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Preface

The nature of macromolecular crystallography has
changed greatly over the past 10years. Increas-
ingly, the field is developing into two groupings.
One grouping are those who continue to work
along traditional lines and solve structures of sin-
gle macromolecules and their complexes within a
laboratory setting, where usually there is also exten-
sive accompanying biochemical, biophysical, and
genetic studies being undertaken, either in the same
laboratory or by collaboration. The other grouping
consists of ‘high-throughput’ research whose aim is
take an organism and solve the structure of all pro-
teins which it encodes. This is achieved by trying to
express in large amounts all the constituent proteins,
crystallizing them, and solving their structures. This
volume covers aspects of the X-ray crystallography
of both of these groupings.

Clearly, macromolecular crystallographers won-
der what will be the role in the future of the
single research group in the context of the increas-
ing numbers of ‘high-throughput’ crystallography
consortia. Certainly there will be a need for both
enterprises as macromolecular crystallography is
not always a straightforward process and an inter-
esting structural problem can be snared by many
pitfalls along the way, be they problems of protein
expression, folding (Chapters 1 and 2), crystalliza-
tion, diffractibility of crystals, crystal pathologies
(such as twinning), and difficulties in structure solu-
tion (Chapters 3 and 4). The success of a project
requires being able to intervene and solve problems
en route in order to take it to its successful con-
clusion. As the ‘high-throughput’ crystallographic
consortia solve more single proteins, the tradi-
tional crystallographic groups are moving away
from similar studies towards studying protein—
protein, protein-DNA, and protein-RNA complexes

(Chapters 14 and 15), viruses, and membrane pro-
teins (Chapter 16). Our ability to crystallize these
larger assemblies and membrane proteins is increas-
ingly challenging and in turn helped by robotic crys-
tallization whose development was greatly spurred
by the needs of ‘high-throughput’ crystallography.

In this volume has been included a wide
range of topics pertinent to the conventional
and high-throughput crystallography of proteins,
RNA, protein-DNA complexes, protein expression
and purification, crystallization, data collection,
and techniques of structure solution and refine-
ment. Other select topics that have been cov-
ered are protein-DNA complexes, RNA crystal-
lization, and virus crystallography. In this book
we have not covered the basic aspects of X-ray
diffraction as these are well covered in a range of
texts. One which we very strongly recommend is
that written by Professor David Blow, Outline of
Crystallography for Biologists, Oxford University
Press, 2002.

Safety: it must be stressed that X-ray equip-
ment should under no circumstances be used by
an untrained operator. Training in its use must be
received from an experienced worker.

It remains for us as editors to thank all the contrib-
utors for all their hard work in preparing the material
for this volume. We should like to thank the commis-
sioning team at OUP, lan Sherman, Christine Rode,
Abbie Headon, Helen Eaton (for cover design prepa-
ration), Elizabeth Paul and Melissa Dixon for all their
hard work and advice in bringing this edited volume
to completion.

M. R. Sanderson and ]. V. Skelly
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CHAPTER1

Classical cloning, expression, and

purification

Jane Skelly, Maninder K. Sohi, and Thil Batuwangala

1.1 Introduction

The ideal protein-expression strategy for X-ray
structural analysis should provide correctly folded,
soluble, and active protein in sufficient quantities
for successful crystallization. Subsequent isolation
and purification must be designed to achieve a
polished product as rapidly as possible, involv-
ing a minimum number of steps. The simplest and
least expensive methods employ bacterial hosts such
as Escherichia coli, Bacillus, and Staphylococcus but
if the target protein is from an eukaryotic source
requiring post-translational processing for full func-
tionality, an eukaryotic vector-host system would
be appropriate — although it should be noted that
in many instances the lack of processing can prove
an advantage in crystallization (Table 1.1). Micro-
bial eukaryotes, such as yeast and filamentous
fungi, process their gene products in a way that
more closely resembles higher organisms. Yeast
is non-pathogenic and its fermentation character-
istics are well known. Both Saccharomyces cere-
visine and Pichia pastoris strains are used extensively
for large-scale expression of heterologous proteins.
Whereas yeast, unless supplied with an appropriate
leader sequence, export protein to the cell vac-
uole the filamentous fungi, Aspergillus nidulans and
Aspergillus niger, secrete their gene products directly
into the growth medium. Secretion is often pre-
ferred because it facilitates recovery of the product.
DNA can also be inserted into the fungal genome
at a high copy number, although the genetics are
less well characterized. High-level expression of

cytoplasmic, secretory, or cell surface proteins can
be achieved in cultured insect cells using recombi-
nant baculovirus vectors. Furthermore, in insects the
post-translational modifications are similar to those
of eukaryotes. For some very large molecules,
the only feasible way of obtaining correctly-folded,
active protein is by expression in mammalian cells.
Mammalian expression vectors are usually hybrids,
containing elements derived from prokaryotic plas-
mids and controlling sequences from eukaryotes
such as promoters and transcription enhancers
required for the expression of foreign DNA. Alter-
natively, in vitro protein expression in cell-free
systems is being developed specifically for struc-
tural proteomics, where only the protein of interest
is expressed, improving the yield of stably-active
eukaryotic proteins as well as simplifying their
purification. Product size, stability, the presence of
disulphide bonds, and whether the product is likely
to be toxic to the host are all important considera-
tions when choosing a suitable expression system.
Levels of expressed gene product are measured as
a percentage of the total soluble cell protein which
can vary from <1% to >50% depending on several
factors:

. the vector-host system;

. gene copy number;

. transcription and translation efficiency;
. mRNA stability;

. stability and solubility of gene product;

Ul B WIN =

. the conditions of fermentation and induction, as
detailed for each vector.
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Table 1.1 Selection of host cells for protein amplification

Host Advantages

Disadvantages

Prokaryotic expression: £. coli
cell protein)

Extensive range of vectors
Simple, well-defined growth media

Eukaryotic expression: yeast Pichia pastoris;

Saccharomyces cerevisiae processing

Rapid growth with high yields (up to 50% total

Rapid growth with ease of scale-up and

Lack of post-translational processing
Product may prove toxic to host
Product incorrectly folded and inactive
High endotoxin content

Glycosylated product differs from
mammalian systems

High yields (g/l in Pichia pastoris)

Inexpensive

Formation of disulphides

Glycosylation

Insect cell expression: Baculovirus

Glycosylation

Mammalian expression

Filamentous fungi: Aspergillus nidulans;
Aspergillus niger

Cell-free systems

High-level expression
Formation of disulphides

Fully-functional product

Secretion of large quantities into growth media

Only protein of interest expressed
Simple purification

Glycosylated product may differ from
mammalian systems
Not necessarily fully functional

Expensive media
Slow growth rates

Genetics not well characterized

Expensive reagents

1.2 Cloning and expression

PCR cloning is usually the preferred route to con-
structing an expression vector containing the gene
of interest. The choice of vector will inevitably
depend on the source and characteristics of the gene
product, the quantity of product required, and its
purification strategy. Detection and purification can
be simplified by using a fusion partner, such as
glutathione-S-transferase (GST), a histidine tag, or a
recognition motif sequence such as the c-myc epitope
(see Section 1.2.5).

1.2.1 Construction of a recombinant E. coli
expression vector by PCR

Once a suitable vector has been selected the cod-
ing sequence of the target protein to be cloned must
first be amplified from either genomic or a cDNA
template by PCR, for which suitable forward and
reverse oligonucleotide primers are needed. A range
of web-based software is available for designing
primers (www.clcbio.com). Important considera-
tions in primer design include: the primer length,
which for most applications is between 18 and 30
bases; the chosen 5 and 3’-end primer sequences;

their melting temperatures (Tm) which should not
be lower than 60°C; and the GC content, which
should range between 40% and 60%. The 5-end
primer which overlaps with the 5’ end of the coding
sequence is designed to contain: a suitable restric-
tion endonuclease recognition site for cloning into
the expression vector; a 5’ extension to the restriction
site; a start codon; and an overlapping sequence. The
3’-end primer overlaps the complementary DNA
strand and should supply: a second restriction site;
a 5 extension; a stop codon; and an overlapping
sequence. If tags or fusion partners are appended,
additional bases may be required in the antisense
primer to ensure sequences are in frame. The primers
are normally synthesized using a commercial syn-
thesizer. It is not usually necessary for oligonu-
cleotides to be purified for routine PCR. A typical
amplification protocol consists of 25 cycles each of a
denaturing step at 95°C for 1 min, an annealing step
to be calculated from the melting temperatures of
the primers used, and an extension at 72°C for 1 min
followed by a final 10 min extension step at 72°C.
The reaction conditions can be optimized, with the
number of cycles being increased for mammalian
genomic DNA. Purification of the fragment is not
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1. Digest the vector with specific restriction enzymes to
generate ends compatible for ligation with the coding
sequence to be cloned.

2. Purify using preparative agarose gel electrophoresis.
3. Extract from agarose using a commercial gel
extraction kit.

4. Amplify the insert sequence using suitable
oligonucleotide primers.

To a PCR tube on ice, add:

5wl 10x PCR reaction buffer

5wl dNTP mix (2 mM each dATP, dCTP, dGTP, dTTP)

5wl of each forward and reverse primers (10 pmol/jl)

0.5 I DNA template (100-250 ng for mammalian
genomic DNA,

20 ng for linearized plasmid DNA)

1.0 I Tag DNA polymerase

2-8 | 25 mM MgClysolution

28.5 wul sterile water

Set up negative control reactions omitting primers or DNA
substrate.

Amplify DNA for 25 cycles with the appropriate sequence
of melting (95°C for 1 min), annealing temperature (to be
calculated from the melting temperatures of the primers
used), and replication (72°C for 1 min), followed by a final
10 min extension step at 72°C.

Purify amplified DNA using a commercial kit (Qiagen
QiaQuick).

Determine the concentration of the insert.

Protocol 1.1 Construction of recombinant vector by PCR

5. Digest the insert with specific restriction enzymes.
To a microcentrifuge tube add:

5wl of appropriate 10x restriction enzyme buffer
0.5l 100x BSA

0.2 1g DNA

2.5 wl of restriction enzyme(s)

Sterile water to a volume of 50 !

Incubate the reaction mixture for 2—4 h at the temperature
appropriate for the restriction enzyme used.

Purify using either agarose or a commercial kit.

(If the two enzymes do not have a compatible buffer,
perform the digestion in two steps, purifying the insert after
each step.)

6. Ligate vector and gene product
To a microcentrifuge tube add:

100 ng of digested vector DNA

Insert fragment (1:1 to 3:1 molar ratio of the insert to the
vector)

4l 5x ligation buffer

1l T4 DNA ligase

Incubate at 16°C for 4-16 h or at 4°C overnight.

7. Transform competent E. coli host with recombinant
vector and select for recombinants by antibiotic resistance
appropriate for the plasmid.

8. Identify colonies by PCR or plasmid mini-preps.

9. DNA sequence the construct.

usually necessary unless PCR introduces contami-
nating sequences.

The PCR product is then digested with appropri-
ate restriction enzymes, unless it is to be first ligated
into a TA cloning vector. (TA cloning involves two
stages — firstly cloning into a TA vector followed by
subcloning into an expression vector.) It is important
to ensure that the insert is properly digested, and
when carrying out a simultaneous double digestion
the enzymes must be compatible with the buffer
supplied. Before the ligation step the insert should
be purified, either by electrophoresis on agarose or
with a commercial kit. It is always good practice
to carry out a controlled ligation with the vector
alone. The recombinant ligated vector is next intro-
duced into the selected host strain (Section 1.2.2.1).

The cells are first made competent for transformation
by treatment with calcium chloride using a stan-
dard procedure (Appelbaum and Shatzman, 1999).
Recombinants containing the inserted gene can be
conveniently screened by PCR, using vector-specific
and gene-specific primers.

Directional cloning (by ligation into two dif-
ferent restriction sites) is usually the preferred
option, having the advantage of not requiring
dephosphorylation of the vector and also avoiding
possibility of the product ending up in the wrong
orientation. Finally, it is important to sequence the
construct in order to identify any mutations that
may have been generated during the PCR reaction.
Protocol 1.1 outlines the sequence of steps involved
in the construction of a recombinant vector. Specific
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details of materials, including preparations of buffer
reagents, may be found in standard laboratory
manuals and on manufacturers’ web sites.

For high-throughput (HTP) the gene of interest
can be cloned in parallel into a variety of expres-
sion vectors containing different tags and/or fusion
partners, and into vectors for a variety of expression
systems. Gateway™ (www.invitrogen.com) cloning
technology is discussed in Chapter 2.

1.2.2 Prokaryotic expression systems

The most effective way to maximize transcription
is to clone the gene of interest downstream from
a strong, regulatable promoter. In E. coli the pro-
moter providing the transcription signal consists
of two consensus sequences situated -1 and -35
bases upstream from the initiation codon. High-level
expression vectors contain promoter regions situ-
ated before unique restriction sites where the desired
gene is to be inserted, placing the gene under the
direct control of the promoter. Differences between
consensus promoter sequences influence transcrip-
tion levels, which depend on the frequency with
which RNA polymerase initiates transcription. In
addition to these regulatory elements, expression
vectors possess a selectable marker — invariably an
antibiotic resistance gene.

When choosing an E. coli expression system for
production of eukaryotic cDNA, the differences
between prokaryotic and eukaryotic gene control
mechanisms must be addressed. In E. coli, the ribo-
some binding site (RBS) consists (in most cases) of
the initiation codon AUG and the purine-rich Shine-
Dalgano sequences located several bases upstream.
Vectors have been constructed which provide all
the necessary signals for gene expression including
ribosome binding sites, strong regulatable promot-
ers and termination sequences, derived from E. coli
genes with the reading frame removed. Multiple
cloning sites (MCS) are provided in these vectors to
facilitate insertion of the target gene.

Eukaryotic DNA contains sequences recognized
as termination signals in E. coli, resulting in pre-
mature termination of transcription and a truncated
protein. Also, there are differences in codon pref-
erence affecting translation, which may ultimately

result in low levels of expression or even prema-
ture termination. Not all of the 61 mRNA codons
are used equally (Kane, 1995). Rare codons tend to
occur in genes expressed at low level and their usage
depends on the organism. (The codon usage per
organism can be found in the Codon Usage Database
(www.kazusa.or.jp/codon). To overcome this, site-
directed mutagenesis may be carried out to replace
the rare codons by more commonly-occurring ones,
or alternatively by coexpression of the genes encod-
ing rare tRNAs. E. coli strains that encode for a
number of rare codon genes are now commercially
available (see Section 1.2.2.1). There is also a possi-
bility that expression of high levels of foreign protein
may prove toxic to the E. coli host inducing cell
fragility, therefore placing the recombinant cell at
a disadvantage. Specific post-translational modifi-
cations, such as N- and O-glycosylation, phospho-
rylation and specific cleavage (e.g. removal of the
N-terminal methionine residue) required for full
functionality of the recombinant protein, will not be
carried out in bacteria.

Probably the best example of regulatory gene
expression in bacteria is the lac operon, which is
extensively used in the construction of expression
vectors (Jacob and Monod, 1961). The lac pro-
moter contains the sequence controlling transcrip-
tion of the lacZ gene coding for B-galactosidase,
one of the enzymes that converts lactose to glu-
cose and galactose. It also controls transcription
of lacZ’, which encodes a peptide fragment of
p-galactosidase. Strains of E. coli lacking this frag-
ment are only able to synthesize the complete and
functional enzyme when harbouring vectors car-
rying the lacZ’ sequence, for example pUC and
M13. This is useful for screening recombinants. The
lac promoter is induced by allolactose, an isomeric
form of lactose, or more commonly, isopropyl p-b-
thiogalactoside (IPTG), a non-degradable substrate,
at a concentration of up to 1mM in the growth
medium. Basal expression (expression in the absence
of inducer) may be reduced by addition of glucose
to the media. The lacUVS5, tac, and trc promoters are
all repressed by the lac repressor.

The trp promoter is located upstream of a group of
genes responsible for the biosynthesis of tryptophan.
It is repressed in the presence of tryptophan but
induced by either 3-indolyacetic acid or the absence
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of tryptophan in the growth medium (i.e. a defined
minimal medium such as M9CA). The tac promoter
is a synthetic hybrid containing the -35 sequence
derived from the trp promoter and -10 from lac. It is
several times stronger than either lac or trp (Amann
et al., 1983).

PBAD expression (www.invitrogen.com) utilizes
the regulatory elements of the E. coli arabinose
operon (araBAD), which controls the arabinose
metabolic pathway. It is both positively and neg-
atively regulated by the product of the araC gene,
a transcriptional regulator which forms a complex
with L-arabinose (Ogden et al., 1980). The tight reg-
ulation provides a simple but very effective method
for optimizing yields of soluble recombinant pro-
tein at levels just below the threshold at which they
become insoluble. Induction is by the addition of
arabinose. Again, basal expression may be repressed
by the addition of 2% glucose to the growth medium,
an important consideration if the protein of inter-
est is known to be toxic to the host. Currently there
are nine pBAD expression vectors with a variety of
vector-specific features.

Bacteriophage lambda Py, is an extremely pow-
erful promoter responsible for the transcription of
bacteriophage lambda DNA. Py, expression systems
offer tight control as well as high-level expres-
sion of the gene of interest. The Pp promoter is
under the control of the lambda cI repressor pro-
tein, which represses the lambda promoter on an
adjacent operator site. Selected E . coli host strains
synthesize a temperature-sensitive defective form of
the cl repressor protein, which is inactive at temper-
atures greater than 32°C. Expression is induced by
a rapid temperature shift. The host cells are usually
grown at 28°C to 32°C to midlog phase when the
temperature is rapidly adjusted to 40°C as described
in Protocol 1.2. Alternatively, the cI repressor may
be placed under the control of the tightly-regulated
trp promoter, and expression is then induced by the
addition of tryptophan. With no tryptophan present,
the cl repressor binds the operator of Pp,, preventing
expression. However, in the presence of trypto-
phan the tryptophan—trp repressor complex forms
and prevents transcription of the cI repressor gene,
allowing transcription of the cloned gene. Induc-
tion can be achieved at lower temperatures although
basal expression can be a problem.

The T7 RNA polymerase recognizes the bacterio-
phage T7 gene 10 promoter, which is carried on
the vector upstream of the gene of interest. Being
more efficient than the E. coli RNA polymerase, very
high levels of expression are possible. Up to 50% of
the total cell protein can be attained in a few hours
after induction. First, the target gene is cloned using
an E. coli host which does not contain the T7 poly-
merase gene. Once established, the plasmids are
then transferred into the expression host harbouring
the T7 polymerase under the control of an inducible
promoter, usually lacUV5. Induction is by addition
of IPTG. Besides high-level expression, the system
offers the advantage of very tight control. Since the
host-cell RNA polymerase does not recognize the T7
promoter, it prevents basal expression which might
prove harmful to the host. Control can be tightened
even further by coexpressing T7 lysozyme from an
additional plasmid (pLysS/pLysE) in the expression
strain which inactivates any spurious T7 polymerase
produced under non-inducing conditions. An exten-
sive series of derivatives of the original pET vec-
tors constructed by Studier and Moffatt (1986) are
commercially available (Wwww.novagen.com).

