJ mice (Jackson Laboratories). The mouse serum was
tested by the ELISA assay and Western blot assay to ensure a high titer
and specific immune response. Spleen cells from the antigen-stimulated
mouse were fused with either NS-1 or SP2/0 plasmacytoma cells using a
standard hybridoma technique.?! The fusions were screened by the ELISA
assay and Western blot assay. Hybridomas were subisotyped using an
ELISA-based kit (American Qualex). Hybridoma cells were injected into
Pristane-primed Balb/c ByJ mice for the production of ascites fluid.

2L E. Harlow and D. Lane, “Antibodies: A Laboratory Manual.” Cold Spring Harbor Press,
Cold Spring Harbor, NY, 1988.
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A description of the monoclonal antibodies and their usefulness in
common biochemical assays is presented in Table II.
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are fairly simple and quick to perform with the equipment present in most
biologically oriented laboratories. At the same time, they can give useful
initial information about a protein binding to another protein, DNA, or
RNA. EMS assays are based on the change of mobility of a protein during
polyacrylamide gel electrophoresis (PAGE) upon binding to DNA, RNA,
or another protein. Because binding of a protein to its binding partner pre-
dominantly requires that its higher-order structure is intact, nondenaturing
or native gels are used. Crucial to EMS assays is the fact that the procedure
involves separating the complex from the unbound binding partner by size
and charge differences. This changes the equilibrium conditions at which
initial binding occurs and thus weak interactions, such as in complexes that
have a half-life shorter than the time scale of the separation step, are un-
derrepresented or cannot be detected, as the interaction does not persist
throughout the procedure. This is true for all nonhomogeneous techniques,
such as surface plasmon resonance (SPR, used in BIAcore instruments),
coimmunoprecipitation or ‘“‘pull-down’ assays, ELISA assays, Far-western
blotting, and size exclusion and affinity chromatography, as well as sucrose
gradient centrifugation.

In a homogeneous binding assay, all components of the assay are free in
solution and no separation steps are used. A key benefit of such an assay is
that the binding measurement is done without perturbing the binding equi-
librium. This often allows more accurate assessment of the binding forces
and mechanisms, thus resulting in most cases in the superior although tech-
nically more demanding way of investigating binding. The most common
techniques involve spectroscopic methods because the use of light as a
probe does not change the conditions in most systems. These methods
use nuclear magnetic resonance (NMR), light scattering, and very often
fluorescent probes, such as in fluorescence polarization (FP) and FRET
assays. Recent developments of FRET also allow analysis of protein—
protein interactions in vivo.* Together with two-hybrid screens and func-
tional assays, these are currently the only established methods to obtain
reliable in vivo data.

In a FRET-based assay, the binding partners have to be labeled with
two different fluorophores. In order to allow resonance energy transfer be-
tween the two, the emission spectrum of the fluorophore serving as a donor
has to overlap sufficiently with the excitation spectrum of the other fluoro-
phore serving as the acceptor. Resonance (i.e., acceptor frequency equals
donor frequency) facilitates a radiationless energy transfer through
dipole—dipole interactions. As described by the Forster’ theory, the amount

* M. Elangovan, R. N. Day, and A. Periasamy, J Microsc. 205, 3 (2002).
5 T. Forster, in “Modern Quantum Chemistry,” Vol. 3, Academic Press, New York, 1965.
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of transferred energy decays with the inverse sixth power of the distance
between the dyes. The intensities of the donor or the acceptor emission
can therefore give information about the distance of the two dyes and
ultimately tell whether the labeled proteins are bound to each other.

We decided to focus on luminescence resonance energy transfer
(LRET)-based assays for a homogeneous assay to measure formation of
the 670-3 complex. LRET is a recent modification of FRET®™ that uses
a lanthanide-based donor fluorophore. The more general term lumines-
cence instead of fluorescence (as in FRET) indicates that lanthanide emis-
sion is technically not fluorescence (i.e., arising from a singlet to singlet
transition). Its most characteristic property is a very long fluorescent life-
time of up to several milliseconds, compared to the short lifetime of most
organic-based fluorophores in FRET (picoseconds up to a microsecond).
The conventional dipole—dipole theory of Forster is still applicable for
LRET, so that energy transfer from a lanthanide donor to a generally
short-lived (nanoseconds) acceptor fluorophore results in its prolonged
emission (milliseconds).

We labeled 070 with a Europium-DTPA-AMCA complex as a donor
and the (' fragment with IC5-PE-maleimide. Because fluorescence detec-
tion is usually very sensitive, the labeled proteins can also be used very ef-
ficiently for their detection in gels resulting from EMS assays, avoiding the
need for other labeling methods, such as **P labeling.