1.2.2.1 Bacterial hosts

Most E. coli host strains used for high-level expres-
sion are descended from K12. E. coli strains should
ideally be protease deficient, otherwise some degree
of proteolysis is more or less inevitable as evident
in multiple banding on SDS gels. For this reason,
E. coli B strains deficient in the ATP-dependent lon
(cytoplasmic) and ompT (periplasmic) proteases are
normally used. As in the case of T7 polymerase,
some vectors require host strains carrying addi-
tional regulatory elements for which a variety of
derivatives of BL21 strains are commercially avail-
able. However, BL21 does not transform well so an
alternative strain for cloning and maintenance of
vector should be used, for example JM105. E. coli
strains that encode for a number of rare codon genes
include: BL21 (DE3) CodonPlus-RIL AGG/AGA
(arginine), AUA (isoleucine), and CUA (leucine)
(www.stratagene.com); and Rosetta or Rosetta
(DE3) AGG/AGA (arginine), AUA (isoleucine), and
CCC (proline) (www.novagen.com). For membrane-
bound proteins, expression in mutant strains C41
(DE3) and C43 (DE3) could improve expression
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levels (Miroux and Walker, 1996). For proteins with
disulphide bonds, host strains have been produced
which have a more oxidizing cytoplasmic environ-
ment. For example AD494 (Novagen) has a mutation
in thioredoxin (trxB) and Origami (Novagen) carries
a double mutation (trxB, gor) in the thioredoxin and
glutathione reductase genes.

1.2.2.2 Expression method and plasmid

stability

A single colony from a freshly-streaked plate of the
transformed host is used to inoculate a 30-50ml
starter culture of Luria broth (LB) medium contain-
ing the appropriate antibiotic. It is important not to
allow starter cultures to grow above ODggopnm > 1.
Cells should then be centrifuged and resuspended
in fresh medium for inoculation of the main cul-
ture. Growth and induction conditions vary with
the vector-host expression system. Usually, cells
are grown to midlog phase before induction, either
by a rapid shift in temperature or addition of an
inducer to the medium (Protocol 1.2). It is impor-
tant to maintain good aeration in the fermentation
vessel.

Plasmid instability can arise when the foreign pro-
tein is toxic to the host cell. During rapid growth
plasmids may be lost or the copy number reduced,
allowing the non-recombinant cells to take over. Asa

precaution it is essential to maintain antibiotic resis-
tance. As ampicillin is inactivated by p-lactamases
secreted by E. coli into the medium one may spin
overnight cultures and resuspend the pellet in
fresh media.

1.2.2.3 Engineering proteins for purification

Fusion proteins containing a tag of known size
and function may be engineered specifically for
overexpression and detection, as well as for facil-
itating purification by rapid two-step affinity pro-
cedures directly from crude cell lysates (Table 1.2).
Customized fusions may be constructed tailoring
to the specific needs of the protein. For exam-
ple an N-terminal signal sequence can be used to
direct the recombinant product into the periplasm.
Using an appropriate leader sequence, antibody
fragments can be secreted into the periplasm
and through the outer E. coli membrane into the
culture medium where they can be effectively
reconstituted. The oxidizing environment of the
periplasm allows disulphide-bond formation and
minimizes degradation. Expression vectors incorpo-
rating the ompT and pelB leader sequences upstream
of the 5 cloning sites are commercially available
(Stader and Silhavy, 1990; Nilsson et al., 1985).
Proteins expressed as fusions with Staphylococcal
protein A can be purified to near-homogeneity

P, promoter

This is an analytical scale induction to check for expression
levels.

E. coli host strain ARS8 containing defective phage
lambda lysogen transformed with a recombinant vector
which carries antibiotic resistance for kanamycin (Kan R).

1. Grow recombinant and control £. coli strains overnight
at 32°C in LB containing kanamycin antibiotic.

2. Dilute the overnight culture 1in 60-100 into fresh LB
containing kanamycin.

3. Grow cultures at 32°C in a shaker until the ODg5onm
reaches 0.6-0.8.

4. Remove a 1-ml sample for analysis. Pellet samples for
30 sec at 16,000 g in a microcentrifuge, decant the medium,
and place tubes on dry ice.

Protocol 1.2 Growth and induction of expression of a heterologous sequence from vector

5. Move cultures to a water bath set at 40°C and continue
growing the cultures at this temperature for 2 h.

6. Remove 1ml aliquot from each for analysis.

7. Record the ODgs5qnm; typically it will be 1.3 or higher if
the gene product is not toxic to the cell.

8. Harvest remaining cells by centrifugation and freeze
at-70°C.

9. For large-scale cultures, use 2-litre flasks (with baffles).
Induce by adding 1/3 volume prewarmed LB at 65°C to the
culture.

This protocol is adapted from Appelbaum, E. and Shatzman,
A.R.(1999). Prokaryotes in vivo expression systems. In:
Protein Expression Practical Approach, Higgins, S. J. and
Hames, B. D., eds. Oxford University Press.
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by immobilization on IgG (Nilsson et al., 1985).
However, the drawback of using immunoaffin-
ity procedures is that immunological detection can
be made complicated. Consequently these strate-
gies have been largely superseded by fusions
based on non-immunoaffinity methods. Among
the vectors that have proved popular are pTrcHis,
with a tag consisting of a sequence of polyhis-
tidines (usually 6 x His), which can be immo-
bilized by metal chelation (Protocol 1.3), and
PGEX based on Schistosoma japonicum glutathione

Table 1.2 E£. coli expression systems

S-transferase as the fusion tag (Smith and John-
son, 1988), which uses immobilized glutathione
for isolation (Protocol 1.4). Both are commer-
cially available in kit form (www.invitrogen.com;
www.gehealthcare.com). pGEX vectors feature a tac
promoter for inducible (IPTG), high-level expres-
sion and an inducible lac gene for use in any E. coli
host. Thirteen pGEX vectors are available, nine with
expanded MCSs. The pGEX-6P series provides all
three translational reading frames linked between
the GST coding region and MCS. The plasmid

Promoter/induction

Purification

Glutathione Sepharose Fast Flow™

Chelating Sepharose Fast Flow™
Chelating Sepharose Fast Flow™

0.2% L-arabinose

Vector family Fusion Tag

pGEX Glutathione S-transferase Ptac
IPTG

pET (His)g T7/IPTG

pBAD (His)g PeaD

pTRX Thioredoxin PL

ThioFusion™

pTrcHis (His)g trc

pEZZ18 IgG binding domain of protein

pRSET (His)g T7

lacUV5 protein A

Nickel-chelating resins

Temperature shift 37°C to 42°C

Nickel-chelating resins
IgG Sepharose 6 Fast Flow
Chelating Sepharose Fast Flow™

Materials

Sonication buffer: 50 mM sodium phosphate, 300 mM Nadl,
pH 7.0-8.0

Ni-NTA agarose (Qiagen™)

Chromatography column: 20 ml bed volume

Wash buffer: 50 mM sodium phosphate, 300 mM NaCl,
30 mM imidazole, pH 7.0-8.0

Elution buffer: 50 mM sodium phosphate, 300 mM NacCl,
250-500 mM imidazole, pH 7.0-8.0

SDS-polyacrylamide gel electrophores (SDS-PAGE) system

Method

1. Resuspend cells harvested from 1-litre culture in 10 ml
sonication buffer.

2. Add lysozyme to 0.2 mg/ml and incubate at 4°C for
30 min.

3. Sonicate the cells at 4°C.

Protocol 1.3 Purification of soluble Hisg-tagged protein on Ni-NTA agarose

4. Draw lysate through 20-gauge syringe needle to shear
the DNA and reduce viscosity if necessary.

5. Centrifuge the lysate at 40,000 g for 2-3 h and collect
the supernatant.

6. Add 8 ml of 50% (v/v) slurry of Ni-NTA agarose
equilibrated in the sonication buffer to the supernatant. Stir
for 1h.

7. Load the agarose into the column.

8. Wash with 20 ml of the wash buffer and collect 5 ml
fractions checking Aygonmuntil it is <0.01.

9. Elute the protein from the agarose with 20 ml of the
elution buffer. Collect 2 ml fractions.

10. Analyse 5wl aliquots of the fractions by SDS-PAGE
after incubating the protein sample with an equal volume of
the sample buffer for SDS-PAGE at 37°C instead of boiling
to avoid cleavage of the protein.

Adapted from protocol supplied by QlAexpress™
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provides lac Iq repressor and confers resistance to
ampicillin. Novagen’s PET system offers a wide vari-
ety of fusion tags including both N and C-terminal
polyhistidines (www.novagen.com). Other widely-
used tags include a calmodulin-binding peptide
(www.stratagene.com), the maltose binding protein
(www.westburg.nl), polyarginine, and cellulose-
binding tag. These are all helpfully reviewed by
Terpe (2003). Another tag utilizes the stability char-
acteristics of E. coli thioredoxin, which when used
as a fusion confers its heat tolerance and solubility
properties upon the recombinant protein (Yasukawa
et al., 1995). Providing the target sequence with a
C-terminal tag will ensure that only full-length pro-
tein is purified. All these fusion tags are available

commercially in a variety of vectors with MCSs
ensuring easy transfer of inserts.

Invariably, for crystallization it is desirable to
remove the tag thus avoiding any possible inter-
ference with folding and tertiary structure. This
may prove problematic, particularly if the prote-
olytic cleavage site introduced into the vectors for
this purpose, is not unique. Shorter fragments may
result, leading to microheterogeneity. Histidine-
tagged protein appears to be less of a problem in
this respect since successful crystallization and high-
resolution structure solution has been achieved with
the protein-polyhistidine sequence (His6) remaining
intact. Cleavage may be carried out either on the
immobilized media or after elution of the product.

of the GST tag using thrombin and factor Xa

Materials

Binding buffer: 1 x PBS (140 mM NaCl, 2.7 mM KC|,
10 mM NayHPO,4, 1.8 mM KH,PO,4, pH 7.0-8.0)

Elution buffer: 50 mM Tris-HCl, 10 mM reduced GSH,
pH 7.0-8.0

Prepacked MicroSpin™GST or GSTrap FF columns
(GE Healthcare)

Hi-trap Benzamidine FF column

SDS-polyacrylamide gel electrophoresis system

Thrombin: 500 units in 0.5 ml PBS (stored at —=80°C)

Factor Xa: 400 units in water to give a final solution of
1 Unit/l stored at —80°C

Method
Cleavage of the fusion protein off the column:

1. Add the cell lysate to a prepacked MicroSpin™GST
or GSTrap FF column equilibrated with the binding buffer.
2. Wash the column with the binding buffer.

3. Elute the fusion protein with the elution buffer.

4. Cleave the eluted fusion protein with site-specific
protease thrombin or Factor Xa.

5. Desalt the sample using a Hi-trap desalting column.
6. Add the sample to a MicroSpin™GST or GSTrap FF
column equilibrated with the binding buffer.

7. Collect the eluate and analyse it by SDS-PAGE or by
mass spectroscopy.

Protocol 1.4 Purification of soluble GST-tagged recombinant protein and cleavage

8. Remove the protease using a Hi-trap benzamidine
column.

Cleavage of the fusion protein on the column:

1. Add the cell lysate to a prepacked MicroSpin™GST
column or GSTrap FF column equilibrated with the binding
buffer.

2. Wash with the binding buffer.

3. If using a GSTrap FF, connect the column directly to a
Hi-trap benzamidine FF column.

4. (leave the fusion protein with a site-specific protease
(thrombin, factor Xa or any other protease).

5. Collect the flow through sample and analyse on a
SDS-PAGE or by mass spectroscopy.

For scale-up:
GSTrap FF (1 ml) column binds 10—12 mg fusion protein
GSTrap FF (5 ml) column binds 50-60 mg fusion protein

1. Equilibrate the column with 5 column volumes of the
binding buffer.

2. Maintain loading flow rate 0.2—1 ml /min for 1 ml
column and 1-5 ml/min for 5 ml column.

3. Wash with 5-10 column volumes of binding buffer.
4. Elute with 5-10 volumes of elution buffer.

Adapted from protocol supplied by GE Healthcare.
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Polyhistidine tags of other lengths (e.g. His4 or
His10) may provide useful alternatives. The amount
of enzyme, temperature, and length of incubation
required for complete digestion varies according to
the specific fusion protein. Thrombin, factor Xa, and
enterokinase are the most commonly used proteases.
Thrombin in particular tends to cleave promiscu-
ously. Another disadvantage of fusions is the alter-
ation in the sequence of the tagged protein that may
be necessary in order to supply the cleavage site.
For GST fusions it is advisable to use the PreScission
Protease cleavage site (www.gehealthcare.com). The
GST tag then can be removed and the protein puri-
fied in a single step on the column (Protocol 1.4).
The PreScission Protease also has the useful prop-
erty of being maximally active at +-4°C thus allowing
cleavage to be performed at low temperatures and so
improving the stability of the target protein. The pro-
tease can be removed after cleavage using a HiTrap
Benzamidine column. The GST 96 well Detection
Module provides a convenient ELISA assay for test-
ing lysates. Cloning procedures are specific for each
vector and manufacturers’ instructions should be
closely followed.

Fusions may also be designed against which anti-
bodies may be raised that can be used for detection.
An example is the tripeptide Glu-Glu-Phe motif
for the immunoaffinity of HIV enzymes which is
recognized by the YL1/2 monoclonal antibody to
a-tubulin (Stammers et al., 1991).

To determine the optimum conditions, pro-
tein amplification should be monitored at various
stages during pilot experiments before scaling-up.
It should be emphasized that not all proteins are
amenable to amplification in E. coli. Considerable
time, effort, and hours of frustration can be spent in
constructing a suitable expression system and opti-
mizing yields. In particular, growth media, antibi-
otics, and chemical inducers can be prohibitively
expensive. This is a major consideration when scal-
ing up as large-scale fermentation involving high
cell densities may simply result in the loss of vec-
tor through selection or, as mentioned above, the
product may prove toxic to the host. Should the
above-mentioned expression strategies fail to pro-
vide adequate levels of product in E. coli it is
advisable to switch to yeast or insect cells.

1.2.3 Yeast expression systems

Being eukaryotes, yeast cells carry out some of the
post-translational processes found in mammalian
cell lines and rarely give rise to inclusion bodies.
Pichia pastoris and Saccharomyces cerevisiae are both
well characterized, easy to handle, and grow rela-
tively quickly to high densities in defined medium.
Pichia is particularly suited for large-scale produc-
tion, being capable of yielding tens of milligrams
per litre of fully functional recombinant material
without loss of yield. P. pastoris is widely chosen
for analytical and structural studies. Pichia expres-
sion vectors are commercially available for inducible
and constitutive expression, as well as the pro-
duction of secreted proteins coupled with a fusion
partner for rapid purification and immunological
detection. Pichia, being a methyltrophic yeast, can
utilize methanol as its sole carbon source in the
absence of glucose. Expression is regulated by the
AOXI1 promoter, which controls the expression of
alcohol oxidase, the enzyme involved in the first
stage of methanol production (Cregg et al., 1993).
Another yeast species that has been successfully
utilized for high-level expression of heterologous
proteins is Candida utilis (Kondo et al., 1997).

One potential problem is that yeast cells can
acidify the culture medium and may also contain
compounds that affect binding of His-tags to the
resin. Detailed protocols for culturing and handling
yeast cells are available from Clontech laboratories
(www.clontech.com).

1.2.4 Baculovirus expression system

Expression in insect cells is a common method
of production of recombinant proteins for struc-
tural studies. The advantages of using insect cells
include relatively high expression levels compared
to other eukaryotic expression systems, expres-
sion of multiple genes, capacity for expressing
unspliced genes, ease of scale up, simplified cell
growth, and the possibility of protein production in
high density suspension cultures. In addition, post-
translational processing modifications to eukary-
otic proteins expressed in insect cells are similar
to those of mammalian cells and this facilitates
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the production of biologically active eukaryotic
proteins.

Baculovirus expression is the most frequently
used method for expression in insect cells and
employs Autographa californica nuclear polyhedrosis
virus (AcNPV), a double stranded (ds) DNA virus
that infects arthropods. The baculovirus expres-
sion system utilizes features of the viral life cycle
to introduce recombinant DNA coding the gene
of interest into insect cells (Miller, 1988; O'Reilly
etal., 1992).

The protein polyhedrin, which is produced in
large amounts during the very late phase of viral
life cycle, acts to occlude virus particles and
protects them from proteolysis during host cell
lysis. However, polyhedrin is non-essential in the
viral life cycle (Smith et al.,, 1983). Another non-
essential protein expressed at high levels in the
very late phase of the baculovirus life cycle is
p10 which is involved in polyhedra formation
(Williams, 1989; Vlak et al., 1988). Baculovirus
expression systems take advantage of this since
the protein of interest can be produced in large
amounts by generating recombinant baculovirus
with the gene of interest replacing the poly-
hedrin or p10 genes with expression being driven
by the polyhedrin or pl0 promoter (Smith et
al., 1983).

As the Baculovirus genome is too large (134 kb)
to be used as a cloning vehicle into which for-
eign genes can be inserted directly using stan-
dard molecular biology techniques, a transfer vec-
tor is used to insert the gene of interest into
the Baculovirus genome (Ayres et al., 1994). In
brief, the gene of interest is cloned into a (bacteri-
ally propagated) transfer vector flanked by viral-
specific sequences. The transfer vector contain-
ing the gene of interest is then mixed with wild
type Baculovirus DNA and cotransfected into insect
cells. The gene is introduced into the Baculovirus
genome, by homologous recombination, mediated
by the viral specific flanking sequences. Recom-
binant virus expressing the gene of interest can
be produced in this manner and the absence of
the polyhedrin gene allows identification of recom-
binant viral plaques since the viruses containing
polyhedrin have a different morphology. However,

the frequency of recombination during the produc-
tion of recombinant virus is low (Kitts and Possee,
1993) and identification of recombinant plaques is
difficult and time-consuming. Due to the obvious
advantages of being able to produce large quan-
tities of correctly folded, biologically active pro-
tein, a number of improvements have been made
in order to make the production and propaga-
tion of recombinant virus more convenient and
rapid. The Baculogold™(www.bdbiosciences.com)
and the BacPak (www.clontech.com) systems uti-
lize the method of linearization of Baculovirus DNA
to increase the frequency of recombination. The
basis of this method is the introduction of rare
restriction sites for the enzyme Bsu391 within the
polyhedrin gene locus and the ORF1629 gene that is
essential for viral replication (Possee and Howard,
1987; Kitts and Possee, 1993). Thus, linearization of
Baculovirus DNA with Bsu391 results in the exci-
sion of the essential ORF1629 gene and renders this
DNA non-infective. Cotransfection of the linearized
Baculovirus DNA with a transfer vector, containing
the missing sequence, restores infectivity. Moreover,
since the gene of interest is within the ORF1629 locus
on the transfer vector, almost 100% recombinant fre-
quency can be achieved (Kitts and Possee, 1993).
It is important to remember that only the vectors
that contain the entire deleted region of the poly-
hedrin gene can rescue the deletion by homologous
recombination.

The most commonly used insect cell lines
Spodoptera frugiperda 9, 21 (Sf9, Sf21 respectively)
and HighFive (derived from Trichoplusia ni) (Geisse
et al., 1996) are commercially available from Invitro-
gen and BD Biosciences. Healthy insect cells adhere
to the surface of the plate forming a monolayer
and double every 18-24 h. Infected cells stop divid-
ing, become enlarged and uniformly round, have
enlarged nuclei, and do not attach to the surface
of the plate. The possibility of cell growth in serum
free media with these cell lines also has the advan-
tage of ease of purification of secreted proteins.
Insect cells can be grown both as monolayers and
in suspension. A culture is usually started as a
monolayer (Protocol 1.5) and then transferred to
suspension into a spinner flask for large-scale pro-
tein production. Healthy cells from a log-phase
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Protocol 1.5 Starting an insect cell culture

Materials

Sf9 insect cells (BD Biosciences or Invitrogen)

EX-CEL 405™serum-free medium for insect cells (RJH
Biosciences) or Sf 900 Il SFM (Invitrogen-GIBCO)

Fetal calf serum (LabClinics SA, Barcelona)

Gentamycin sulphate, 10 mg/ml stock (BD Biosciences)

Amphotericin B, 250 pg/ml stock (BD Biosciences)

Haemocytometer

27°C incubator

Tissue culture flasks

Sterile 10 ml pipettes

Sterile Spinner flasks (200 ml and 1 litre), spinner apparatus

Sterile 25 ml and 50 ml plastic tubes

Sterile plastic Pasteur pipettes

Trypan Blue Stain (0.2%) solution in PBS

Method

1. Equilibrate the medium at room temperature.

2. Add gentamycin sulphate (50 pg/ml), amphotericin B
(2.5 wg/ml), and fetal calf serum (10%).

3. Remove a batch of frozen cells from liquid nitrogen
storage dewar.

4. Thaw the cells quickly by dipping the vial in a water
bath at 37°C for about 30 sec.

5. Spray the outside of the vial with 70% ethanol and
place it in a sterile hood.

6. Transfer the cells to a 25 ml sterile universal vial using
a sterile plastic Pasteur pipette.

7. Add 20 ml medium drop wise.

8. Centrifuge at 600 g, at room temperature, for 2-5 min.
9. Aspirate the supernatant using a 25 ml sterile pipette
taking care not to disturb the cell pellet.

10. Resuspend the cells in 10 ml fresh medium.

11. Mix 10 pl cell suspension with 10 I of Trypan Blue
solution and estimate the viable cell density using a
haemocytometer. Non-viable cells turn blue.

12. Adjust cell density to 250,000 viable cells/ml medium.
13. Transfer the cell suspension to a 50 ml tissue culture
flask and incubate at 27°C or room temperature for 48 h.
14. After 48 h, examine the flask using a light microscope
and reincubate until the cells become confluent.

15. Dislodge the cells by tapping the flask gently on a
bench and transfer the cell suspension to a 25 ml universal
tube.

16. Pellet the cells by centrifugation at 1000 g for 2—5 min.
17. Transfer the supernatant to a 50 ml sterile tube and
add two volumes of fresh medium.

18. Resuspend the cell pellet in 10 ml of the medium in
Step 17 and determine cell density.

19. Seed the cells into a new tissue culture or spinner flask
at a density of 250,000 cells/ml using the medium in Step
17 (some fresh medium may be added if required).

20. Incubate the flask at 27°C or room temperature for
48h.

21. Split or scale up the culture when the cell density
reaches 2 x 108cells/ml.

22. Steps 19-21 are repeated until a required culture
volume is obtained.

Insect cells can be adapted to a serum-free insect cell
medium by slowly decreasing the concentration of fetal calf
serum in the medium.

Note: Protocols 1.5 to 1.11 have been adapted from
Baculovirus Expression System Manual, 6th edn, May 1999
(www. bdbiosciences.com).

culture are transferred for long-term storage in lig-
uid nitrogen. Properly stored cells (Protocol 1.6)
remain viable for several years.

The plasmid DNA used for cotransfection should
be as pure as possible. Insect cells are sensitive to
impurities in plasmid samples and may lyse before
the recombinant virus is regenerated, resulting in
very low viral titres. For good cotransfection exper-
iments, monolayers of healthy cells with an initial
confluency of 60-70% are required.

Procedures for obtaining recombinant Baculovirus
using linearized BaculoGold™ DNA are simple

(Protocol 1.7) and normally generate high-titre
stocks. The viral titre is determined by plaque assay
(Protocol 1.8) so that known amounts of the recom-
binant virus are used in subsequent virus amplifica-
tion experiments (Protocol 1.9) to produce large viral
stocks.

A small-scale titration experiment is carried out
to determine the optimum amount of the recom-
binant viral stock required for protein production
using a 6-well tissue culture plate with a monolayer
of 6 x 10° cells per well. The wells are infected
with 0, 10, 20, 40, 60, and 80 11 of the recombinant
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Protocol 1.6 Storing insect cells

Materials

Insect cell culture at 1-2 x 10° cells/ml

EX-CEL 405™serum-free medium for insect cells containing
gentamycin sulphate (50 pg/ml), amphotericin B
(2.5 wg/ml), and fetal calf serum (10%)

Sterile cryovials

Liquid nitrogen storage dewar

A small polystyrene box or a cryovial holder

Dimethyl sulphoxide

50 ml sterile centrifuge tubes

Method
1. Harvest cells from a culture containing 1-2 x 100
cells/ml by centrifugation at 1000 g for 10 min.

2. Transfer the supernatant to a sterile tube.

3. Keep the cell pellet on ice.

4. Resuspend the pellet in 10% dimethyl sulphoxide and
90% medium (2 volumes conditioned medium +1 volume
fresh medium). Cell density should be about 5 x 106
cells/ml.

5. Dispense into cryovials (1 ml/vial).

6. Enclose the cryovials in a vial holder or small polystyrene
box.

7. Transfer the box to —80°C and leave overnight.

8. Transfer to liquid nitrogen storage dewar.

Protocol 1.7 Cotransfection of insect cells to produce recombinant Baculovirus

Materials

SF9 cell culture at 1-2 x 10°cells/ml

1 g linearized BaculoGold™ DNA (BD Biosciences)

Recombinant Baculovirus transfer vector containing the
insert

60-mm tissue culture plates

EX-CEL 405™ medium for insect cells containing 10% fetal
calf serum

Transfection buffer A and B set (BD Biosciences)

Sterile microcentrifuge tubes

Sterile pipettes and pipette tips

SDS-polyacrylamide gel electrophoresis system

Method

1. Prepare two 60-mm tissue culture plates.

2. Pipette 2 x 10°579 cells onto each plate.

3. Place the plates on a level surface.

4. Allow the cells to adhere to the bottom of the plate
to form a monolayer (40-45 min).

5. Mix 0.5 g linearized BaculoGold™ DNA with
2-5 g recombinant Baculovirus transfer vector
containing the insert and allow the mixture to sit at room
temperature for 5 min.

6. Aspirate the medium from the plates.

7. Pipette 3 ml fresh medium onto plate number 1
(control plate).

8. Add 1 ml of buffer B to the mixture prepared in

Step 5.

9. Pipette 1 ml of buffer A onto plate number 2.
10. Add the solution from Step 8 drop wise to plate
number 2 and rock the plate gently.
11. Incubate both plates at 27°C for 4 h.
12. After 4 h aspirate the medium from plate number 2,
wash the cell monolayer with 3 ml of fresh medium by
rocking the plate gently, and remove the medium.
13. Add 3 ml of fresh medium to plate number 2 and
incubate the plate at 27°C for 4-5 days.
14. After 4 days compare the two plates for infection.
Infected cells are larger than the uninfected, have
enlarged nuclei, stop dividing, and become detached from
the surface of the plate. The cells on plate number 1
should remain uninfected.
15. After 5days transfer the supernatant to sterile
centrifuge tubes. The supernatant of plate number 2
contains the recombinant virus.
16. Store the recombinant virus at 4°C in a dark place.
17. Harvest the cells from the plates.
18. Pellet the cells by centrifugation at 2500 g for 5 min.
19. Analyse the cell pellets from both plates for expression
of the recombinant protein by SDS-PAGE.
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Materials

Sf9 cell culture

100-mm and 12-well tissue culture plates

Baculovirus transfection supernatant

Agarplaque-Plus™agarose (BD Biosciences: Pharmingen)

EX-CEL 405™serum-free medium for insect cells containing
50 pg/ml gentamycin sulphate and 2.5 wg/ml
amphotericin B

Sterile water containing 50 pg/ml gentamycin sulphate and
2.5 pg/ml amphotericin B

A sterile plastic box that can accommodate six 100 ml tissue
culture plates

Microcentrifuge tubes

Sterile pipette tips

Microscope

SDS-polyacrylamide gel electrophoresis system

Method

1. Prepare 3% agarose solution in deionized water and
sterilize by autoclaving.

2. Label six 100-cm plates each containing a monolayer
of 2.1 x 107 cells.

3. Allow the cells to form a monolayer by placing the
plate on a level surface.

4. Replace the old medium with 10 ml of fresh medium
in each plate.

5. Prepare 1073, 1074, 107>, 10~°, and 10~ "dilutions
of the virus transfection supernatant.

6. Pipette 100 I of the dilute virus transfection
supernatant onto each plate except for the control.

7. Transfer the plates to 27°C incubator and leave
for 1h.

8. Cool the agarose solution to 45°C and equilibrate
two volumes of the medium to room temperature.

Protocol 1.8 Purification of recombinant virus and determination of viral titre by plaque assay

9. Transfer the plates from the incubator to the hood

and remove the medium.
10. Add the insect cell medium at room temperature to
the agarose solution and mix quickly.
11. Add 10 ml of the agarose solution prepared in Step 10
to the side of each plate and cover the cell monolayer
completely by gently tilting the plate.
12. Leave the plates undisturbed on a level surface until
the agarose is set.
13. Place the plates in a sterile plastic box containing
some sterile tissues sprayed with sterile water containing
50 wg/ml gentamycin sulphate and 2.5 pg/ml

amphotericin B.
14. Incubate at 27°C for 6-10 days until visible plaques
appear.
15. Examine the plates for plaques using a microscope and
select a plate containing well separated plaques, and mark
the position of each plaque with a marker pen.
16. Count the number of plaques and calculate the number
of plaque forming units per ml virus stock.
17. Remove an agarose plug over the plaque using a sterile
pipette tip and place in a microcentrifuge tube containing

1 ml insect medium.
18. Pick up 10-20 plaques as in Step 17 and place in
separate tubes.
19. Elute the virus from the agarose plug by rotating the
tubes overnight in a cold room.
20. Add 200 ! virus from each tube to separate wells of
12-well tissue culture plates each containing a monolayer
of 2 x 10 cells per well in 1 ml insect cell medium and
incubate the plates at 27°C for 3 days.
21. Collect the medium containing the virus from the wells,
remove the cells by centrifugation at 1000 g for 5min at
4°C, and store the virus at 4°C. Test the cells for protein
expression by SDS-PAGE.

virus stock. At the end of the incubation the
recombinant protein level in the wells is compared
by SDS-polyacrylamide gel electrophoresis. This
method is quicker and easier than the plaque
assay.

For the large-scale expression of a non-secreted
protein, cell monolayers in several tissue culture
flasks are infected with virus and the cells containing
the protein are harvested (Protocol 1.10). The more
convenient way of producing large quantities of a

recombinant protein is where a large volume of the
cell culture is infected in a spinner flask and cells
are harvested by centrifugation (Protocol 1.11). The
secreted protein is usually expressed using the insect
cell medium that contains either a low concentration
(2%) of fetal calf serum or serum-free insect cell
medium. The methods used for the purification of
proteins expressed in the Baculovirus system are
similar to those described in the bacterial expression
system section.
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Protocol 1.9 Amplification of the recombinant Baculovirus virus stock

Materials

S79 cell culture

150-mm tissue culture plates

Recombinant Baculovirus low titre viral stock
Insect cell medium

Microcentrifuge tubes

Microscope

Method

1. Pipette 2.1 x 107 cells onto a plate and allow the cells
to form a monolayer by placing the plate on a level surface
for 40-45 min at room temperature or 27°C.

2. Add 100 ! of the recombinant virus stock, keeping the
multiplicity of infection below one.

3. Incubate the plate at 27°C for 3 days.

4. Examine the plate for signs of infection after 2 days of
incubation using a microscope.

5. Collect the virus supernatant and remove cell debris by
centrifugation at 10,000 g for 5min at 4°C.

6. Store at 4°C in a dark place or cover the tube with a
piece of aluminium foil.

7. Determine the recombinant viral titre by plaque assay.
8. Amplify two or three times to obtain a high titre stock by
repeating Steps 1 to 5.

9. Store the virus stock at 4°C in a dark place for up to

6 months or at —80°C for longer storage periods.

Protocol 1.10 Expression of the recombinant protein in the Baculovirus system in

monolayer cultures

Materials

579 cell culture

150-mm tissue culture plates

High-titre recombinant viral stock

EX-CEL 405™serum-free medium containing 50 pg/ml
gentamycin sulphate, 2.5 wg/ml amphotericin B, and
10% fetal calf serum

27°C incubator

Microscope

Haemocytometer

Trypan Blue Stain (0.2%) solution in PBS

Method

1. Pipette 2.0 x 107 cells onto each of the several plates
and allow the cells to form a monolayer by placing the plate
on a level surface.

2. Add fresh medium to a final volume of 30 ml in each
plate without disturbing the cell monolayer.

3. Calculate the amount of virus stock required using
the equation:

ml of virus required = multiplicity of infection (plaque

forming units/cell) x number of
cells/titre of virus per ml.

4. Add high-titre virus stock to the plates so that
multiplicity of infection is between 3 and 10.

5. Transfer the plates to 27°C incubator and leave
for 3 days.

6. Examine the plates for signs of infection using a light
microscope.

7. Harvest the supernatant and cells from the plates and
pellet the cells at 1000 g for 5—-10 min at room temperature.
Secreted proteins are found in the supernatant whereas
non-secreted proteins remain in the pellet.

8. Store the pellets and supernatants at —80°C.

9. If the recombinant protein is in the cell pellet,
resuspend the pellet in an appropriate lysis buffer
containing inhibitors of proteases.

10. Purify the target protein using the same methods as
described for purification of proteins expressed in the
bacterial system.

11. If the recombinant protein is secreted it will be present
in the supernatant. In that case, add an equal volume of an
appropriate buffer, containing inhibitors of proteases, to the
supernatant and proceed with the purification of the target
protein as described for the bacterial system.
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Protocol 1.11 Expression of the recombinant protein in the Baculovirus system

in suspension cultures

Materials

$f9 cell culture

EX-CEL 405™serum-free medium for insect cells containing
gentamycin sulphate, amphotericin B, and fetal calf
serum

60-mm tissue culture plates

Baculovirus high-titre virus stock

Microcentrifuge tubes

50 ml sterile centrifuge tubes

Light microscope

Spinner flask and spinner apparatus

Haemocytometer

27°C incubator

SDS-polyacrylamide gel electrophoresis system

Method

1. Pipette Sf9 cell culture containing 2 x 106 cells/ml
into a spinner flask.

2. Pipette 1 ml of the culture into a 60-mm tissue
culture plate.

3. Place the plate on a level surface for 30-40 min.

4. Examine the plate to see if the cells are healthy.

5. Calculate the volume of recombinant virus required to
infect at a multiplicity of infection of 3—10 by the equation:

ml of virus required = multiplicity of infection
x number of cells/titre of
recombinant virus per ml

6. Add the required volume of the recombinant virus.

7. Incubate the spinner flask at 27°C spinning at
30-70 rpm for 1h.

8. Equilibrate fresh medium at 27°C.

9. Transfer the spinner flask to the hood and adjust cell
density to 1 x 10° cells/ml by adding the medium prepared
in Step 8.

10. Incubate the spinner flask at 27°C, spinning at

30-70 rpm, for 2—4 days.

11. Follow the progress of the infection by removing
aliquots of the culture and examining under a microscope.
12. Transfer 2 x 1.5ml of the culture to microcentrifuge
tubes and separate cells from the medium by centrifugation
at 2500 g for 5 min for analysis by SDS-PAGE.

13. Transfer the rest of the culture to sterile centrifuge
tubes and harvest the cells by centrifugation at 2500 g for
5 min at room temperature.

14. For non-secreted protein store the cell pellets at
—-80°C; for secreted protein, keep the supernatant in sterile
tubes at —80°C.

15. Lyse the cell pellet from Step 12 in an appropriate cell
lysis buffer and analyse the lysate and also the supernatant
from Step 12 by SDS-PAGE for the presence of the
recombinant protein.

1.2.5 Recombinant protein expression
in mammalian systems

1.2.5.1 Transient expression

Expression by transient transfection methods using
mammalian cell lines is a convenient and rapid
method of producing recombinant proteins when
E. coli systems fail to produce correctly folded,
structurally homogeneous protein. Moreover, it is
a method that is routinely used to produce proteins
for crystallization.

Successful expression depends on several factors,
such as efficiency of delivery of vector DNA to the
host cell, transcriptional and translational control
elements on the vector, mRNA stability, genetic

properties of the host, chromosomal site of
integration of the gene of interest, and potential tox-
icity of recombinant proteins to host cells. Delivery
of vector DNA can be achieved by either infection of
the host cell line with a virus containing the recom-
binant gene of interest or by direct transfection of
vector DNA.

Introduction of a gene of interest into the host cell
line by viral infection is a convenient method since a
large number of cells can be infected simultaneously.
Systems employing Semliki Forest Virus, Vaccinia
Virus, and Retoviral vectors are used. However,
drawbacks include the requirement for special pre-
cautions when engineering and preparing the viral



16 MACROMOLECULARCRYSTALLOGRAPHY

stocks and limitation of expression for a short time
due to cytopathic effects of viral infection.