Introduction to Fluorescence Labeling of Proteins

For uniform labeling of proteins with only one fluorophore, we ex-
ploited the specific reaction of maleimide-linked dyes with cysteine resi-
dues in proteins with only one cysteine residue. The maleimide moiety of
the dye reacts readily in sulfhydryl-free buffers and is highly specific to
cysteine residues at pH values between 6.5 and 8. If uniform labeling is
not critical, succinimide derivatives of the dyes can be used to randomly
label lysine residues in amine-free buffers at pH 7.5 to 9.0. Our studies ad-
dressed a few challenges in fluorescence labeling of proteins. For example,
because oligomerization and oxidation of the sample can lead to a signifi-
cant loss of labeling, a reduction step before derivatization can increase
yields. Unfortunately, reducing agents such as 2-mercaptoethanol (2-ME)

S T. Heyduk, Methods 25, 44 (2001).

7T. Heyduk, Curr. Opin. Biotechnol. 13,292 (2002).

8 P. R. Selvin, Annu. Rev. Biophys. Biomol. Struct. 31, 275 (2002).

°P. R. Selvin, in “Applied Fluorescence in Chemistry, Biology and Medicine”” (W. Rettig, B.
Strehmel, and S. Schrader, eds.), p. 457. Springer Verlag, New York, 1999.
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and Tris(2-carboxyethyl)phosphine (TCEP) have to be removed before
the labeling reaction, as they inhibit maleimide labeling.'” Another chal-
lenge when labeling proteins is the separation of labeled product from
the excess dye. This is especially important for samples used in FRET
and LRET assays, as too much free dye can cause an additional signal by
diffusion-controlled resonance energy transfer when working at free dye
concentrations above 200 nM. For cyanine dyes such as ICS, it is very diffi-
cult to remove excess dye by dialysis and it usually requires an extra gel
filtration step.

This article describes a procedure for purification and labeling where
reduction, labeling, and washing away excess dye are carried out while
the protein is bound to the column. Additional information about the label-
ing procedures presented here can be found in Bergendahl et al."' In case of
the hexahistidine-tagged 3 prime (RpoC) fragment (residues 100-309),
which has a single naturally occurring cysteine at residue 198, we worked
on a Ni-NTA column. We purified and labeled a single cysteine ¢70 mutant
(C1328, C2918, C2958S, S442C)'? on a DE-52 anion-exchange column. To
circumvent reducing the Ni resin by 2-ME, we used TCEP instead. After
reduction, TCEP was washed away and on-column derivitization was
carried out immediately to avoid oxidation. Excess dye could be washed
from the column while the labeled product remained bound to the resin.

The following protocols are presented.

A. Ni-NTA purification and labeling of HMK-Hisg-3'(100-309)

B. DES52 purification and DTPA-AMCA-Europium derivatization
of 070(C132S, C2918S, C295S, S442C)

C. Electrophoretic mobility shift (EMS) assay for complex forma-
tion of labeled 070 and § fragment

D. LRET assay for protein—protein interaction of labeled 070 and 5
fragment

All chromatographic procedures are carried out by gravity flow at room
temperature. The assays described in C and D can be performed with
native labeled proteins or with denatured proteins added directly into the
reaction mixture, which by dilution of GuHCI in the final assay allows in-
stant refolding. This can be done to prevent precipitation of the refolded
labeled protein upon storage before the assay. In order to ensure that
refolding occurs and to confirm the results from the experiments with

0E. B. Getz, M. Xiao, T. Chakrabarty, R. Cooke, and P. R. Selvin, Anal. Biochem., 273, 73
(1999).

11y, Bergendahl, L. C. Anthony, T. Heyduk, and R. R. Burgess, Anal. Biochem. 307, 368
(2002).

12E. Heyduk and T. Heyduk, J. Biol. Chem. 274, 3315 (1999).
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denatured protein being added, controls with native or refolded proteins
should be carried out.

Materials and Chemicals

IC5-PE-maleimide is from Dojindo Molecular Technologies, Inc.
(Gaithersburg, MD). DTPA-AMCA-maleimide is produced as descri-
bed by Heyduk'? (CAS numbers of the used starting materials: DTPA-
anhydride: 23911-26-4, Maleimidopropionic acid, NHS ester: 55750-62-4,
AMCA: 106562-32-7). These so-called Selvin chelates for Europium are
available commercially from PanVera (Madison, WI). Other Europium
labels are sold by Packard. Any of these labels should work in these proto-
cols as long as they contain the maleimide group for derivatization. Dispos-
able columns (10 ml PolyPrep, 0.8 x 4 cm) are from Bio-Rad. Ni-NTA
resin is from Qiagen (Hilden, Germany). TCEP and Triton X-100 are from
Pierce. EuCl; and all other chemicals are from Sigma unless indicated
otherwise in the text. Precast PAGE gels are from Invitrogen. A multiplate
reader (Wallac, VictorV? 1420) is used to perform the LRET assays.