In the case of recombinant protein production for
structural biology applications and specifically for
obtaining milligram quantities of protein for crys-
tallization, direct transfection of vector DNA is a
convenient option mainly due to advances in trans-
fection methods and reagents. Vectors containing the
gene of interest require the following essential fea-
tures: (1) a bacterial origin of replication for vector
propagation in E. coli; (2) a constitutive or inducible
promoter; (3) mRNA cleavage and polyadenylation
signal; (4) a transcription termination signal; (5) a
Kozak sequence for optimal ribosome binding; (6)
a translation termination signal; and (7) in the case
of transient expression an SV40 (or other viral) ori-
gin of replication for maintenance of vector DNA
in host cell. Additional features such as purification
tags, secretion signals, fusion moieties, and protease
cleavage sites can also be engineered.

Vectors containing the target gene in an expression
cassette are engineered with the Kozak sequence
and, if desired, an appropriate purification tag
downstream of a powerful promoter. Strong viral
promoters from cytomegalovirus (CMV) or SV40
are commonly used in most mammalian expression
vectors. The elongation factor (EF)-1 promoter is a
widely used non-viral promoter due to equivalent
or even better expression levels compared to viral
promoters.

Human embryonic kidney (HEK) 293, baby ham-
ster kidney (BHK), and COS cells are commonly
used in transient expression systems due to the high
transfection efficiencies with these cell lines. Genet-
ically modified HEK-293 and COS lines that express
the SV40 large T antigen (HEK 293T, COS-1, -3,
and -7) or the Epstein-Barr Virus nuclear antigen
(HEK 293 EBNA) are particularly preferred. Plas-
mids carrying SV40 or EBV origins of replication
are amplified and maintained by high extrachromo-
somal replication levels when used with these cell
lines. Thus when used in combination with a pow-
erful eukaryotic or viral promoter (e.g. SV40, CMV
or EF-1) high transcription and translation levels
of target genes can be achieved. Traditional chem-
ical methods of introducing DNA into eukaryotic
cell cultures are: (1) Calcium phosphate mediated
transfection (Graham and van der Eb, 1973), where

DNA is mixed with calcium phosphate to form a
fine precipitate which is dispersed in the cultured
cells; and (2) DEAE-Dextran mediated transfec-
tion (McCutchan and Pagano, 1968) where DNA
is mixed with DEAE-Dextran and dispersed in the
cultured cells. An alternative method is cationic
lipid mediated transfection (Felgner et al., 1987).
Cationic headgroups of the lipid associate with the
negatively charged phosphates on the DNA. The
lipid-DNA complexes contact the cell membrane
and fusion results in the internalization of DNA
into the cell. This is a highly efficient, reproducible
method of transfection with low toxicity that is
ideal for large scale protein expression. There are
a number of commercially available, lipid-based
transfection reagents but a much cheaper alterna-
tive for large-scale transient transfections is to use
polyethylenimine (PEI), an organic macromolecule
which is low in toxicity and yields high transfection
efficiencies.

Proteins can be expressed intracellularly or
secreted into the growth medium. For example
if one aims to express the extracellular domain
of a cell surface receptor, the engineered gene
sequence can be cloned into the expression vec-
tor with the native membrane targeting signal.
Providing that the signal sequence is recognized
in mammalian cells, the recombinant gene prod-
uct will be secreted in into the medium. Like-
wise, N-terminal secretion signal sequences from
other proteins can be engineered with gene or gene
fragments of interest to secrete a protein or its
subdomains.

After the uptake of foreign DNA, extrachromo-
somal replication peaks at around 48 h post trans-
fection after which cells begin to shed the high
number of plasmid copies. This is followed by
cell death, probably due to the inability to endure
the presence of excessive quantities of extrachro-
mosomally replicating DNA (Gerard and Gluz-
man, 1985; Geisse, et al.,, 1996). In the case of
COS cells, recombinant protein expression peaks at
around 72h after transfection. However, in spite
of cell deterioration and death, expression contin-
ues for a further 5-10days (Edwards and Aruffo,
1993). Typically, with COS and HEK 293T cells
protein expression can be allowed for 3-4days
post-transfection.
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1.2.5.2 Stable expression

Stable lines are produced by cloning a homogeneous
cell population from a heterogeneous cell pool and
CHO cell lines are the most commonly used type
for stable recombinant protein expression. Features
of vectors used to produce stable cell lines are iden-
tical to those used in transient expression with an
additional feature of having a drug resistance gene.
Stable integration of foreign DNA in to the host
cell genome is achieved by applying drug selection
after transfection. The frequency of DNA integration
is dependent on the cell line. A plasmid encod-
ing a drug resistance marker can be cotransfected
with the plasmid containing the gene of interest.
Frequency of integration of foreign DNA by cotrans-
formation depends on the cell line and efficiency
of transfection. When cotransfection is inefficient it
is probably best to have both the gene of interest
and the drug selection marker on a single plasmid
(Kaufmann, 1990).

When the gene of interest and the selection marker
are on two separate plasmids they may integrate
in chromosomal loci with differing transcriptional
activity and, as a result, a large number of cell popu-
lations will need to be screened for expression. This
can be avoided by having both the gene of interest
and resistance marker on a single plasmid vector.
However, there is no firm evidence that one method
is better than the other.

Selection markers can be bacterial genes for
which there is no mammalian equivalent (e.g.
neomycin phosphotransferase, hygromycin phos-
photransferase). But the most common are glu-
tamine synthase (GS) and dihydrofolate reductase
(DHFR) gene systems. GS Gene Expression Systems
is licensed by Lonza (www.lonza.com). GS is an
allosteric enzyme required for the production of glu-
tamine from glutamate and this enzyme is inhibited
by L-methionine sulphoximine (MSX), which is a
transition state analogue of the reaction:

Glutamate ammonia + ATP <> Glutamine
+ ADP + Pi
CHO cells transfected with the GS minigene do not
require glutamine in the growth media, provided

that sufficient glutamate is present. However, GS is
essential for cell survival when glutamate is absent

from the media and full MSX inhibition in this situa-
tion is lethal. Therefore, MSX treatment encourages
an increase in the copy number of the GS gene when
cells are cultured in the absence of glutamine, so
effectively coamplifying any associated genes.

DHER is an enzyme in the pathway for de novo
biosynthesis of purines and pyrimidines. In the
absence of DHFR (i.e. in DHFR-CHO cells), purine
and pyrimidine salvage pathways are activated.
These salvage pathways can be inhibited by drugs
such as methotrexate. Drug treatment encourages an
increase in the copy number of the resistance gene, so
effectively coamplifying any associated genes on the
transfected vector. There is usually and broad varia-
tion of the level of expression of the gene of interest
which is dependent on the site of integration within
the host chromosome.

1.2.5.3 Glycosylation

Proteins expressed in mammalian cells undergo
N-linked glycosylation which may cause prob-
lems during crystallization, particularly if there are
multiple glycosylation sites. Heavy glycosylation
obscures the protein surface and reduces the possi-
bility of lattice formation mediated by the protein
surface during crystallization. Microheterogeneity
also prevents the formation of reproducible crystal
contacts. There are different strategies to tackle the
problem of glycosylation. N-linked glycosylation
sites can be eliminated by site directed mutagenesis
and this is a frequently used strategy. Also, glyco-
proteins can be treated with endoglycosidases such
as endoglycosidase H (Endo H) and N-Glycosidase
F (PNGase F) to cleave sugar chains or cocktails of
exoglycosidases to shorten glycan chains. However,
complete deglycosylation is sometimes difficult to
achieve and sensitivity to deglycosylases can vary
between proteins.

A number of mutant CHO cell lines have been
obtained by mutagenesis and selection with lectins
(Stanley, 1981). Lec3.2.8.1 (or LecR) is a mutant CHO
cell line that produces truncated N-linked oligosac-
charides of the endoglycosidase H (EndoH) sensitive
Man5GIcNAc2 type (Stanley, 1989). Protein fold-
ing proceeds normally in the ER but N-glycans
are not processed beyond the EndoH sensitive
Man5GIcNAc2 intermediate in the Golgi (Stanley,
1981). This enables the production of correctly
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folded, endoglycosidase sensitive glycoproteins
with defined glycosylation. The features of the CHO
LecR cell line make it highly useful for preparing
soluble glycoproteins that can be readily deglycosy-
lated prior to crystallization (Davis et al., 1993).

1.2.6 Cell-free systems

Cell-free in vitro expression systems are currently
being developed at the Centre for Eukaryotic Struc-
tural Genomics at the University of Wisconsin. As
these systems express only the protein of interest
and require smaller volumes, lengthy concentra-
tion steps are avoided. The disadvantage is the
expense of the reagents. Cell-free systems are avail-
able from QIAGEN (www.qiagen.com), Invtrogen
(www.invitrogen.com), and CellFreeSciences.

1.3 Protein extraction and isolation
1.3.1 Cell disruption

The cells are harvested by low-speed centrifuga-
tion and resuspended in lysis buffer before disrup-
tion. Either chemical or mechanical methods may
be used for disruption. The choice depends on
the source of the protein (that is bacterial, yeast,
insect, or mammalian, intracellular or extracellular)
and the physicochemical properties of the recom-
binant product, as well as the scale of the extrac-
tion. For bacterial cells, enzymic digestion with
hen egg white lysozyme, which specifically catal-
yses the hydrolysis of 1,4 glycosidic bonds in the
peptideoglycan cell wall of Gram-positive bacteria,
is a gentle procedure which minimizes denatura-
tion of the product. For Gram-negative bacteria, for
example E. coli, metal chelators such as EDTA are
required to chelate cations that maintain the integrity
of the outer lipopolysaccharides. Chemical disrup-
tion methods require a cocktail of anions, reduc-
ing agents, non-anionic detergents, and chaotropic
agents in order to avoid irreversible denaturation of
the product. Detergent-based lysis reagents are com-
mercially available, including BugBuster™ (Merck)
Fastbreak (Promega).

Mechanical disruption methods include sonica-
tion, high-speed homogenization using a French
press, and bead milling, which is especially suitable

for yeast cells which are difficult to break. Usu-
ally yeast cells are disrupted using a combination of
physical and chemical methods. The BeadBeater™
(www.biospec.com) disrupts micro-organisms with
better than 95% efficiency. Up to 80 g (wet weight)
of cells can be processed in a typical 3-min run.
Whereas chemical methods create contamination,
the chief disadvantage of mechanical methods is the
generation of heat and aerosols. For this reason all
procedures should be carried out in an ice bath. Son-
ication should be carried out in batches of 100 ml in
short bursts. Even if protease-deficient host strains
such as lon™ have been used it is still advisable
to include protease inhibitors in the resuspension
buffer. The serine protease inhibitors aprotinin and
1 mM phenylmethanesulphonyl fluoride (PMSF) are
commonly used but for proteins particularly suscep-
tible to proteolysis a cocktail of inhibitors to cope
with each class of protease may be required.

1.3.2 The removal of cell debris and
nucleic acids

Cell debris may be removed by centrifugation at
10,000 g for 30 min. The nucleic acids being the
major contaminant can be removed by precipita-
tion with a positively-charged polymer such as
polyethyleneimine PEI (typically 0.5-1% of a 10%
solution). Addition of magnesium to the resus-
pension buffer will assist in the enzyme digestion
of DNA by DNAse. Some loss of protein may
occur by copreciptation, which is especially the case
with some DNA-binding proteins. This can usually
be avoided by a 1:1 dilution of the crude extract
with buffer.

1.3.3 Refolding strategies

High-level expression of full-length proteinsin E. coli
may result in the production of inclusion bodies.
These are insoluble, inactive aggregates result-
ing from inappropriate folding and association via
hydrophobic interactions. The proteins are function-
ally inactive in their aggregated state. The formation
of inclusions can be advantageous for purification,
provided the protein can be successfully solubilized
and renatured into its active form. This involves
isolation of inclusions and removal of unwanted
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coprecipitated proteins, followed by treatment with
detergents and denaturants such as urea, and finally
extensive dialysis in a suitable buffer containing
refolding additives (salts, chaotropes, redox agents).
For proteins containing disulphide bonds, redox
systems need to be included in the renaturation
buffer (Creighton, 1986). Although proved to be
successful for relatively small proteins and polypep-
tides, it cannot be guaranteed that larger proteins
will refold into their native conformations. Kits
for optimizing the refolding conditions of inclusion
body products are available from Takara Mirus Bio
Madison Wisconsin (www.takaramirusbio.com).
The iFOLD™ is a new system for determin-
ing the optimum conditions for recombinant
protein refolding marketed by Novagen Merck
Biosciences (www.novagen.com). The System pro-
vides a comprehensive set of conditions for tar-
get protein refolding based on the REFOLD
database (http://refold.med.monash.edu.au) in a
96-well plate format amenable for high-throughput
automation.

1.3.3.1 Coproduction of the target protein with
chaperones or foldases

The formation of inclusions may be avoided in the
first place by engineering the secretion of the product
into the periplasm. Protein folding in vivo is facili-
tated by a group of molecular chaperones belonging
to conserved families of proteins. These include the
Hsp100 (ClpA, ClpB, ClpP), Hsp90 (HtpG), Hsp70
(DnaK), Hsp60 (GroEL), and a-crystalline-like small
heat-shock proteins (IbpA, IbpB). Chaperones inter-
act transiently with non-native protein substrate,
GroEL and DnaK, together with their cochaperones
(GroES for GroEL; DnaJ and GrpE for DnaK), main-
tain denatured proteins in non-aggregated states
whilst assisting their refolding by a mechanism of
recurrent ATPase-driven cycles of substrate binding
and release.

If strong promoters such as T7 are used and
the level of functional GroESL does not increase
proportionally, correct folding may not occur. One
effective way to increase solubility of foreign pro-
teins in E. coli is by coproduction of the bacterial
chaperones GroESL (Yasukawa et al., 1995). Copro-
duction of GroESL with transcription factors and
oncogene products resulted in soluble protein. A

difference in the redox state between E. coli and
eukaryotic cells may also affect protein solubility.
This has been demonstrated by the fact that GST
fusions produced in E. coli bind to the glutathione
Sepharose beads with greater efficiency than similar
GST fusions produced in mammalian cells. The same
authors demonstrated that coproduction of bacterial
thioredoxin (Trx) is more effective than the GroE sys-
tem in producing soluble protein. Coexpression of
one or more of the three different types of foldase
(disulphide oxidoreductase (DsbA) and disulphide
isomerase (DsbC); peptidyl prolyl isomerases (PPIs)
and protein disulphide isomerase (PDI)) could lead
to higher levels of soluble protein.

1.3.3.2 Refolding chromatography with

minichaperones

Peptides consisting of residues from GroEL immo-
bilized on agarose have proved effective minichap-
erones (Altamirano et al., 1997). The procedure used
both column chromatography and batch-wise meth-
ods to renature an insoluble protein from an inclu-
sion body, refold apparently irreversibly denatured
proteins, and to recondition enzymes that have lost
activity on storage. Fragments were immobilized
by two methods: Ni-NTA resin and CNBr-activated
Sepharose 4B.

1.3.4 Purification

The popular use of fusions and/or generic tags
obviates the need for extensive, time-consuming,
multistep purification except where their use is
undesirable due to the loss of structural informa-
tion through tag interference, loss of solubility after
cleavage, or simply prohibitive cost of proteases. In
an optimally-designed purification scheme it should
be possible to achieve a high-level of purity in fewer
than four key stages without compromising percent-
ageyield. To do this, the physicochemical properties
of the target protein should be well defined and
a rapid, reliable assay developed to monitor the
progress of the purification. If the properties are
unknown then a standard protocol of ion exchange
(IEX), hydrophobic interaction (HIC), and gel filtra-
tion (GF) is followed. The three essential phases of
any purification are: capture, followed by interme-
diate purification to remove the bulk of impurities
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(nucleic acids, proteins, and endotoxins), and a
final polishing step. The programmable AKTA pilot
system (GE Healthcare) is ideal for method devel-
opment and small and medium scale preps. AKTA
Xpress is a dedicated, high-throughput system.

1.3.4.1 Primary isolation and concentration

Theinitial stage is the capture, stabilization, and sub-
sequent enrichment of soluble product. If the pl is
known, ion exchange (IEX) on a rigid matrix can be
used for concentration and as a preliminary clean-
up. Supernatant (see Section 1.7.2) can be applied
directly to Sepharose Fast Flow™. STREAMLINE™
(www. gehealthcare.com) expanded bed adsorption
is particularly suitable for secreted proteins in large
volumes of crude supernatant as no preliminary
clean-up is required. At this stage buffers should
be relatively inexpensive and any additives required
for maintaining stability should be easy to remove
at a later stage if necessary. The volume of super-
natant can be reduced either by ultrafiltration or
selective precipitation with salts, organic solvents,
or long-chain polymers, for example polyethylene
glycol (PEG). Ammonium sulphate is commonly
used because of its high solubility and stabilizing
properties. Ethanol and acetone have proved suc-
cessful in the fractionation of extracellular proteins
such as plasma proteins, polypeptide hormones, and
in the extraction of histones from non-recombinant
sources.

1.3.4.2 Chromatography

To avoid loss of active material the number of
chromatographic steps must be minimized. This
is best achieved by combining chromatographic
steps in a logical sequence to maximum effect.
Buffer exchange, desalting, dialysis, and ultrafil-
tration should be avoided where possible between
chromatographic stages. Size-exclusion (GF), which
desalts and dilutes the sample, should follow
a concentration step such as ion-exchange (IEX),
and ion-exchange would not be appropriate after
ammonium sulphate fractionation because of the
extensive desalting required to allow the protein to
bind. Instead, hydrophobic interaction chromatog-
raphy (HIC), which binds proteins preferentially
at high ionic strengths, could be substituted. The

choice of media is governed by scale of produc-
tion and resolution. Functional properties have
been combined with matrices of various strengths
and porosities to optimize flow rates and selectiv-
ity. For intermediate purification Sepharose Fast
Flow™ is routinely used for general and large-
scale separations and Sepharose High Performance
media is preferred for high-resolution applications.
The small-scale High Trap columns are useful for
method development. The Tricorn High Perfor-
mance columns are a new generation of high-
resolution of columns which come prepacked with
MonoQ, MonoS, Superdex 200, and Superdex 75
from GE Healthcare. At the final polishing phase
there is frequently a trade off between recovery and
resolution, as peak-cutting may be necessary.

Affinity chrmomatography exploits the biological
properties of the molecule by reversible absorption
to an immobilized ligand coupled to an insoluble
support. A wide variety of media is available for
affinity applications (Table 1.3). For immunoaffin-
ity, antibodies raised against the target protein are
coupled to an activated adsorbant, for example
cyanogen bromide activated Sepharose™. The high
binding capacities and specificities require harsh
conditions for elution, often requiring denaturing
conditions.