Buffers and Solutions

Native PAGE buffer: 200 mM Tris-HCIl, pH 7.5, 20% glycerol,
0.005% bromphenol blue
NTG buffer: 50 mM NaCl, 50 mM Tris, 5% glycerol;
pH 7.9
TGE buffer: 50 mM Tris-HCIl, pH 7.5, 5% glycerol,
0.1 mM EDTA
NTTw buffer: 500 mM NaCl, 50 mM Tris—-HCI, pH 7.9,
0.1% (v/v) Tween 20
NTGED buffer: 50 mM NaCl, 50 mM Tris-HCl, pH 7.5,
5% glycerol, 0.1 mM EDTA, 0.1 mM
dithiothreitol (DTT)
Storage buffer: 0.2 M NaCl, 50 mM Tris-HCI, pH 7.5, 50%
glycerol, 0.1 mM EDTA, 0.1 mM DTT

A. Ni-NTA Purification and Labeling of HMK-Hisg-/3'(100-309)

Overproduction of HMK-Hiss-p'(100-309) and Purification of
Inclusion Bodies

HMK-Hise-3'(100-309) is overproduced in Escherichia coli BL21
(DE3) from pTA133' and is a chimera (25 kDa) with the amino acid
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sequence MARRASVHHHHHHM fused N-terminally to 5(100-309).
The underlined sequence represents a heart muscle kinase (HMK) recogni-
tion site and was used in the original construct to allow **P labeling of
the protein, but we did not make use of it in this article. Cells are grown
in Luria-Bertani broth (LB) at 37°, induced for 2 h with 0.5 mM IPTG, har-
vested, and lysed. Inclusion bodies are isolated and washed in 10 ml
NTGED buffer + 0.1% (v/v) Triton X-100. Washed inclusion bodies are
stored in aliquots at —20° until use.

Procedure

1. One aliquot of about 20 mg (wet weight, from 100 ml of culture) of
@ inclusion bodies is solubilized in 1.5 ml NTTw buffer + 6 M
GuHCI + 5 mM imidazole.

2. The precipitate from the solubilized inclusion bodies is spun down
in a microfuge at 18,000 g (14,000 rpm) for 5 min.

3. The supernatant is loaded on a Bio-Rad column (10 ml PolyPrep,
0.8 x 4 cm) containing 0.5 ml Ni-NTA matrix (Qiagen) that has
been equilibrated with 5 ml NTTw buffer + 6 M GuHCI + 5 mM
imidazole. That way the column is saturated with approximately
5 mg of the target protein.

4. The column is washed with 5 ml NTTw buffer + 6 M GuHCI +
20 mM imidazole to remove unbound protein.

5. To reduce any disulfide bonds, the column is washed with 5 ml of
freshly prepared NTTw buffer + 6 M GuHCI + 20 mM imidazole
and 2 mM TCEP.

6. Excess TCEP is removed by washing with 3 ml NTTw buffer +
6 M GuHCI + 20 mM imidazole.

7. The bound protein is derivatized with IC5-maleimide by loading
2 ml of freshly prepared NTTw buffer + 6 M GuHCI + 20 mM
imidazole and 0.1 mM IC5-PE-maleimide.

8. The flow through is reloaded onto the column twice before excess
dye is removed by washing with 3 ml NTTw buffer + 6 M GuHCl
+ 20 mM imidazole.

9. The derivatized protein is refolded while column bound by washing
with 3 ml NTTw buffer + 20 mM imidazole to wash away the
denaturant GuHCL

10. Derivatized protein is eluted with NTTw buffer + 200 mM
imidazole, dialyzed into storage buffer, and stored at —20° at
concentrations of around 0.5 mg/ml.
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Comments

The procedure can be done under denaturing conditions throughout,
eluting the labeled protein denatured. Another option is to load the protein
onto the Ni-NTA resin after refolding the 5 fragment into a 65-fold excess
of TGE buffer. A third variation is to refold the 5’ fragment on the column
just before labeling with the dye. TCEP is used as a reducing agent because
it does not interfere with the Ni-NTA resin like 2-ME. TCEP is an odorless
white powder that can be added as a solid just before use. It dissolves read-
ily in aqueous solutions and is very stable unless chelators like EDTA are
present. IC5-PE-maleimide is dissolved in chloroform and divided into ali-
quots of 0.1 ymol. The aliquots are then dried down in a SpeedVac (Speed-
Vac SVC100H, Savant Instruments, Farmingdale, NY). The use of water is
not recommended as it may cause hydrolysis of the maleimide moiety over
time, especially upon storage.

B. DEbB2 Purification and DTPA-AMCA-Europium Derivatization of
o70(C132S, C291S, C295S, S442C)

Purification and derivatization of 070 are done after refolding and in a
similar fashion as the 3’ procedure, this time using Whatman DES52 resin in-
stead of the Ni-NTA agarose and using TGE buffer instead of NTTw buffer.

Overproduction of o70 (C132S, C291S, C295S, S442C) and Purification of
Inclusion Bodies

Sigma70(442C) is overproduced from a plasmid derived from the 70
expression system pGEMD'*'* that had a HindIlI fragment containing
the rpoD gene from E. coli cloned into a pGEMX-1 (Promega) vector.
The cells are grown, induced, harvested, and lysed. Inclusion bodies are
isolated and washed in 10 ml NTGED buffer + 0.1% (v/v) Triton X-100.
Washed inclusion bodies are frozen in aliquots at —20° until use.