1.3.5 Product analysis

For crystallization at least 95% purity is desirable.
SDS PAGE stained with Coomassie™ Brilliant Blue
R-250 provides a crude but reasonable primary indi-
cator of purity and expression. Most minor con-
taminants (<5%) can be detected by silver staining.
For enzyme isomers and proteins which differ in
charge but not size, analytical isoelectric focus-
ing and/or two-dimensional PAGE is necessary.
All these electrophoretic methods can be carried
out using the Phast System™ (GE Healthcare) or
equivalent. Proteins which possess an optical chro-
mophore can also be assessed using the ratio of the
absorption peak in visible spectrum to the absorp-
tion at 280 nm. The Protein 200-HT2 assay of Agilent
Technologies (Palo Alto California) identifies, deter-
mines size, and quantitates proteins from 14kD
to 200kD. Microheterogeneity caused by chemical
modification, partial denaturation, or incomplete
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Table 1.3 Affinity chromatography applications

Ligands Target molecules Examples
Lectins a-D-glucopyranosyl Adenosine deaminase
ConcanavalinA  a-D-mannopyranosyl y-Glutamyl transferase
Heparin Nucleic acid binding DNA helicases
proteins Restriction
endonucleases
DNA/RNA polymerase
Growth factors Endothelial cell GF
Ni-NTA Hisg-tag N- or C-terminus (His)6
Calmodulin Calmodulin- ATPase
dependent
enzymes
ssDNA DNA-dependent DNA-polymerases
enzymes alkyl transferase
Triazine dyes: NAD*, NADP+- Dehydrogenases
Cibacron blue dependent Quinone reductases
enzymes
5'-AMP ATP-dependent cAMP-dependent
enzymes protein kinase
Protein A Immunoglobulins Fc region of IgGs
MAB Antigens Protein A fusions
Glutathione Glutathione S Glutathione S
transferases transferase fusions
Amylose Maltose binding MBP fusions
protein

Modified from Skelly and Madden (1996). In: Crystallographic Methods and
Protocols, Jones, C., Mulloy, B. and Sanderson, M. R., eds. Humana Press.

post-translational modification can be detected by
electrospray mass spectrometry (ESI-MS) which is
accurate to ~1 Da (Cohen and Chait, 2001). Matrix-
assisted laser desorption ionization (MALDI) is a
less sensitive technique but, unlike ESI-MS, it can be
used in the presence of buffers and detergents. Cap-
illary electrophoresis (CE) is another powerful tool
for the detection of chemical modifications in pro-
teins, and is capable of separating and quantifying
a single-charge difference. Dynamic light scattering
(DLS) can provide evidence of aggregation and the
oligomeric state of a protein, which can be a helpful
indication of its potential to crystallize.
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CHAPTER2

High-throughput cloning, expression,

and purification

Raymond J. Owens, Joanne E. Nettleship, Nick S. Berrow,
Sarah Sainsbury, A. Radu Aricescu, David I. Stuart, and

David K. Stammers

2.1 Introduction

High-throughput sequencing of eukaryotic, viral,
and bacterial genomes is providing a huge database
of proteins with potential for structure—function
analysis. In response to this opportunity, structural
genomics projects have been initiated world-wide
with the aim of establishing high-throughput struc-
ture determination on a genome-wide scale. Crucial
to this effort has been the development of protein
production technologies for the high-throughput
cloning, expression, and purification of proteins.
Large-scale structural genomic projects were initi-
ated in the US by the National Institute of Health
(NIH) and in Japan by the Riken Laboratory from
1998 to 2000. European projects followed, includ-
ing the Protein Structure Factory in Berlin (www.
proteinstrukturfabrik.de), Oxford Protein Produc-
tion Facility (OPPF) (www.oppf.ox.ac.uk), and the
EU-sponsored Structural Proteomics In Europe
(SPINE: www.spineurope.org) programme. The
scale of these projects has been smaller than the
US/Japan initiatives, with a focus at the outset on
human and viral targets. For all projects, there has
been an emphasis on parallel processing, both in
terms of molecular cloning, expression, and purifica-
tion, driven by the need to accommodate relatively
large numbers of potential targets for structural
biology at an acceptable cost. This has led to vary-
ing degrees of automation and most of the groups
involved have set up semiautomated liquid han-
dling systems to carry out some or all of their
protocols. However, the protocols can equally well

be carried out manually with appropriate equip-
ment, for example multichannel pipette dispensers.
The motivation to implement automation is largely
to enable processes to be scaleable and sustainable
as error-free operations. In this article we review the
technical developments that have come from struc-
tural proteomics and provide protocols for carrying
out cloning, expression, and purification procedures
in a relatively high-throughput (HTP) and parallel
approach.

2.2 Cloning

Two options are available for constructing the
expression vectors required for protein produc-
tion, namely ligation-dependent and ligation-
independent cloning (LIC). The former makes use
of standard restriction enzyme digestion in combi-
nation with DNA ligation to produce the vectors.
Whereas the latter utilizes either some form of
recombination event or the production and anneal-
ing of single-stranded overhangs, both of which
avoid the need to restriction digest the input DNA.
Typically, in both cases the starting DNA is a PCR
product corresponding to the whole or part of an
open reading frame (ORF) produced from either
a genomic or cDNA template. The PCR primers
incorporate either restriction enzyme recognition
sites or the sequences required for LIC reactivity.
By using rare cutting restriction enzyme sites, lig-
ation based cloning has been used effectively for
semi-automated high-throughput cloning (Lesley
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et al., 2002). However, most projects have adopted
LIC for the obvious reason that it is independent
of the input sequence. The three methods that are
commercially available are described below. These
methods are generally carried out in 96-well format
and are therefore amenable to laboratory automation
using standard liquid handling systems.

2.2.1 Ligation-independent cloning methods

2.2.1.1 LIC-PCR

Ligation-independent cloning of PCR products
(LIC-PCR) was developed over 10years ago
(Aslandis, 1990; Haun et al. 1992). It is based on
the use of T4 DNA polymerase in the presence of
a single deoxyribonucleotide to produce 12-15bp
overhangs in a PCR product that are complemen-
tary to sequences generated in the recipient vec-
tor (Fig. 2.1a). These extensions anneal sufficiently
strongly to allow transformation of E. coli without
the need to ligate the fragments, which is carried
out by repair enzymes in the host. Advantages of
the LIC-PCR system are that it does not require
specialized vectors and the reagents are relatively
inexpensive. However, the system does require
the preparation of a high-quality, linearized vector,
which will require batch checking to ensure high
efficiency of cloning. A limitation of the LIC-PCR is
that one of four bases has to be preselected as the
‘lock” in the compatible overhangs and hence the
base pair composition of the annealing regions is
limited to using the other three bases. Consequently,
the method is not entirely sequence independent
and cannot be used to join any sequence to any
other sequence. However, by appropriate vector
design LIC-PCR has been successfully implemented
in HTP mode (Stols et al., 2002). A protocol for car-
rying out LIC-PCR using a commercially available
vector system (Www.novagen.com) is described in
Protocol 2.1.

2.2.1.2 Gateway™

Gateway™ cloning technology is a modification of
the recombination system of phage A (Walhout et al.,
2000; Hartley et al., 2000). The Gateway™ system
utilizes a minimum set of components of the A
system for in vitro transfer of DNA, namely the A
integrase protein, A excisionase, the E. coli protein

integration host factor (IHF) and the att recombina-
tion sequences attached to the DNA to be cloned.
Directional cloning of the DNA insert is ensured
by using two nearly identical but non-compatible
versions of the A att recombination site (Fig. 2.1b).
Expression vectors are usually constructed in two
stages. In the first step an entry (a.k.a. master
or capture) clone is generated using recombina-
tion between attB and attP sites in the input DNA,
usually a PCR product, and the donor vector respec-
tively (BP reaction). The inserted DNA can then
be transferred to one or more destination vectors
to generate expression clones (LR reaction). The
ability to generate rapidly and with high efficiency
multiple expression vectors with different formats
(e.g. fusion tags) from the same starting vector
is a unique property of the system. To select for
the desired recombinants and against parental plas-
mids, in both BP and LR steps, the Gateway™ sys-
tem uses the E. coli lethal gene ccdB in combination
with differential antibiotic-resistance markers on the
entry and destination plasmids. The Gateway™
method is shown schematically in Fig. 2.1b and
detailed protocols are available from the manufac-
turer (www.invitrogen.com).

The use of this method of ligation-independent
cloning has been reported by several large-scale
cloning projects (Luan et al., 2004; Abergel, 2003;
Vincentelli ef al., 2003). In general, it appears that
the BP reaction is largely insensitive to the con-
centration of input PCR product and for ORFs
<2kb, cloning efficiency yields of nearly 90% can
be obtained (Marsischky and LaBaer, 2004). For
larger inserts (2-3 kb) a 50% drop in yield has been
reported (Marsischky and LaBaer, 2004). Ease of use
comes at a price since the 28-31bp att sequences
add to the cost of the primers and the recombina-
tion enzymes — BP clonase (1 integrase + E. coli IHF)
and the LR clonase (A excisionase + A integrase +
E. coli IHF) — are relatively expensive compared to
standard DNA-modifying enzymes. Consequently,
we and others (Braun et al., 2002) have modified the
standard protocol by halving the recommended vol-
ume of reagents for both BP and LR steps, hence
reducing the final reaction volume to 10 pl without
loss in performance. In using the Gateway™ system,
it is important to be aware of the effect the att recom-
bination sequences may have on expression and/or
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solubility of the cloned DNA product if they form
part of the translated sequence. This can be avoided
by positioning the att sites outside of the ORF, but
some of the flexibility of the system is lost since only
a single fusion format is possible.

2.2.1.3 In-Fusion™

The In-Fusion™ method is both insert sequence-
independent and enables cloning of PCR prod-
ucts directly into any cloning or expression vector
(Fig. 2.1¢). The mechanism of the reaction has not
been fully reported but relies on the presence of

(a) LIC-PCR (custom)
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—
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polymerase treat

in presence of ‘lock
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purify

T4 polymerase treat
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=
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e — S ——

Transform into E coli
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Plasmid ‘backbone’ repaired/ligated
by E.coli, Normally in 24-well plates

Pick colonies, grow, prepare
plasmid. PCR screen for insert

Expression-ready
plasmid mini-preps

Figure 2.1 Continued

homology between extensions on the PCR product
and the ends of a linearized vector; the optimal
length for these homologous sequences is around
15 base pairs. Once these homologous extensions
have been incorporated into the PCR product no
further processing of the insert is required prior
to the In-Fusion™ reaction, in contrast to PCR-LIC
methods (Protocol 2.2). The main advantage of the
In-Fusion™ method is that the user can define the
exact sequence of these primer extensions without
the limitations on base and codon usage inherent in
the T4 polymerase-based LIC system. With minor
vector modifications (e.g. insertion in the cloning
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Figure 2.1 Schematic representation of different ligation-independent cloning strategies. Grey plasmid sections represent the plasmid backbone
with the origin of replication etc., hatched lines represent the gene of interest, double-hatched lines represent the lethal ccdB gene, black
arrow-heads represent the transcription promoter and solid black lines represent the ‘cloning sites' (att sites, In-Fusion™ sites or LIC sites for
Gateway™, In-Fusion™ and LIC-PCR respectively). NB in all cases cloning is directional, i.e. ‘left" and right’ cloning sites sequences are

non-identical.

site of the lacZ a-peptide for blue/white screening
or a lethal gene cassette) this method becomes emi-
nently amenable to HTP manipulations (Berrow
et al., 2007). In addition, In-Fusion™ enables the
user to define exactly the resultant (fusion) protein
sequence, using fully host-optimized codons, with-
out incorporating undesirable vector-derived amino
acids. However, the system does require the prepa-
ration of a high-quality, linearized vector which will
require batch checking to ensure high efficiency of
cloning.

2.2.2 Choice of vectors

2.2.2.1 Promoters

The choice of vectors obviously depends upon the
expression system that will be used and there is a
wide availability of optimized reagents from both
commercial and academic sources. For expression
in E. coli, the most widely used system for HTP
protein production is the pET/T7 promoter vec-
tor developed by Studier which makes use of T7
RNA polymerase to direct expression of cloned
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Protocol 2.1 LIC-PCR

1. Amplify the desired insert sequence using appropriately
designed PCR primers. The 5'-end of the primers must
incorporate the following sequences:

sense primer: 5" GAC GAC GAC AAG ATX — insert specific
sequence 3’

antisense primer: 5 GAG GAG AAG CCC GGT* —insert
specific sequence 3’

2. Gel purify the PCR product and resuspend in TlowE
buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0). Treat the
PCR product with T4 polymerase in the presence of dATP,
the reaction may be performed in either a sterile PCR plate
or microcentrifuge tubes (this generates single-stranded 5’
overhangs at both ends of the PCR product as far as the
first ‘T in the primer extensions using the examples above).
Incubate at 22°C for 30 min (higher temperatures are
unsuitable for this reaction).

3. Inactivate the T4 polymerase enzyme by incubating at
75°C for 20 min and store the prepared Ek/LIC insert at
—20°C if not used immediately. This prepared insert can
be annealed to any of the Ek/LIC vectors.

4. Anneal approximately 100 ng of each insert with

50 ng of vector** at 22°C for 5 min. Add EDTA to a final
concentration of approximately 6 mM, incubate at 22°C
for 5min.

5. Transform competent E. coli (with a competency greater
than 108 c.fu./iug DNA) with 1l of the annealing
reaction. Select for recombinants by plating on LB agar

plates supplemented with the antibiotic appropriate for the
plasmid used.

6. Pick colonies and prepare expression-ready

plasmids.

7. PCR screen colonies or plasmid minipreps as usual

with a vector-specific (e.g. T7) forward primer and your
gene-specific reverse primer.

Notes

The primer sequences described here are specific to the
Novagen Ek/LIC system and its related suite of vectors,
they cannot be used with other, unrelated vectors in the
LIC protocols.

X- The first nucleotide of the insert-specific sequence must
complete the codon ATX.

*If C-terminal tag sequences are desired, additional bases
may be required in the antisense primer to ensure the
C-terminal sequences are in frame. If a C-terminal tag is
not desired a stop codon could be included in the
insert-specific sequence

**Assuming that this is a commercially prelinearized and
T4 polymerase-treated vector, if not, the vector must be
linearized, gel purified, and T4 polymerase treated in
the presence of dTTP (this generates single-stranded 5
overhangs at both ends of the PCR product as far as
the first ‘A" in the ends of the linear vector that will
complement the overhangs generated on the T4
polymerase-treated PCR products).

genes (Studier et al., 1990). Regulated expression is
achieved by using strains in which expression of a
chromosomal copy of T7 polymerase is under the
control of the lacUV5 promoter and hence inducible
by the addition of IPTG (DE3 strains). In addi-
tion, by incorporating the lac operator sequence
just downstream of the start of the T7 promoter,
repression of this T7/lac promoter is achieved by
expression of the lac repressor (either in cis or trans).
Further levels of control can be obtained by coex-
pressing T7 lysozyme (pLysS) at a low level in the
expression strain. T7 lysozyme inactivates any T7
polymerase produced under non-inducing condi-
tions, ensuring tight control of the T7 promoter
vector.

For other production hosts (yeast, insect, and
mammalian cells), standard promoter formats have
been used in combination with HTP cloning meth-
ods to produce vectors for expression screening
(see Section 2.3.2). A particularly interesting devel-
opment is the use of multipromoter plasmids for
expression in two or more hosts from a single vec-
tor. The construction of a dual E.coli (T7 promoter)
and baculovirus transfer vector (polH promoter)
for expression in insect cells has been described
(Chambers et al., 2004). A three-promoter vector
(T7, p10, and hCMV or CAG promoter) is available
from Novagen (pTriEX™) and its use reported for
comparing protein expression in E. coli and insect
cells (Xu and Jones, 2004).
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Protocol 2.2 In-Fusion™

1. PCR products with approximately 15 bp extensions at
each end that are homologous to the ends of the linearized
vector should be gel purified for best results. To obtain the
best results with lowest non-recombinant ‘background’
the linearized vectors should also be gel purified. Take
10-100 ng of insert and 100 ng vector in a total volume
of 10 ! of either 10 mM Tris, pH 8.0 or sterile H,O.

2. Add this to a well of the dry-down In-Fusion™ plate.
Mix contents briefly by pipetting up and down.

3. React for 30 min at 42°C.

4. Dilute IMMEDIATELY with 40 ! TE Buffer (10 mM Tris,
pH 8.0, 1 mM EDTA) and either transform IMMEDIATELY or
freeze the reaction until you are ready to transform. £. coli
with a transformation efficiency in excess of 1 x 108 are
recommended and if the vector has been modified for
blue-white screening ensure that an appropriate E. coli
host strain is used; 5 ! of the diluted reaction should give
tens to hundreds of colonies per well of a 24-well plate.

5. Plate on 24-well format LB agar supplemented with
antibiotic and, if appropriate, X-Gal and IPTG (dilute a 20%
X-Gal, in dimethyl formamide, stock 1:1000, dilute the IPTG
500 mM stock 1:500 in warm agar before pouring). Plate
10wl of cells, shake plates well to spread the cell
suspension, and allow at least 10—15 min for the plates

to dry off before inverting.

6. Incubate overnight at 37°C.

7. Pick colonies for plasmid miniprepping as usual (if
blue—white screening is used then blue colonies should
constitute «10% if the reactions were successful. (The
blue colonies are derived from inefficiently linearized
parental plasmid and should not be picked as they are
non-'recombinant’). Two colonies are normally sufficient

to find a recombinant clone but more may be required.

8. PCR screen colonies or plasmid minipreps as usual with
a vector-specific (e.g. T7) forward primer and your
gene-specific reverse primer.

2.2.2.2 Tags

Several fusion protein vectors have been developed
for recombinant protein expression since it is recog-
nized that fusion vectors can enhance productivity
and/or solubility of target proteins compared to
non-fusion versions. Typically, the fusion partner
resident in the expression vector is joined to the
N-terminus of the protein of interest via a linker
region containing a protease cleavage site to enable
subsequent removal of the fusion protein. The most
commonly used proteases are Tev (Parks et al., 1994)
and 3C (Cordingley ef al., 1989) since both have
highly specific linear recognition sequences that are
very rarely encountered in other sequences, thereby
minimizing the risk of cleavage within the target
protein (see Section 2.4 for experimental details).
Some of the most commonly used tags also pro-
vide affinity purification strategies, for example
glutathione S-transferase (GST) binds to immobi-
lized glutathione and maltose binding protein binds
to amylose matrices enabling selection of the fusion
protein (Smith and Johnson, 1988; Alexandrov et al.,
2001). As an alternative to expressing proteins as
relatively large hybrids, short N- or C-terminal hex-
ahistidine tags are used to facilitate purification
by metal chelate chromatography (see Section 2.4).