Procedure

1. One aliquot of about 20 mg (wet weight, from 100 ml of culture) of
070 inclusion bodies is solubilized in 5 ml TGE buffer + 6 M GuHCI.
2. Torefold proteins, the denaturant is diluted 100-fold by dripping into
500 ml of chilled TGE buffer 4+ 0.01% Triton X-100 slowly stirring
on ice. If precipitation occurred, the precipitate is removed by
centrifugation at 25,000 g (15,000 rpm, SS-34 rotor) for 15 min at 4°.

13 K. Igarashi and A. Ishihama, Cell 65, 1015 (1991).
14y . Nakamura, Mol. Gen. Genet. 178, 487 (1980).
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3. The soluble refolded protein is then bound to an anion-exchange
resin by adding 1 g DE52 (Whatman) dry resin as a suspension in
5 ml TGE buffer + 0.01% Triton X-100 directly into the 500 ml of
diluted, renatured protein.

4. After stirring slowly for 15 min, the suspension is poured into an
empty 25-ml Econo-Pack column (Bio-Rad) and washed with 5 ml
NTG buffer 4+ 0.01% Triton X-100.

5. Five milliliters of NTG buffer + 2 mM TCEP + 0.01% Triton X-
100 is loaded onto the column to reduce any disulfides formed by
the dimerization of sigma.

6. The column is washed with 5 ml NTG buffer + 0.01% Triton X-100
to remove TCEP.

7. To label 70, 1 ml NTG buffer + 0.01% Triton X-100 + 1 mM
DTPA-AMCA is loaded onto the resin and flow through is
reloaded onto the column twice to ensure maximum labeling.

8. The Europium complex is formed by loading 5 ml NTG buffer +
0.01% Triton X-100 + 1 mM EuCl; onto the resin containing the
derivatized protein. (Phosphate buffers should be avoided when
working with lanthanides because insoluble complexes can lead to
undesired precipitation.)

9. The column is washed with 5 mI NTG buffer + 0.01% Triton X-100.

10. Labeled protein is eluted with TGE buffer + 500 mM NaCl. The
eluted fractions are analyzed by SDS-PAGE and pooled according
to their purity and protein content.

11. Fractions of labeled 70 are pooled and brought up to 50% glycerol
or dialyzed against storage buffer (final protein concentration is
about 2 mg/ml). The labeled protein is stored at —20° until use.

Comments

Labeling can also be done after purification by adding the purified pro-
tein to an aliquot of the dye (same buffers and conditions). That way
samples of 10-100 ul can be labeled. Excess label and Eu ions are then re-
moved either by dialysis or by using a Pharmacia G50 spin column. A SDS
gel of a typical purification is shown in Fig. 1.

C. Electrophoretic Mobility Shift Assay for Complex Formation of
Labeled 070 and ' Fragment

For the performance of an EMS assay, it is important to use the appro-
priate buffer conditions. The salt concentration has to be chosen wisely, as
some protein—protein interactions are sensitive to high salt. The pH of the



200 RNA POLYMERASE STRUCTURE AND PROPERTIES [17]

o 9
22
—_ LI f—
Fegw . =222
2880 ggs
S C2BETEEE
— N~ a
o — N o
SRR
AS 5 5% 28 €5
OByyssEE s
FEEERELCEE kD,
Fluorescence scan 120
(Red mode, storm)
-60
-40
-30
IC5-labeled » ——— 0
B'-fragment
-10

Unbound » @
IC5-label

Fic. 1. SDS-PAGE gel of /' purification and derivatization steps. The fluorescence scan
of a gel with samples taken after each step throughout the procedure illustrates purification of
the #' fragment (refolding after fluorescence labeling). Labeling above lanes represents step
numbers in the procedure at which the samples were taken. Purification from minor
impurities can be observed, as well as very low elution of the  fragment at any time except
for fractions 1 to 3 eluted with 200 mM imidazole. The IC5 scan was performed with a
Molecular Dynamics Storm system in the red fluorescence mode and thus shows IC5-labeled
proteins. The gel was scanned before staining with Coomassie blue. Note the low level of free
label in the eluted fractions.

buffer has to be chosen according to the pI of the proteins. Because the
sample buffer and the native gel contain no SDS, which confers the pro-
teins with negative charges, the proteins themselves have to have a nega-
tive charge in order to migrate into the gel during electrophoresis. Most
sequence analysis software allows an estimate of the p/ of a protein and
even the net charge at a given pH. EMS assays are performed in a total
volume of 20 pl. The buffer conditions are 5% glycerol, 50 mM Tris—
HCI, pH 8.8, 50 mM NacCl, and 0.005% (w/v) bromphenol blue. Standard
final protein concentrations are 250 nM of ¢70 (Eu chelate-labeled pro-
tein) and 0.1 to 2 uM [ fragment (IC5-labeled protein). Concentrations
can be lowered to 10 nM. While the detection limit of the Coomassie blue
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stain is reached at these concentrations, the fluorescence scan still gives
good readouts.

Procedure

1. Labeled 070 is added to the appropriate amount of water and 5 ul of
native PAGE buffer (to result in a final volume of 20 pl after all
components are added).