The use of a short fusion tag, typically seven to
eight amino acids, does not necessitate introduc-
tion of a cleavage site to remove the tag. However,
His-tagged vectors with cleavage sites are available.
Combining fusion proteins with N-His tags offers
the potential benefits of improved expression levels
and solubility of the fusion partner with a generic
purification strategy.

Thereis no clear consensus as to which fusion part-
ners give the best performance in terms of enhancing
expression and solubility, though fusion proteins
generally perform better than short His tags (Braun
et al., 2002; Dyson et al., 2004; Hammarstrom et al.,
2002). However, cleaving off the fusion partner
can lead to precipitation of the target protein. Due
to these uncertainties, most structural proteomics
projects have opted to work exclusively with His-
tagged proteins and invest effort into selecting the
targets in terms of domain definition (Folkers et al.,
2004). Recently, fusion vectors which combine many
of the above attributes have been developed using
ubiquitin-like proteins (Ubls) as the fusion partner
(Baker, 1996). Ubls (e.g. SUMO) are small (approxi-
mately 100 amino acid), eukaryotic proteins that are
known to exert chaperone-like effects on fused pro-
teinsin E. coli and yeast (Butt et al., 1989). Purification
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of the fusion protein is enabled by adding an N-His
tag to the Ubl (Catanzariti et al., 2004; Malakhov
et al., 2004). The Ubl can be removed from the tar-
get protein in vitro using specific deubiquitylating
enzymes now available from recombinant sources.
The cleavage occurs after the final glycine residue
at the carboxy-terminus of the Ubl protein irrespec-
tive of the amino acid that immediately follows, thus
regenerating the native N-termini on removal of the
fusion partner.

2.3 Expression screening

A major feature of HTP protein production pipelines
is the inclusion of a screening step at a relatively
small scale to identify constructs suitable in terms
of soluble protein yield for scale-up and subsequent
protein purification. Given the relatively high cost
of the latter steps in terms of time and resources,
particularly if eukaryotic expression is required, the
screening stage is seen as crucial to the overall pro-
cess. In this section the approaches to the evaluation
of expression at small scale will be reviewed.

2.3.1 E. coli

2.3.1.1 Choice of strains and media
For the most part, B strains of E. coli are preferred
for recombinant protein expression since they are
deficient in the ATP-dependent lonn and membrane-
associated ompT proteases that may otherwise lead
to degradation of the heterologously expressed pro-
tein. A variety of derivatives of the original BL21
strain are available, including those carrying addi-
tional plasmids, which either provide fine control
of T7 vectors (pLysS see Section 2.2.2.1) or sup-
ply tRNAs for codons that are relatively rare in
E. coli but may be commonly used in eukaryotic
proteins. The presence of rare codons, particularly
in the first 25 positions, is often a major cause of
poor expression (Gia-Fen and Chen, 1990). Special-
ized BL21 strains include C41, which appears to
favour production of membrane proteins, and B834,
a methionine auxotroph for biosynthetic labelling
with selenomethionine (Table 2.1).

The choice of culture media determines the
biomass achievable in simple batch cultures and
therefore the overall yield of protein. This assumes

that the cell-specific productivity remains the same
under different culture conditions. Most small-scale
expression screens are carried out in 96- or 24-well,
deep-well plates using enriched complex media, for
example TB, 2YT, and G596 (QBiogene), to ensure
maximum biomass. Typically, these media sup-
port growth to optical densities (OD) of 5-10 ODgq
units compared to 2-3 ODg( units in standard Luria
broth (LB). Two options are available for inducing
expression from T7 vectors either by addition of
IPTG (range 0.1-1.0 mM) or by using a formulation
of glucose and lactose in the media which leads to
autoinduction (Studier, 2005). In the first method,
the time of induction and therefore the growth state
of the culture (usually midlog phase) can be prede-
termined, whereas in the second method induction
occurs usually in late log stage and cannot be con-
trolled. However, a major operational advantage of
the autoinduction method is that once the cultures
have been set up no further manipulation is required
prior to harvest and expression evaluation. Further,
in our experience autoinduction can lead to over-
all higher levels of expression. Another important
parameter in the expression of recombinant proteins
in E. coli is the culture temperature; reducing the
temperature from 37°C to 20°C or even lower has
been found to improve the solubility of the expressed
protein. By carrying out small-scale expression tests
in parallel, varying media, induction regime, and /or
temperature, the optimum conditions for expression
of a given target protein can be determined.

2.3.1.2 Assay format

The starting point for any expression assay is
lysing the cells after harvesting by centrifugation
and then separation of the soluble from insolu-
ble fractions. Cell lysis can be carried out using
standard protocols by either a freeze-thaw cycle
followed by treatment with DNAse/lysozyme or
by sonication with/without lysozyme. Alterna-
tively, commercial detergent-based lysis reagents,
for example BugBuster™ (Merck), FastBreak™
(Promega), CelLytic™ (Sigma), and Poppers™
(Pierce) can be used. Chemical methods lend them-
selves to 96-well formats, though sonicators which
can accommodate a 96-well plate are available
(Misonics). For HTP methods, centrifugation is
generally avoided for fractionation of the lysates,
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Table 2.1 Common £. coli protein expression strains and their features

Strain* Derivation Features

B834 B strain methionine auxotroph; used for 3°5 and selenomethionine labelling

BL21 B834 Lacks fon and ompT proteases to improve protein stability

BLR BL21 recA mutant BL21 recA mutant; stabilizes tandem repeats

Origami K-12 trxBlgor mutant, greatly facilitates cytoplasmic disulphide bond formation

OrigamiB Tuner BL21 /acY deletion, trxB/gor mutant, greatly facilitates cytoplasmic disulphide
bond formation; allows precise control with IPTG

Rosetta BL21 Enhances expression of proteins having codons rarely used in £. coli (additional
tRNAs encoded by chloramphenicol resistant plasmid)

Tuner BL21 BL21 /acY deletion mutant allows precise control with IPTG

BL21-Al BL21 T7 polymerase gene present under the control of the araBAD promoter leads to
much tighter arabinose-inducible expression

BL21-SI BL21 T7 polymerase gene present under the control of the proU (salt-inducible) promoter

BL21 Star BL21 RNAse E deficient strain that reduces mRNA degradation and potentially increases
protein yields

C41 and C43 BL21 BL21 mutants that over-produce membranes; enables expression of

membrane-associated and toxic proteins

* Other common/important derivations available for most of these strains are:

(DE3) in these ADE3 lysogens, the T7 RNA polymerase gene is integrated into the £. coli genome under the control of the /acUV5 (IPTG-inducible) promoter. For use with

T7-promoter based plasmids.

LysS/LysE: an additional chloramphenicol resistant plasmid carries the gene for T7 lysozyme under constitutively active promoters. T7 lysozyme inhibits the activity of T7
polymerase thereby reducing basal (uninduced) polymerase activity/ protein expression. LysE express higher levels of T7 lysozyme for tighter control.

plLacl: an additional chloramphenicol resistant plasmid carries the gene for high level production of the /ac repressor to reduce basal expression.

LysS, LysE and Lacl are all available in conjunction with additional rare codon tRNAs on the same chloramphenicol resistant plasmid (see Rosettas strain).

instead magnetic beads (Folkers et al., 2004) or
filtration plates (Knaust and Nordlund, 2001) are
used to capture soluble product, usually via a His
tag on the protein. These methods can be carried out
manually but are readily automated using labora-
tory liquid handling systems. Protocol 2.3 describes
the expression screen used in the OPPF, which
is largely based on the Qiagen Ni-NTA protocol
(www.qgiagen.com) (Fig. 2.2).

To a large extent the method of analysis of expres-
sion is linked to the number of variables in the
screening experiment and hence the number of
samples to be assayed. In order to accommodate
multifactorial screens incorporating, for example, a
variety of different fusion vectors, immunodetection
assays have been developed based on dot blots (Vin-
centelli et al., 2003; Knaust and Nordlund, 2001).
These are at best only semiquantitative and alter-
natives using ELISAs have been reported. For sim-
plicity, we prefer the use of SDS-PAGE and by using
precast gels (e.g. 26-well Criterion™ gels from Bio-
rad) and running buffer containing a protein stain

(InSite dye from National Diagnostics) screening
of the soluble and insoluble fractions of a 96-well
expression experiment can be performed in 1.5h.
The information content of a gel is much higher than
that of a dot blot, providing both an estimate of
yield and integrity of the product and serving as
a quality check on whether the molecular weight
is as expected. In this respect, probably the most
accurate screening method that has been reported
used matrix-assisted laser desorption ionization
(MALDI)-mass spectrometry to measure the mass
of soluble proteins produced in a 96-well format and
purified using Ni-NTA ZIP-tips (Huang et al., 2003).

2.3.2 Other hosts

The use of other hosts for HTP cloning, expres-
sion, and purification has been much more limited
than E. coli, which remains the system of choice
for high-level protein production. However, for
many mammalian and viral proteins, problems of


www.qiagen.com

HIGH-THROUGHPUT CLONING, EXPRESSION,AND PURIFICATION

Protocol 2.3 Ni-NTA Mag bead purification in 96-well microplates

The starting material for this protocol is a deep-well 96
well plate/block containing ~1 ml of E. coli expression
culture/well. The cells are first harvested by centrifugation
at 5000 g for 15 min at 4°C, the media removed from the
pellets, and the resulting cell pellet frozen to —80°C for a
minimum of 30 min (this freezing step promotes cell lysis)
prior to use in this protocol. The protocol is adapted from
that used on the QIAGEN BioRobot 8000 with QIAGEN
Magnetic Ni-NTA beads but can be easily performed with
the aid of a multichannel pipettor (MCP) and either a
vigorous orbital microplate shaker (minimum ‘throw’ 2 mm)
or vortex mixer with MTP attachment. Bead volumes may
require adjustment if those from another supplier

are used.

1. Resuspend the cells completely in 230 wl of Lysis Buffer
supplemented with 1 mg/ml Lysozyme and either 3 units/ml
of Benzonase* (Merck, Germany; purity grade I, >25U/pl,
Cat. No. 1.01694.0001) or 400 units/ml of DNAse Type I.
This can be done by either repeated aspirate/dispense with
a suitable multichannel pipette or on an orbital microtitre
plate shaker (~1000 rpm for 30 min). Clear the lysate

by centrifuging the deep-well block at 5000 g for 30 min
at4°C.

2. Approximately 5 min before the end of the
centrifugation run dispense 20 ! of the Ni-NTA magnetic
bead suspension (ensure full resuspension before you
commence pipetting!) into each well of a flat-bottomed
microtitre plate (MTP). Not all microtitre plates are magnet
compatible — check before you commence the assay.

3. Transfer the supernatant from Step 1 without disturbing
the ‘insoluble’ pellet to each well of the MTP containing
the Ni-NTA magnetic beads. Mix for 30 min at room
temperature using either a MTP shaker or, alternatively,
vortex at 600 rpm using an adapter for MTPs. The pellets
may be resuspended in 8 M urea buffered with 100 mM
NaH,P0O4 and 10 mM Tris to pH 8.0 for analysis of the
‘insoluble’ fraction on SDS-PAGE.

4. Place the 96-well microplate on the 96-well magnet (we
find the QlAgen magnets Type A or B work well but there
are many other suitable magnets on the market) for 1 min
and remove the supernatant carefully from the beads with
a MCP.

5. Add 200 | of Wash Buffer to each well, remove from
the magnet, and mix on the microplate shaker (or vortex)
for 5 min.

6. Place on the 96-well magnet for 1 min, and remove
buffer.

7. Repeat Steps 5 and 6.

8. Add 50 ! of Elution Buffer to each well, mix on the MTP
shaker (or vortex) for 1 min, place on the 96-well magnet
for 1 min, and transfer the supernatant (eluate) to a fresh
MTP for analysis on SDS-PAGE. SDS-PAGE sample buffer
may be used instead of elution buffer if you require a more
concentrated sample for analysis.

Notes

The addition of Tween 20 to the buffers is necessary to
enable optimal collection of the magnetic beads on the
sides of the MTP wells and also to facilitate efficient cell
lysis in Step 1. Bead volumes etc. are based on the
QlAgen protocol and may require adjustment if reagents
from another supplier are used.

*Benzonase is recommended as it is more stable than
DNase I. When using Benzonase/DNasel the crude
lysate may be used directly in the binding step but the
results will be less informative with regards to the
solubility/cellular partitioning of the proteins.

Buffers

Buffer NPI-10-Tween (Lysis Buffer):
50 mM NaH, P04 300 mM NaCl, 10 mM imidazole, 1%
viv Tween 20, adjust pH to 8.0 using NaOH and filter
before use. Store at 4°C. 1% Tween is not required when
using Lysozyme-based lysis — 0.05% is sufficient.

Buffer NPI-20-Tween (Wash Buffer):
50 mM NaH;P0Oy4, 300 mM NaCl, 20 mM imidazole,
0.05% v/v Tween 20, adjust pH to 8.0 using NaOH and
filter before use. Store at 4°C.

Buffer NPI-250-Tween, 50 ml: (Elution Buffer):
50 mM NaH, P04, 300 mM NaCl, 250 mM Imidazole,
0.05% Tween 20, adjust pH to 8.0 using NaOH and
filter before use. Store at 4°C.

DNAse | Stock Solutions (40,000 units/ml):
To a 200,000 unit bottle of DNAse | (Sigma D-4527) add
5ml of UHQ sterile water. Aliquot into 25 wl aliquots
store at —20°C. Make up to 25 ml with Lysis Buffer
for use.

Lysozyme:
Weigh out 25 mg of Lysozyme (Sigma L-6876, stored at
—20°C), add to the 25 ml of Benzonase/DNAse | working
solution described above. Use in assay immediately.
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Figure 2.2 Schematic representation of the Ni-NTA magnetic bead
purification protocol in 96-well microplates. His-tagged proteins are
purified from a crude cell lysate by specific binding to NiZ*+-charged
magnetic beads. The beads are retained in the plate by the magnet
during the multiple washing procedures to remove untagged proteins
from the beads. Purified His-tagged proteins may be eluted from the
beads either by the addition of a competitor (imidazole) or the
addition of SDS-PAGE sample buffer, depending on the assay to be
used on the fractions. Reproduced with kind permission from the
Ni-NTA Magnetic Agarose Beads Handbook, a QIAGEN user protocol.

insolubility limit the number of targets that can be
progressed to scale-up and purification.

2.3.2.1 Yeast

There are two yeast expression hosts that have an
established track record for high-level production
of heterologous proteins, namely Saccharomyces
cerevisiae and Pichia pastoris. HTP expression screen-
ing using microplate formats has been reported for
both these yeasts by Lang and coworkers (Holz
et al., 2002, 2003; Boettner et al., 2002). In both
cases standard protocols have been miniaturized
with cells cultured in either 1.5ml cultures in
96-deep-well plates for S. cerevisiae or 2ml cul-
tures in 24-deep-well plates for P. pastoris. Soluble

expression of His-tagged proteins was monitored by
SDS-PAGE, in combination with western blotting,
following small-scale Ni-NTA purification using fil-
ter plates. Levels of expression of around 5pg/ml
were reported and shown to be scaleable in shake
flask cultures. No obvious differences between
yields from the two yeasts were observed for the
same proteins even under controlled fermentation
conditions (Prinz et al., 2004).

2.3.2.2 Higher eukaryotic cells

Baculovirus infection of insect cells has been widely
used, particularly in a pharmaceutical company set-
ting, for producing enzyme targets for inhibitor
screening, notably kinases (Chambers et al., 2004).
This has led to the development of microplate
formats for both baculovirus construction and sub-
sequent expression screening. As with yeast sys-
tems, expression of His-tagged proteins is assayed
using anti-His antibodies by western blotting (Bahia
et al., 2005). Less attention has been paid to the
use of mammalian cells for HTP protein expression,
though the establishment of a microplate-based sys-
tem for transient expression of Human Embryonic
Kidney 293 (HEK) cells grown in suspension has
recently been reported (Davies et al., 2005). With a
particular interest in secreted membrane glycopro-
teins, we have also applied transient expression in
HEK cells to carry out the expression of secreted
proteins in parallel, as described in Protocol 2.4.
Glycoproteins present particular challenges for
structural studies since the carbohydrate on the
protein introduces potential heterogeneity (Davies
et al., 1993). To address this, we have made use
of cells mutant for N-acetylglucosaminyltransferase
1 (GnT17) which leads to the addition of high man-
nose glycans to the expressed glycoprotein (Reeves
et al., 2002). These mannose-containing glycans can,
in turn, be removed by treatment with endoglycosi-
dase H to produce a protein with a minimal amount
of sugar attached.

2.4 Purification

In order to obtain the quantities of protein needed for
HTP structure determination, scale-up and purifi-
cation of products identified during expression
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Materials

Polyethylenimine (PEI) stock: The transfection reagent
(Aldrich, catalogue number 40,872—7 ‘25 kDa branched
PEI"). Stock solution of PEl is prepared as follows:
prepare stock solution of 100 mg/ml PEl in water, mix
and further dilute to 1 mg/ml, neutralize with HCl and
filter sterilize; store 5 ml aliquots frozen.

Preparation of DNA: The plasmid DNA quality is critical
for a successful transfection, e.g. prepare using the
endotoxin-free mega kit from Qiagen. Acceptable OD
ratios should be >1.9.

Cells: HEK-293T or 293S GnTI- are grown in DMEM
supplemented with I-Gln (Gibco cat. 25030-024) and
non-essential amino acids plus 10% FCS. Lower to 2%
serum during expression.

Transfection protocol in 24-well plates

1. Seed cells to be 90% confluent on the day of
transfection.

2. For each well of a 24-well plate dilute 1 .g DNA
(typically from 0.5 wg/pl) with 60 I serum-free DMEM

Protocol 2.4 Transient transfection of HEK 293T cells

in a 96-well plate then add 2 ! of PEI stock solution

(1 mg/ml); mix well by pipetting and incubate for

approx. 20 min at RT.

3. Add 140 ! DMEM containing 2% FCS to the DNA/PEI
cocktail and mix.

4. Remove media from the cells in the 24-well plate and
add the DNA/PEI cocktail to each well (total vol. 200 wl).
5. After 3-4 h at 37°C, top up well with 860 .| of DMEM
containing 2% FCS.

6. Leave to express for 3—4 days, then collect medium, spin,
filter 0.22 wm, then go on to protein purification (method
depends on the tags used etc.).