For competition experiments, unlabeled 3’ fragment is added.

The labeled # fragment is added last.

The mixture is incubated for 5 min at room temperature.

Fifteen microliters is loaded on a precast native PAGE gel (12 well,
12%, Tris/glycine).

6. The gel is run at constant 120 V in the cold room at 4° for 4 h.

A

Comments

The concentration of the added components should be adjusted by dilu-
tion so that the added volume does not exceed 2 ul. That way mixing and
final concentrations are not varied much by the addition of each compon-
ent. The solutions have to be mixed well after the addition of each com-
ponent by pipetting. This is especially important to allow good refolding
when denatured proteins are added. The electrophoresis should be run
with prechilled buffers, gels, and apparatus in the cold room (4°) at a con-
stant voltage of 120 V (5-20 mA, variable). In some cases, running the
gel at 4° might not be crucial, but in our case, it increased observable
complex significantly. Running times may vary according to the charge
and therefore the mobility of the proteins. In our case, running at 2-4 h
gave best results in terms of separation and sensitivity. The IC5 emission
was scanned on a Storm system (Molecular Dynamics) in the red fluo-
rescence mode. The Europium emission can be scanned by using an Foto-
dyne UV light box (Aexcir. = 312 nm) with 6 s of acquisition time and the
common filter for scanning ethidium bromide-stained gels. Total protein
was stained with Coomassie blue stain using the Gel Code staining solution
(Pierce) according to the procedure of the manufacturer and scanned
with a Hewlett Packard flat bed scanner (ScanJet 6200C). For a typical
gel from a EMS assay, see Fig. 2. We have also used EMS assays success-
fully with core RNA polymerase to investigate sigma binding. Because
native gel multiple bands arise from core due to oligomerization, it is
recommended to use only the ¢70 in the labeled form and core RNA
polymerase unlabeled.
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FiG. 2. Result of an EMS assay. The three pictures of the same gel taken by different
staining and scanning techniques show increasing amounts of the labeled 3’ fragment (0, 50,
100, 250 nM) that can shift the labeled 70 (250 nM) into the upper band. In the five lanes to
the right, the unlabeled 3’ fragment (100, 250, 500, 750, 1000 nM) was added to compete with
the IC5-labeled 3’ fragment for Eu-labeled o70, which were kept at a constant concentration
in a ratio of 1:1 (250 nM). The upper frame shows the Coomassie-stained gel. Labeled 70
shows up in the lower band and the complex in the top band. The extra band above the
complex arises from ¢70 dimers linked by a disulfide bond, which prevented their fluorescence
labeling. The middle frame represents the same gel, but was acquired before Coomassie
staining with a UV box and an orange filter on the camera that can only visualize Eu emission
due to the excitation wavelength (312 nm). It confirms that both bands contain Eu-labeled
070. The bottom frame of the same gel was taken with a Storm imager (Molecular Dynamics)
that can only visualize the IC5 label. It confirms that only the upper band contains labeled 3’
fragment. The free (' fragment runs as a diffuse band barely migrating into the gel. The
unlabeled 3’ fragment can clearly compete for the labeled 070, as can be seen by a loss of the
band five lanes to the right.

D. LRET Assay for Protein—Protein Interaction of Labeled ¢70 and
4 Fragment

The format of the assay presented here was first designed to be suitable
for high-throughput screening for inhibitors of the protein—protein inter-
action. Thus it is robust, quick to perform, and can give useful initial data
about binding, although the use of a screening device, such as the multiwell
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Fic. 3. Dependence of binding on NaCl concentration in the LRET assay. With increasing
amounts of salt, the LRET signal decreases significantly due to the decreased amount of the
070/ complex formed. The assay was performed in the fashion described in the text with the
following protein concentrations: 20 nM Eu-labeled 070 and 40 nM IC5-labeled 3’ fragment.

plate reader, does not fully exploit the potential of LRET. Much higher ac-
curacy and sensitivity can be achieved by the use of a suitably equipped
fluorimeter like the one described in Heyduk and Heyduk'® Furthermore,
such a setup allows accurate measurement of the distance between the
dyes, which, in the case of allosteric binding, can give valuable information
about mechanistic details. Nevertheless, the cost, operation, and access to
such instruments are much more demanding compared to plate readers.
The assay was performed in a total volume of 200 ul in NTG buffer
[plus 2.5% dimethyl sulfoxide (DMSQO) when library samples were used]
with typical concentrations of 10 to 100 nM labeled protein. It is very im-
portant to keep salt concentrations constant, as many protein—protein
interactions are salt dependent. Therefore, amounts of salt added with
the proteins and samples should be corrected for when adding NaCl to give
the final concentration of 50 mM. Stock solutions (200 nM) of 670 are pre-
pared prior to the assay by dilution with NTG of labeled protein (40 uM)
that is stored at —20° in storage buffer. Because the labeled (' fragment
shows a tendency to aggregate upon storage, we prefer to store it de-
natured in 6 M GuHCI and refold it by dilution into the assay. A stock

15 E. Heyduk and T. Heyduk, Anal. Biochem. 248, 216 (1997).
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solution (1.25 pM) of the ' fragment is prepared by a 10-fold dilution of
labeled denatured protein (stored at 75 uM in NTTw buffer containing
6 M GuHCI) with 6 M GuHCI and 6-fold dilution to 1 M GuHCIl with
NTG. First, 10 ul of the 070 stock solution is mixed with NTG buffer
(amount adjusted to give a final volume of 200 ul), then the potential in-
hibitor (5 ul in DMSO), salt, or solvent is added, and finally the 5 ul of de-
natured labeled (' stock solution is added. Mixing (pipetting up and down
three times) after the addition of each component is very important for re-
producible results. The mixture is incubated for 30 min at room tempera-
ture and measured in a 96-well plate (Costar 3650) with a multiplate
reader (Wallac, VictorV? 1420). For this time-resolved fluorescence meas-
urement, the manufacturer’s protocol (LANCE high count 615/665) is used
(excitation was with 1000 flashes at 325 nm; measurement is delayed
by 50 us and data acquired for 100 us at 615 and 665 nm). The time for
one measurement cycle is set for 1000 us. Typical results from a LRET
measurement showing salt dependence of binding are shown in Fig. 3.

Procedure

1. The appropriate amounts of 500 mM NaCl, 500 mM Tris—HCI,
pH 7.9, 50% glycerol, and H,O are mixed to result in the final
concentrations 50 mM NaCl, 50 mM Tris—-HCI, pH 7.9, 5% glycerol,
and 200 ul total volume after samples and proteins have been added.

2. One to 10 pmol of labeled ¢70 (10-100 nM final concentration) is
added in a 10-ul volume.

3. For competition or inhibition experiments, unlabeled proteins or
samples are added.

4. Five to 20 pmol labeled ' fragment is added.

The mixture is incubated for 30 min at room temperature.

6. Samples are read in the multiplate reader (Wallac, VictorV? 1420)
with a TR-LRET protocol (here: LANCE high count 615/665).

e

Comments and Variations

Without going into detail, we would like to point out that for con-
trolled labeling of the target protein, alternative methods can be used.
Site-specific protein lableling using biarsenical compounds is described in
Gaietta et al.'® The Terbium donor and its compatible biarsenic compound
FIAsH-EDT2 are available from PanVera. Site-specific intein-mediated

16 G. Gaietta, T. J. Deerinck, S. R. Adams, J. Bouwer, O. Tour, D. W. Laird, G. E. Sosinsky,
R. Y. Tsien, and M. H. Ellisman, Science 296, 503 (2002).
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C-terminal 5-(L-cysteinylamido-acetamido)-fluorescein (Cys-F) labeling,
which can be used in combination with Terbium chelates as donors, is de-
scribed in Mekler et al.'” and Tolbert and Wong,'® respectively. For most of
the experiments, it is actually not necessary to label the proteins at defined
positions. This is only necessary for measurements determining the dis-
tance between fluorescent probes. For general binding studies, random la-
beling of lysine residues using succinimidyl ester or isothiocyanides of the
acceptor is absolutely sufficient. We have successfully labeled core RNA
polymerase with IC5—-OSu while it was bound to a DE52 column and used
it in LRET assays with this strategy. Because lysine residues are very abun-
dant on most protein surfaces, random labeling with a three- to five-fold
excess of label over protein resulted in protein mostly active in binding.
Molecules inactivated through labeling can be neglected because they
cannot create a signal in the LRET assay. Thus a loss of binding activity
has to be corrected for when looking at quantitative results. This approach
has the advantage that the target protein does not have to be mutated to a
single cysteine variant, which would still have to have its activity confirmed.
Generally, any protein could be studied that way by labeling it in its puri-
fied form. Therefore, the calculated amount of a three- to five-fold molar
excess dye over 100 ul protein (1 mg) is added dissolved in either DMSO
or water. The reaction time is usually not more than 15 min at room tem-
perature. Unbound label can be removed afterward by dialysis. In the case
of very “sticky” dyes, such as cyanine dyes, a chromatography step to
remove free dye is highly recommended.

A specific antibody can be labeled in the same way. It can then be used
for indirect labeling of its antigen and measured with the binding partner of
the fluorescence-labeled antigen in a time-resolved LRET experiment. Our
experiments show comparable results with this approach, although it is
critical to keep the concentration of labeled antibodies below the antigen
concentration, as the addition of “unlabeled” antigen in competition ex-
periments will increase the signal until the antigen is in excess. It is obvious
that in screens for inhibitors of a protein—protein interaction of interest,
compounds that interfere with the antibody-antigen interaction would
show up as false positives.