For transfection in roller bottles the protocol is scaled up as
follows: For each roller bottle (2125 cm?) 0.5 mg DNA is
diluted with 50 ml serum-free DMEM and 1 ml PEl added.
Following incubation at room temperature for 20 min,

100 ml DMEM containing 2% FCS is added to the
transfection mixture and this added to the cells. After 4h
the media in the roller bottle is topped up to 250 ml and the
bottle gassed with 5% CO; in air and incubated for

34 days at 37°C with continuous rolling.

screening is necessary. The larger volumes required
present a challenge for high-throughput facilities as
plate-based formats are no longer viable. In this
section, the technologies available for scaling-up
of cultures, parallel purification of proteins, and
quality assessment of the protein produced are
reviewed.

2.4.1 Culture systems

2.4.1.1 E. coli

The most commonly used culture system for scale-
up of E. coli is the shake flask. This conven-
tional methodology has been shown to produce the
quantity and quality of protein required with good
scalability from plate-based expression screening.
In general, cell-line, medium, growth conditions,
and induction method are determined by the small-
scale expression screen. Typically, the shake-flask
is filled to one-quarter of its capacity to allow for
adequate aeration of the culture. The generic OPPF

protocols for E. coli culture and induction using
both IPTG induction and autoinduction are given
in Protocol 2.5.

Another simple culture system for recombinant
protein production from E. coli is the use of 2-L
polyethylene terephthalate (PET) beverage bottles
which are cheap and disposable avoiding the cost
and time for sterilization (Millard et al., 2003).
These bottles are readily available, inexpensive and
can be used in conventional flask holders. Up to
1-L cultures can be grown per bottle, although
lower volumes (100-250 ml) are more common for
high-density cultures. The system has proved suc-
cessful for growth of E. coli using Luria broth
(LB), terrific broth (TB), and M9 media (Millard
et al.,, 2003). In addition, Sreenath ef al. (2005)
have reported the use of PET bottles for pro-
duction of proteins using autoinduction medium.
Protocols for growth in conventional shake-
flasks can be readily converted to the PET bottle
system.
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24.1.2 Insect and mammalian cells

Insect cells are conveniently grown to multilitre scale
in suspension using Erhlemeyer flasks (either glass
or plastic). Alternatively, disposable plastic Wave™
Bioreactors (Wave Biotech) offer an affordable and
easy-to-use solution for growing 5-10-L volumes
of cell culture (Weber et al., 2002). For HEK 293T
cells we have developed a scale-up process based on
growth in attached culture in roller bottles (see Pro-
tocol 2.4). Recently, there have been several reports
of the use of suspension cultured HEK cells for large-
scale transient expression of proteins (Pham ef al.,
2003; Durocher et al., 2002; Baldi et al., 2005).

2.4.2 Selenomethionine labelling

Labelling of proteins with selenomethionine (SeMet)
represents a standard approach to determining
phases during protein structure solution by X-ray
crystallography using multiwavelength anomalous
dispersion methods (Hendrickson et al., 1990).
Therefore, HTP structural genomics not only
requires a high yield of pure protein, but also a
high percentage incorporation of selenium. Sub-
stitution of methionine for selenomethionine dur-
ing invivo protein expression can present many
problems. Many E. coli cell lines have their
own methionine sources, therefore a methionine

auxotroph is required to achieve high levels of incor-
poration. One such auxotroph is the BL21-derived
strain, B834. In addition, the biomass of cultures
and the yield of protein are often depressed when
compared to non-SeMet containing medium due to
the toxic side-effects of SeMet labelling of all the
proteins within the cell. SeMet labelling within the
OPPF is performed using the methods described
in Protocol 2.6 for both IPTG induction and
autoinduction of protein expression. These meth-
ods routinely produce greater than 99% selenome-
thinone incorporation as determined by mass
spectrometry.

If a methionine auxotroph is not used, the methio-
nine within the culture can be replaced by SeMet
using a methionine biosynthesis inhibition or “poi-
soning’ method such as that outlined in Protocol 2.7.
This method has the advantage of using any E. coli
strain available and thus the initial growth of the
culture is not reduced, however the method is more
laborious than using the methionine auxotroph.

Stols et al. have reported the successful SeMet
labelling of proteins (over 95% incorporation) with
IPTG induction and a ‘poisoning’ pathway using
the 2-L PET bottle methodology (Stols et al., 2004).
This was taken a stage further by Sreenath et al.
who utilized the bottles with autoinduction of the
methionine auxotroph B834 to give over 90% SeMet

Protocol 2.5 Scale-up of E. coli culture

IPTG induction protocol

1. Asingle colony is inoculated into 20 ml of GS96 medium
with 1% w/v glucose and antibiotics in a 50 ml falcon tube.
The culture is incubated at 37°C and 225 rpm overnight
(~16hours).

2. The overnight culture is diluted 1in 100 into 1L of
GS96 medium supplemented with 1% w/v glucose and
antibiotics. The cultures are then incubated at 37°C

and 225 rpm until ODggs5 ~ 0.6.

3. The temperature is reduced to 20°C. After 30 min

at 20°C, the cultures are induced with 0.5 mM PTG

and are incubated for a further 20 h at 20°C

and 225 rpm.

4. Product is harvested by centrifugation at 6000 g for

15 min and then frozen.

Auto-induction protocol using OnEx Solutions
from Merck Biosciences

1. As for IPTG induction, a single colony is inoculated into
20 ml of GS96 medium with 1% wi/v glucose and antibiotics
ina 50 ml tube. The culture is incubated at 37°C and

225 rpm overnight (~16 hours).

2. The overnight culture is diluted 1in 100 into 1L of GS96
medium supplemented with 20 ml OnEx Solution 1, 50 ml
OnEx Solution 2 and 1 ml OnEx Solution 3 along with the
relevant antibiotics. The cultures are incubated at 37°C and
225rpm for 4h.

3. After this 4-h growth period, the temperature is reduced
to 25°C and the cultures incubated for a further 20 h.

4. The cultures are then centrifuged at 6000 g for 15 min
to obtain the pellet containing the protein, which can be
frozen.
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incorporation (Sreenath et al., 2005). In contrast to
E. coli expression systems, there are only a few
reports of biosynthetic labelling of proteins with
selenomethionine in eukaryotic cells (insect, mam-
malian, or yeast) (Laurila ef al., 2005; McWhirter
et al., 1999; Davis et al., 2001).

2.4.3 Cell lysis

At scale-up, cells are generally lysed by mechanical
means using either a French press or cell disrup-
tor or by sonication (Protocol 2.8). Before breakage,
the cell pellet is resuspended in buffer to give a
uniform cell suspension. The lysis buffer often con-
tains a small percentage of detergent which assists
with the lysis and aids solubilization of the protein
after it has been removed from the cell. In liquid
homogenization using a French press or cell disrup-
tor, cells are sheared by forcing the cell suspension
through a narrow aperture under high pressure. Son-
ication is widely used in both HTP and non-HTP
laboratories for cell breakage and makes use of high

frequency sound waves to agitate and lyse the cells.
The sound waves are emitted through a probe which
is immersed in the cell suspension. As sonication
causes heating in the sample, the sound waves are
appliedinshortbursts and the sampleisimmersed in
an ice bath. The sample volume and acoustic power
applied are critical in the yield of protein recovered
and in minimizing heating of the sample, which
can lead to protein degradation (Feliu et al.,
1998).

2.4.4 Chromatography

The main challenge in protein purification for HTP
facilities is to combine generic multidimensional
chromatography for all target proteins with the par-
allelization of purification runs. This requirement
has been addressed by the commercial develop-
ment of semiautomated chromatography systems,
notably the Akta Explorer 3D and Akta Xpress
workstations, both available from GE Healthcare
(www.chromatography.amershambiosciences.com).

IPTG induction protocol with the methionine
auxotroph B834

1. Asingle colony is inoculated into 100 ml of SeMet media
containing antibiotics (Molecular Dimensions). The SeMet
media consists of 100 ml SeMet Base, 5 ml nutrient mix,
and 0.4 ml 10 mg/ml selenomethionine in a 250 ml
shake-flask. The culture is incubated at 37°C and 225 rpm
overnight (~16 h).

2. The culture is centrifuged at 5000 g for 10 min and

the supernatant discarded.

3. The pellet is then resuspended in 50 ml of PBS and
recentrifuged at 5000 g for 10 min.

4. The supernatant is removed and the pellet is inoculated
into 1L of SeMet media (1 L SeMet Base, 50 ml nutrient
mix, and 4 ml 10 mg/ml selenomethionine) which contains
antibiotics.

5. The 500 ml cultures in 2 L shake-flasks are incubated
at 37°C and 225 rpm until an ODsgg of ~0.6 is reached.
6. The temperature is reduced to 20°C. After 30 min at
20°C, the cultures are induced with 0.5 mM IPTG and are
incubated for a further 20 h at 20°C and 200 rpm.

7. Product is harvested by centrifugation at 6000 g for

15 min and frozen for later processing.

Protocol 2.6 Expression of SeMet-labelled proteins |

Autoinduction protocol with the methionine
auxotroph B834

1. Asingle colony is inoculated into 100 ml of glucose-free
SeMet media (Molecular Dimensions) containing antibiotics
and incubated at 37°C and 225 rpm overnight (~16 h).

2. The culture is centrifuged at 4000 g for 5 min and the
supernatant discarded.

3. The pellet is then resuspended in 25 ml of PBS and
recentrifuged at 4000 g for 5min.

4. The supernatant is removed and the pellet resuspended
in 2ml PBS before inoculation into 1 L of autoinduction
SeMet media (1L SeMet Base, 20 ml OnEx Solution 1, 50 ml
OnEx Solution 2, 1 ml OnEx Solution 3, 50 ml SeMet
glucose-free nutrient mix and 4 ml 10 mg/ml
selenomethionine) which contains antibiotics.

5. The 500 ml cultures in 2 L shake-flasks are incubated at
37°Cand 225 rpm for 6 h.

6. The temperature is reduced to 25°C and the cultures
incubated for a further 18 h.

7. The culture is then centrifuged at 6000 g for 15 min to
obtain the pellet.
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IPTG induction protocol using the ‘poisoning’
method

This method follows the same protocol as for production of
SeMet labelled protein using the auxotroph, however on
addition of IPTG, the following chemicals are also added to
each 500 ml culture:

2.5ml 10 mg/ml SeMet

5ml 10 mg/ml lysine

5ml 10 mg/ml threonine
5ml 10 mg/ml phenylalanine
5ml 5mg/ml leucine

5ml 5mg/ml isoleucine

5ml 5 mg/ml valine.

Protocol 2.7 Expression of SeMet labelled proteins I

Autoinduction protocol using the ‘poisoning’
method

The method follows that for autoinduction using the
auxotroph B834, however at Stage 4, 9ml 10 mg/ml
selenomethionine is added along with the following
amino acids:

5ml 10 mg/ml lysine

5ml 10 mg/ml threonine
5ml 10 mg/ml phenylalanine
5ml 5 mg/ml leucine

5ml 5 mg/ml isoleucine

5ml 5mg/ml valine.

1. Cell pellets are thawed for 15 min at room temperature
prior to resuspension.

2. The cell pellets are resuspended in ~30 ml per 10g
pellet of Cell Lysis Buffer (50 mM Tris pH 7.5, 500 mM
NaCl, 20 mM imidazole, and 0.2% Tween) with protease
inhibitors and DNasel as required.

3. The lysate is passed through the basic Z cell disruptor at
30 kpsi. At this stage the lysate should no longer be viscous
and the cells fully lysed.

Protocol 2.8 Lysis using cell disruption or sonication

or
The lysate is sonicated on ice at 20-25% power, 9.9 sec
pulse on, 9.9 sec pulse off (500 W) for ~15 min. At this
stage the lysate should no longer be viscous and the cells
fully lysed.

4. The lysate is spun at 4°C and 30,000 g for 30 min to
remove cell debris.

5. The cleared lysate is then filtered through a 45 um
membrane before purification.

In this section the use of these systems for HTP
protein purification is described.

2.4.4.1 Chromatography strategy

The chromatographic strategy is determined by the
construct chosen during cloning and the number
of chromatography steps desired (Fig. 2.3). In gen-
eral, constructs designed for HTP projects contain
an affinity tag to aid in purification, as discussed in
Section 2.2.2.2. Therefore the first step in purification
of arecombinant protein is often affinity chromatog-
raphy as this is highly specific for the target protein.
The most common tag used is hexahistidine, which
binds to immobilized metal affinity chromatogra-
phy IMAC) beads, although other tags such as GST
and maltose binding protein are also used. As the

affinity step usually follows a simple bind-elute
protocol, this method both purifies and concen-
trates the protein. For example the target protein
is eluted from a 1-ml IMAC column within 2—4ml
of buffer containing 0.5M imidazole. Protocol 2.9
outlines a simple method for IMAC purification in
which 20 mM imidazole is used in the binding and
wash buffers to reduce levels of proteins that bind
non-specifically.

If the sample is of the purity required, only
buffer exchange is needed to give the final prod-
uct. If further purification is required, a size exclu-
sion chromatography step (SEC) is usually carried
out. This step both removes contaminants from
the sample, typically giving protein products of
>90% purity, and gives information regarding the
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Protocol 2.9 IMAC-SEC purification

Charge a column using 1.5 x column volume 0.2 M nickel
sulphate.

1. Wash with 1.5 x column volume water.

2. Equilibrate with 2 x column volume Binding/Wash
Buffer (50m M Tris pH 7.5, 500 mM NaCl, 20 mM
imidazole).

3. Load the filtered lysate containing the protein of interest.
4. Wash the column with 5 x column volume Binding/
Wash Buffer or until the absorbance at 280 nm becomes
stable.

5. Elute the protein with 5 x column volume of Elution
Buffer (50 mM Tris pH 7.5, 500 mM NaCl, 500 mM
imidazole) collecting the peak detected at 280 nm.

6. Inject this peak directly onto an equilibrated gel filtration
column (5200 or S75).

7. Elute the protein with 1.2 x gel filtration column
volume of Gel Filtration Buffer (20 mM Tris pH 7.5, 200 mM
NaCl, reducing agents as desired) collecting fractions.

8. Run an SDS-PAGE gel on the fractions and pool those
containing the protein of interest.

After affinity purification, the protein usually has high purity;
however some non-specific binding to the resin can occur,
along with binding of any truncations of the target protein.

oligomeric state of the protein when the retention
volume is compared to that of standard proteins.
In the event that a third chromatography step is
necessary to achieve acceptable purity, then an ion
exchange step is normally inserted between the
affinity and SEC columns. This usually consists of
affinity chromatography followed by ion exchange
and then size exclusion chromatographies. As the
affinity elution buffer is usually not compatible with
the ion exchange chromatography step, a buffer
exchangeis normally included between these stages.

In many cases the recombinant protein expression
construct has been designed to include a protease
cleavage site (Section 2.2.2.2). Therefore tag cleav-
age is included in the purification strategy. There
are two basic tag removal strategies: either cleav-
age of the protein in solution or when bound to
an affinity column. In general, tagged-proteases
are used in order to facilitate their removal from
the protein sample. In the first case, the strategy
may include an automated affinity step followed
by buffer exchange into the conditions compatible
with the protease. Conveniently, both 3C and Tev
proteases cleave efficiently in the SEC buffer (Pro-
tocol 2.9). The protease is then added off-line and
incubated in solution; for Tev and 3C this is typically
overnight at 4°C. Postcleavage, a second automated
affinity chromatography step followed by size exclu-
sion chromatography can be performed in order to
gain pure cleaved protein (Kim et al., 2004).

This process can be fully automated by perform-
ing the protease cleavage step within a Super-
loop™ connected to the purification instrument. For
on-column cleavage, either an untagged protease
or a protease with a different tag to the protein of
interest is used. Here, the target protein is bound to
the affinity column, one column volume of protease
solution applied, and the column incubated for the
amount of time required for cleavage to occur. The
column is then washed to remove both the protein
of interest and the protease. Further purification is
then necessary to remove the protease from the sam-
ple. On-column cleavage strategies are more readily
automated than an in-solution strategy; however, in
some cases cleavage is less likely to go to completion.
This is most likely due to the protein being tightly
bound to the resin and therefore the protease is ster-
ically hindered from approaching the cleavage site.

2.4.4.2 Instrumentation

Automation of the strategies described above can be
achieved using instruments supplied by GE Health-
care. Many of the procedures described above are
preprogrammed to allow ease of implementation of
HTP automated purification techniques.

The Akta Explorer 3D is equipped with positions
for up to seven column and has two loop posi-
tions. This instrument allows sequential automation
of up to six affinity purifications followed by a fur-
ther chromatography step (e.g. size exclusion or
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desalting) in series, or up to four affinity purifica-
tions followed by two further chromatography steps
(e.g. desalt and ion exchange) in series. The eluates
from the columns are followed by a UV detector
measuring protein absorbance at 280 nm. Such pro-
cedures have been implemented in many structural
genomic laboratories and have been reported on by
Kim et al. and Sigrell et al. (Kim et al., 2004; Sigrell
et al., 2003). The instrument can be used to purify
up to six affinity-tagged proteins per day, resulting
in 1-50mg of protein per run at over 90% purity
(Sigrell et al., 2003). Standard protocols supplied
with the Akta Explorer 3D are listed in Table 2.2.

The Akta Xpress consists of multiple modules
(systems with either two or four modules are cur-
rently available) each with five column positions
and five loop positions (Fig. 2.3). Each unit func-
tions in a similar way to the Akta Explorer 3D
system, allowing parallelization of up to four affin-
ity purifications with one further chromatographic
step or up to three affinity purifications with two fur-
ther chromatography steps. This system has many
advantages over the Akta Explorer 3D, as each unit
can be run independently, allowing different purifi-
cation strategies to be run in parallel. In addition,
the increased number of inlets, outlets, and loops
allow for greater flexibility in protocols. In the OPPFE,
an Akta Xpress consisting of four modules has been
used to purify 16 His-tagged proteins using an
IMAC-gel filtration strategy in one overnight run
(~11 h purification time).

2.44.3 Secreted proteins

Secreted proteins from eukaryotic cell lines present
problems in purification due to both the volume of

Table 2.2 Preprogrammed Akta protocols

Protocol AKTA 3D  AKTA Xpress

. Affinity — desalt v
. Affinity — gel filtration v
. Affinity — desalt — ion exchange v
. Affinity — desalt — ion exchange —
desalt
5. Affinity — desalt — ion exchange — gel
filtration
6. Affinity —on-column cleavage — desalt v

SN W —
ESRNENEN

AN

media involved and components of the media which
are incompatible with affinity chromatography.
If the media are compatible with an affinity chro-
matography step, then simple programmes similar
to those described in Section 2.4.4.1 can be used.
However, it is recommended that wash steps are
interspersed with sample loading to maximize bind-
ing and reduce any risk of the column becoming
blocked. A standard protocol for affinity purifica-
tion of secreted proteins is given in Protocol 2.10.
This protocol has been automated and combined
with further chromatographic steps (desalt or size
exclusion) using the Akta Xpress system within the
OPPE.