17V Mekler, E. Kortkhonjia, J. Mukhopadhyay, J. Knight, A. Revyakin, A. N. Kapanidis,
W. Niu, Y. W. Ebright, R. Levy, and R. H. Ebright, Cell 108, 599 (2002).
18T, J. Tolbert and C.-H. Wong J. Am. Chem. Soc. 122, 5423 (2000).
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[18] Assay of Escherichia coli RNA Polymerase:
Sigma-Core Interactions

By Tania M. GruBer and CaroL A. GRross

The sigma subunit (o) of prokaryotic RNA polymerase confers pro-
moter specificity to the enzyme. It not only recognizes promoter DNA,
but also triggers a series of structural transitions required for initiation.
Members of the o' family of proteins are modular, consisting of four
conserved regions and their subregions (reviewed in Gross et al.'). Two
DNA-binding determinants, located in regions 2.4 and 4.2, recognize the
conserved —10 and —35 regions of the prokaryotic promoter. Region 1.1,
conserved only among primary o’s, is an autoinhibitory domain that masks
DNA-binding determinants in free ¢’ but also promotes open complex
formation.””

Genetic and biochemical methods have shown that the ¢ subunit can
form contacts with core RNA polymerase (core) along the length of the
protein.* Crystal structures of bacterial holo RNA polymerase show the ex-
tensive contacts between o and core in the initiation complex.””’ Three
stably folded domains, which correspond to the respective conserved
regions of o factors, are connected by flexible linkers; the self-inhibitory
region 1.1 was not resolved in the crystal structure. The three resolved
domains of ¢ are spread out across one face of core. Evidence shows that
significant conformational changes occur in both ¢ and core upon binding,
as well as from the transition from initiation to elongation phase. Based on
the comparison of crystal structures of core versus holoenzyme, each o
domain interacts with and alters the position of a mobile domain within
core (reviewed in Young et al. ®).

L' C. A. Gross, C. Chan, A. Dombroski, T. Gruber, M. Sharp, J. Tupy, and B. Young, Cold
Spring Harb. Symp. Quant. Biol. 63, 141 (1998).

2 A. J. Dombroski, W. A. Walter, M. T. J. Record, D. A. Siegele, and C. A. Gross, Cell 70,
501 (1992).

3 A. J. Dombroski, W. Walter, and C. A. Gross, Genes Dev. 7T, 2446 (1993).

M. M. Sharp, C. L. Chan, C. Z. Lu, M. T. Marr, S. Nechaev, E. W. Merritt, K. Severinov,
J. W. Roberts, and C. A. Gross, Genes Dev. 13, 3015 (1999).

3 K. S. Murakami, S. Masuda, E. A. Campbell, O. Muzzin, and S. A. Darst, Science 296, 1285
(2002).
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Various other approaches have also been used to look at conformational
changes following o-core binding. For example, fluorescence resonance
energy transfer (FRET) analyses showed that interaction with core reori-
ents regions 1.1 and 3.1-4.2 of ¢"° relative to the central 1.2-2.4 domain in
a dramatic fashion.”' In one report,'! we used protein interaction studies
with wild-type and mutationally altered proteins, previously known to
impair o’° function in vivo and binding to core in vitro,* to identify a number
of interaction sites between o’° and RNA polymerase. We also provided
evidence that o’° and RNA polymerase interact in a multistep process.

This article focuses on the methods employed in that study. The ap-
proach is useful to study interactions of regions not resolved in the crystal
structure, as well as the determination of interactions that occur at an ini-
tial stage versus interactions that occur subsequent to conformational
changes of the two binding partners. Domains masking interaction sites
within the protein can also be identified. Furthermore, interactions of core
with o factors other than houskeeping o factors can be investigated
and compared. This approach can, in principle, be used to examine any
protein—protein interaction.

Experimental Approach

The interactions of fragments of core with ¢ and its fragments are com-
pared by GST pull-down assays. Mutations that are known to decrease
interactions in the context of the intact holoenzyme® are introduced into
the various fragments. Only interactions that are affected by these muta-
tions are considered for further analyses. This prevents the consideration
of potentially nonspecific interactions. Also, previous mutational analysis
validates the biological relevance of the interactions observed.

Plasmids and DNA Manipulations

A large number of commercial vector systems are available to attach af-
finity tags to proteins, which allows rapid purification of large quantities of
proteins. An exhaustive description of different peptide and protein tags is
described by Hearn and Acosta.'? In our applications, we used GST-tagged
o factor constructs and Hisg-tagged core fragments.

?S. Callaci, E. Heyduk, and T. Heyduk, J. Biol. Chem. 273, 32995 (1998).

198, Callaci, E. Heyduk, and T. Heyduk, Mol. Cell 3,229 (1999).

UT. M. Gruber, D. Markov, M. M. Sharp, B. A. Young, C. Z. Lu, H. J. Zhong,
I. Artsimovitch, K. M. Geszvain, T. M. Arthur, R. R. Burgess, R. Landick, K. Severinov,
and C. A. Gross, Mol. Cell 8,21 (2001).

12M. T. Hearn and D. Acosta, J. Mol. Recogn. 14, 323 (2001).
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Boundaries of the core fragments represented either naturally occurring
split sites in some organisms or functional splits in proteolytically sensitive
regions. They are able to assemble into functional RNA polymerase.'*!*
o’ fragments were also believed to be independently folding domains, as
they showed by previous studies that they have sufficient structural integrity
to be functionally active (see Gruber et al.'"). With the crystal structures of
core RNA polymerase and o factors available now,” "'>'° fragments can be
designed to even greater accuracy to represent functional domains.

The GST tag has been used successfully in overexpressing and purifying
GST-o fusion constructs.'” Some advantages of using the GST tag with o
constructs are the increased solubility and stability of the fusion proteins
compared to o constructs alone. A disadvantage can be the large size
(26 kDa) of the GST moiety, which can interfere with certain analyses.
This moiety, however, can be removed by protein cleavage through a pro-
tease site between GST and 0. We generated expression vectors for GST-o
fusion proteins by inserting the DNA fragments downstream and in-frame
of the GST gene of pGEX-2T (Pharmacia, Piscataway, NJ'%). With pGEX
vectors, many different Escherichia coli strains can be used for overexpres-
sion because the plasmid contains a copy of the lacl gene, which keeps
the promoter repressed until the inducer Isopropyl-g-D-thiogalactoside
(IPTG) is added.

The core fragments were fused to the N-terminal Hisq tag derived from
the pET15b vector (Novagen, Madison, WI). The Hise tag can be removed
subsequently by a protease cleavage site situated between the tag and the
core construct. In pET vectors the target genes are cloned under the con-
trol of bacteriophage T7 transcription and translation signals. The pro-
moter is not recognized by E. coli RNA polymerase and virtually no
expression occurs until T7 RNA polymerase is provided to the BL21 ex-
pression host (Novagen) containing a chromosomal copy of the T7 RNA
polymerase gene under lacUV5 control. Thus, genes cloned into the pET
system do not cause plasmid instability due to the production of proteins
potentially toxic to the cell. Furthermore, the BL21 family of strains is

13 K. Severinov, A. Mustaev, M. Kashlev, S. Borukhov, V. Nikiforov, and A. Goldfarb, J. Biol.
Chem. 267, 12813 (1992).

14 K. Severinov, A. Mustaev, A. Kukarin, O. Muzzin, I. Bass, S. A. Darst, and A. Goldfarb, J.
Biol. Chem. 271, 27969 (1996).

BE. A. Campbell, O. Muzzin, M. Chlenov, J. L. Sun, C. A. Olson, O. Weinman, M. L.
Trester-Zedlitz, and S. A. Darst, Mol. Cell 9, 527 (2002).

16G. Zhang, E. A. Campbell, L. Minakhin, C. Richter, K. Severinov, and S. A. Darst, Cell 98,
811 (1999).

17 A. J. Dombroski, Methods Enzymol. 273, 134 (1996).

18D, B. Smith and K. S. Johnson, Gene 67, 31 (1988).
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deficient in the two proteases lon and ompT, which can further stabilize the
produced proteins.

Mutant o and core constructs were created using the QuickChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). This system requires
no specialized vectors, can be performed on miniprep DNA, and can be
completed in as little as 1 day. It can be used to make point mutants or
to delete or insert single or multiple amino acids. A polymerase chain reac-
tion is carried out with oligonucleotide primers containing the desired mu-
tation on double-stranded plasmid DNA. Subsequently, the product is
treated with the restriction enzyme Dpnl, which specifically digests the
methylated parental DNA template. The remaining plasmid DNA is trans-
formed into a standard E. coli cloning strain and sequenced to confirm the
mutation. The mutant proteins should be checked for major misfolding by
standard methods such as a CD scan.'""”

Overproduction and Purification of Fusion Proteins

Overexpression of ¢ constructs often results in the formation of inclu-
sion bodies that localize to the insoluble fraction. Growing the cells at
32° lowered the fraction of inclusion bodies and we were able to get at least
50% of the overexpressed protein yield in the soluble fraction. GST-o
fusion constructs are purified in batch using glutathione-agarose affinity
beads (sulfur linkage, Sigma, St. Louis, MO).

A 5-ml culture of DHS5« cells (or any common E. coli cloning strain)
containing the o—GST fusion construct is grown overnight at 37° in LB
medium plus ampicillin (100 pg/ml) and transferred to 1 liter of LB plus
ampicillin (100 pg/ml). The culture is grown at 32° to midexponential
phase (ODgpo ~ 0.5) and induced with 1 mM IPTG. After growing for
2 h at 32°, the cells are harvested by centrifugation and resuspended in
~10 ml lysis buffer [SO mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA,
1 mM dithiothieitol (DTT), 0.1 mM p-Aminoethyl benzene sulfonyl Fluor-
ide (AEBSF), 1 mg/ml lysozyme]. After sonication, Triton X-100 is added
to 1% (v/v) and the lysate is mixed on a rocker for 1 h at 4°. The mixture is
centrifuged and 1 ml of a 50% slurry of glutathione-agarose beads is added
to the soluble fraction and rocked overnight at 4°. The beads are prepared
by resuspending 400 mg in 10 ml of wash solution (150 mM NaCl, 16 mM
Na,HPO,4, 4 mM NaH,PO,, pH 7.4, 0.5% Triton