Some media are incompatible with affinity chro-
matography, for example many media used for
baculovirus growth contain EDTA which strips the
metals from IMAC columns. To avoid this problem,
the media can be buffer exchanged using dialysis,
stirred-cell, or cross-flow filtration. Alternatively,
an additional chromatography step can be intro-
duced in which interfering agents are removed, for
example using lentil lectin affinity column to select
glycosylated proteins.

2.4.5 Quality assessment

For high-throughput purification pipelines, qual-
ity assessment (QA) procedures are required which
can be carried out in parallel in relatively high
throughput. The QA steps routinely carried out in
the OPPF are summarized in Table 2.3. Other meth-
ods that have been used in HTP projects include one
and two-dimensional NMR screening and differen-
tial scanning calorimetry.

2.4.5.1 Mass spectrometry

Mass spectrometry (MS) is widely used to ascer-
tain the purity, total mass of the protein produced,
and detect any covalent modifications (Cohen and
Chait, 2001). Both electrospray ionization (ESI) and
MALDI may be used although for intact proteins;
ESI has the advantage of being accurate to ~1 Da.
Using the simple protocol described in Protocol 2.11,
the MS of whole protein samples can be readily
automated without the need for sample prepara-
tion. This method has proved successful for the
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Figure 2.3 Schematic representation of the workflow for automated protein purification strategies. (* offline tag cleavage involves a

manual step.)

Protocol 2.10 Secreted protein purification

1. Load 100 ml of media containing the protein of interest
through an affinity chromatography column.

2. Wash the column with 2 x column volume of wash
buffer.

3. Repeat Steps 1 and 2 until all the media has been
loaded.

4. Wash the column with 10 x column volume of wash
buffer to removed proteins which have bound
non-specifically to the resin.

5. Elute the protein of interest with up to 5 x column
volume of elution buffer.

For IMAC, the column needs to be charged and equilibrated
in Wash Buffer before starting the procedure. Wash Buffer
consists of 50 mM Tris pH 7.5, 500 mM NaCl, 20 mM
imidazole and Elution Buffer 50 mM Tris pH 7.5, 500 mM
NaCl, 500 mM imidazole.

measurement of protein masses from around 8 kDa
to 100 kDa.

MS is also used routinely to evaluate the level of
selenomethionine incorporation in a protein sample

as the theoretical mass is increased by 47 Da per
methionine in the sequence. MS can be used to fur-
ther analyse protein samples by use of tryptic digest
followed by MS/MS analysis. This allows de novo
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1. Samples are diluted to ~10 WM in a 96-well PCR plate.
2. The protein is injected onto a 1cm x 5um C4
precolumn (Anachem) using an autosampler.

3. The column is washed to waste with water containing
2% MeOH, 0.5% formic acid, and 0.2% trifluoroacetic acid,
thus removing salts from the sample.

Protocol 2.11 Automated desalting protocol for ESI-MS analysis of intact proteins

4. The protein is then eluted to ESI-MS with 20% water/
80% acetonitrile containing 0.1% formic acid.

5. Simple MS measurements are taken and the raw data
deconvoluted to give an accurate mass of the intact protein
sample.

Table 2.3 Routine methods for quality assessment undertaken in the
Oxford Protein Production Facility

Quality assurance technique Protein characteristic

SDS-PAGE Purity and denatured molecular
weight
UV spectrometry Protein concentration

Protein concentration

Purity and oligomeric state

Polydispersity and oligomeric
state

Accurate denatured molecular
weight, purity, and bound
ligands

Protein assay (BioRad)
Size exclusion chromatography
Dynamic light scattering

LC-ESI-MS

sequencing of regions of the protein, although full
sequence coverage is rare in this type of experiment
(Cohen and Chait, 2001). In addition, information
regarding post-translational modifications such as
phosphorylation and glycosylation can be attained
using MS.

2.4.5.2 Light scattering

Dynamic light scattering (DLS) is used to deter-
mine the oligomeric state and monodispersity of a
protein. A coherent, monochromatic beam of light
is passed through a protein sample in solution and
the particles scatter the light in all directions. As the
particles move according to Brownian motion, they
cause time-dependent fluctuations in the scattering
of the light. By measuring the time-dependence of
the fluctuations, the diffusion coefficient of the par-
ticles can be calculated. From the Stokes-Einstein
equation, the viscosity of the medium and this dif-
fusion coefficient, the diameter of the particles can
be calculated. Using a globular model, the particle

diameter can be used to estimate the total molecular
weight, and thus the oligomeric state of the pro-
tein present. If more than one oligomeric state exists
within a sample, such heterogeneity can reduce the
crystallizability of the sample (Habel et al., 2001).
DLS is therefore a simple, fast measure of the multi-
meric state and monodispersity of a protein sample.
DLS techniques have been taken further with the
introduction of 96- and 384-well format equipment
such as the DynaPro™ plate reader from Wyatt
Technology.

2.5 Summary and future perspectives

A major driving force for the development of
high-throughput cloning, expression, and pro-
tein purification has been the arrival of the post-
genomic era, where the emphasis has changed
from DNA sequencing to structural (and functional)
proteomics. A wide variety of HTP methodolo-
gies have been successfully implemented in major
world-wide efforts to generate protein for crystallo-
graphic and NMR structure determination. For the
development of HTP protein production pipelines,
many of the initial projects have focused on bac-
terial genomes, where high-throughput production
of proteins expressed solubly in E. coli is read-
ily achieved. In the future, the emphasis will
shift increasingly to eukaryotic and viral genomes
where production of soluble proteins remains a key
issue. To what extent will current methodologies be
adequate for tackling structural proteomics in the
future? Clearly, ligation-independent cloning meth-
ods have been a major success in providing com-
pletely generic protocols that are readily automated.
The inherent difficulties of expressing eukaryotic
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proteins solubly means a greater degree of over-
sampling is required, in terms of the number of
constructs made. Whilst 96-well plates have been
robust in current work, higher density 384- and
even 1536-well plates would have significant advan-
tages for generating and analysing these greater
numbers of constructs. In addition, a significant
number of proteins may only become fully ordered
when binding to partner proteins of a hetero-
oligomeric macromolecular assembly. In such cases,
coexpression strategies using either dual or multi-
ple expression vectors will be required. It is also
expected that there will be increased use of higher-
throughput baculovirus and mammalian expres-
sion systems involving the development of process
automation.

The advent of parallelized protein purification
systems and high performance chromatography
media represent major steps forward in HTP
projects. Further developments that would be of
benefit include a greater integration of purifica-
tion and QA, such as on-line mass spectrometry.
Refolding of insoluble proteins as a rescue strat-
egy has so far met with limited success; fur-
ther attempts at developing more generic proto-
cols would appear worthwhile. Underpinning all
aspects of HTP protein production is the need to
record and track data at every stage of the process
using a laboratory information management sys-
tem (LIMS). Although a number of projects have
developed such systems, there remains the need for
a widely available solution to support both large
and small-scale laboratories. A European project
to address this issue has recently been initiated
(www.mole.ac.uk/lims/project/).

Although much has been achieved by HTP pro-
tein production projects to date, there is clearly scope
for continued technology development. As we move
into the next phase, there is a real prospect of mak-
ing exciting additions to basic knowledge of protein
structure and function.
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CHAPTER3

Automation of non-conventional
crystallization techniques for
screening and optimization

Naomi E. Chayen

3.1 Introduction

The availability of high-quality crystals is cru-
cial to the structure determination of proteins by
X-ray diffraction. It is still not understood why
some proteins crystallize with ease while oth-
ers stubbornly refuse to produce suitable crystals.
Producing high-quality crystals has always been
the bottleneck to structure determination and with
the advent of structural genomics this problem is
becoming increasingly acute. In spite of impres-
sive advances in throughput, the crystallization
problem has not been solved and better crystal-
lization techniques need to be designed in order
to overcome this hurdle (Service, 2002; Chayen,
2004). Finding favourable conditions for crystal-
lization is usually achieved by screening of the
protein solution with numerous crystallizing agents
in order to find ‘hits’ that indicate which condi-
tions may be suitable for crystal growth. Opti-
mization of the crystallization conditions is done
either by fine tuning of the parameters (precipi-
tant, pH, temperature, additives, etc.) involved, or
by manipulation of the crystallization phase dia-
gram with the aim of guiding the experiment in
the direction that will produce the desired results.
This chapter highlights a variety of non-standard
experimental methods of screening and optimiza-
tion techniques with a focus on those that have been
automated and can be adapted to high-throughput
trials.

3.2 The basis of crystallization

Crystallization is a phase transition phenomenon.
Crystals grow from an aqueous protein solution
when the solution is brought into supersatura-
tion (Ataka, 1993). Supersaturation is achieved
by varying the concentrations of precipitant, pro-
tein and additives, pH, temperature, and other
parameters (McPherson, 1999; Ducruix and Giegé,
1992; Ducruix and Giegé, 1999).

3.2.1 The crystallization phase diagram

The crystallization process can be illustrated by a
phase diagram that shows which state (liquid, crys-
talline, or amorphous solid [precipitate]) is stable
under a variety of crystallization parameters. It pro-
vides a means of quantifying the influence of the
parameters such as the concentrations of protein,
precipitant(s), additive(s), pH, and temperature on
the production of crystals. Hence phase diagrams
form the basis for the design of crystal growth con-
ditions (McPherson, 1999; Ducruix and Giegé, 1992;
Ducruix and Giegé, 1999; Chayen et al., 1996; and
references therein).

Crystallization proceeds in two phases, nucle-
ation and growth. Nucleation, which is a prerequi-
site for crystallization, requires different conditions
from those of growth. Once the nucleus has
formed, growth follows spontaneously (Ataka, 1993;
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McPherson, 1999; Ducruix and Giegé, 1992; Ducruix
and Giegé, 1999; Chayen et al., 1996).

Figure 3.1 shows an example of a typical crys-
tallization phase diagram. The figure schematically
illustrates four areas: (i) an area of very high super-
saturation where the protein will precipitate; (ii)
an area of moderate supersaturation where spon-
taneous nucleation will take place; (iii) an area
of lower supersaturation just below the nucleation
zone where crystals are stable and may grow but
no further nucleation will take place (this area is
referred to as the metastable zone which is thought to
contain the best conditions for growth of large well
ordered crystals); and (iv) an undersaturated area
where the protein is fully dissolved and will never
crystallize (Chayen et al., 1996; Chayen, 2005).

The four common methods of crystallization
‘travel’ through the phase diagram, each via a dif-
ferent route (dashed lines). Batch crystallization

.
L
LN ‘ Supersaturation
Q
N
N
E -
C e—————
1S
-
£t
| | Undersaturation
! 1 !

involves mixing of protein and the crystallizing
agents at conditions that aim to achieve supersatu-
ration immediately upon mixing. This is in contrast
to all other crystallization methods (based on diffu-
sion) in which the protein solution is undersaturated
atthe outset of the experiment and gradually reaches
supersaturation by equilibration with a reservoir
solution which contains the crystallizing agents. The
dynamic nature of the diffusion methods enables
a self-screening process to take place (dashed lines
Fig. 3.1) as the trials make their way to the nucle-
ation zone and thereafter to the metastable region
(Chayen, 2004; Chayen, 2005).

In an ideal experiment, once nuclei have formed,
the concentration of protein in the solute will
drop, thereby naturally leading the system into the
metastable zone (Fig. 3.1) where growth should
without the formation of further nuclei
1999; Ducruix and Giegé, 1992;

occur,
(McPherson,

Precipitation zone

Supersolubility
Metastable curve
zone
Solubility curve
1 | LS.

Adjustable parameter

Figure 3.1 Schematic illustration of a protein crystallization phase diagram. The adjustable parameter can be precipitant or additive concentration,
pH, temperature etc. The four major crystallization methods are represented, showing their different routes of reaching the nucleation and
metastable zones, assuming the adjustable parameter is precipitant concentration. The black circles represent the starting conditions. Two
alternative starting points are shown for free interface diffusion and dialysis because the undersaturated protein solution can contain either protein
alone, or protein mixed with a low concentration of the precipitating agents. (A) Batch (B) Vapour diffusion (C) Dialysis (D) Free interface diffusion.
The solubility is defined as the concentration of protein in the solute that is in equilibrium with crystals. The supersolubility curve is defined as the
line separating conditions where spontaneous nucleation (or phase separation, precipitation) occurs from those where the crystallization solution
remains clear if left undisturbed. Reprinted from Current Opinion in Structural Biology, 14, Chayen, pp. 577-583, Copyright (2004), with

permission from Elsevier.



Ducruix and Giegé, 1999; Chayen, 2005; Bergfors,
1999). However, the ideal experiment does not often
happen and more often than not, excess nucleation
occurs, resulting in the formation of numerous,
low-quality crystals. The aim is therefore to devise
methods that will enable the experimenter to lead
the experiment from nucleation to growth, in order
to ensure the desired results.

3.3 Practical considerations

Although phase diagrams offer one of the basic and
most important pieces of knowledge necessary for
growing protein crystals in a rational way, they
are not often employed because accurate quanti-
tative phase diagrams require numerous solubility
measurements. (The solubility is defined as the
concentration of protein in the solute that is in
equilibrium with crystals.) Reaching equilibrium
can take several months because proteins diffuse
slowly. An additional limiting factor is that solubil-
ity measurements require large amounts of sample
(Ataka, 1993; Chayen et al., 1996).

The area of conditions called the ‘metastable
zone’ is situated between the solubility and super-
solubility curves on the crystallization phase dia-
gram (Fig. 3.1). The supersolubility curve is defined
as the line that separates the conditions where spon-
taneous nucleation (or phase separation or precipi-
tation) occurs, from those where the crystallization
solution remains clear if left undisturbed (Ducruix
and Giegé, 1992; Ducruix and Giegé, 1999).

The supersolubility curve is less well defined
than the solubility curve but, experimentally, it is
found to a reasonable approximation much more
easily. It has been reported that for practical pur-
poses, it is sufficient to obtain the supersolubility
curve. To construct it, one must set up crystalliza-
tion trials, varying at least two conditions (one of
which is typically the protein concentration) and
plot their outcomes on a two-dimensional param-
eter grid. The supersolubility curve can be obtained
rapidly using robots and can aid in the separation
of nucleation and growth using seeding and other
means. A diagram containing the supersolubility
curve (and not the solubility curve) is called a “‘work-
ing phase diagram’ (Chayen, 2005; Saridakis and
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Chayen, 2003). Uses of such phase diagrams are
described in Sections 3.5.1 to 3.7.

3.4 Automation and miniaturization
of screening procedures

There have never been any set rules or recipes
to determine where to start when attempting to
crystallize a new protein, hence the most common
means to get started is by using multifactorial
screens, in other words by exposing different
concentrations of the protein to be crystallized to
numerous different crystallization agents, buffers,
temperatures, etc., usually in combinations that
have been successful with other proteins. Automa-
tion of screening procedures (e.g. Chayen ef al., 1990;
Weber, 1990; Soriano and Fontecilla-Camps, 1993)
began in the 1990s but only became wide spread
with the appearance of structural genomics, for
which automation has become vital. Robotics are
now available for most methods of crystallization
(e.g. Luft et al., 2003; Mueller et al., 2001; Walter et
al., 2003; Santarsiero et al., 2002; Chayen et al., 1992).

3.4.1 The microbatch method

The first semi-high-throughput automated system
to dispense crystallization trials of less than 1l
was designed in 1990 to deliver batch trials under
oil (Chayen et al., 1990). The method was named
microbatch to define a microscale batch experiment.
It was designed to obtain maximum information
on the molecule to be crystallized while using
minimal amounts of sample. In order to prevent
the evaporation of such small volumes, the trials
are dispensed and incubated under low density
(0.87 g/cm3) paraffin oil (Fig. 3.2). The crystalliza-
tion drops remain under the oil since the aqueous
drops are denser than the paraffin oil.

Microbatch can be performed either manually or
automatically (Chayen ef al., 1992). It is the simplest
crystallization method and therefore can be easily
performed in high-throughput trials. Current robots
can dispense microbatch trials down to 1 nl volumes.
Depending on the type of oils used to cover the trials,
this technique can be harnessed for both screening
and optimization experiments.
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Figure 3.2 Dispensing of a microbatch trial under oil. The dashed
circle represents the initial position of the crystallization drop at the
time of dispensing. The grey circle represents the final position of the
drop after it had made its way to the bottom of the well (due to its
higher density compared to that of the oil). Modified from Chayen
(1997). The role of oil in macromolecular crystallization. Structure 5,
1269-1274, Copyright Elsevier.

3.4.2 The effect of different oils

The microbatch method is essentially a batch exper-
iment in which the macromolecule and the crystal-
lizing agents are mixed at their final concentrations
at the start of the experiment; thus, in order to obtain
crystals, supersaturation must be attained upon mix-
ing. Consequently, the volume and the composition
of a trial remain constant. This is in contrast to
all other crystallization methods which undergo a
self-screening process until equilibrium is reached
(Fig. 3.1). The stability of the batch is an important
benefit for conducting diagnostic studies on the pro-
cess of crystal growth since the history of the sample
can be followed reliably. However, this benefit may
become a handicap in the case of screening for crys-
tallization conditions since it is likely that the grad-
ual change of conditions (en route to equilibrium),
which takes place by the other methods, may be the
crucial factor for the formation of crystals (Chayen
et al., 1996; Chayen, 1997a; D’ Arcy et al., 1996).

A modification of the original microbatch method
provides a means of simultaneously retaining the

benefits of a microbatch experiment while gaining
the inherent advantage of the self-screening process
of a diffusion trial (D’ Arcy et al., 2003). This modifi-
cation is based on the following rationale: water can
evaporate through different oils at different rates.
Paraffin oil acts as a good sealant allowing only
a negligible amount of water evaporation through
the paraffin oil during the average time required
for a crystallization experiment. In contrast, water
can diffuse freely through silicone oils. A mixture
of paraffin and silicone oils permits partial diffu-
sion, depending on the ratio at which they are mixed
(D’ Arcy et al., 1996).

It has been shown that for screening purposes it
is preferable to use silicone oil or a mixture of paraf-
fin and silicone oils (D" Arcy et al., 1996, 2003). This
allows some evaporation of the drops, leading to a
higher number of ‘hits’ and faster formation of crys-
tals compared to trials which are set under paraffin
oil. In the case of optimization, where the conditions
need to be known and stable, the trials must be cov-
ered by paraffin oil, or allowed to evaporate for a set
time and then covered (as described in Section 3.5.5
and Protocol 3.7).

Microbatch can be used for almost all the known
precipitants, buffers, and additives, including deter-
gents. The oils do not interfere with the common
precipitantssuchassalts, polyethyleneglycols (PEG),
jeffamine MPD, and even glycerol and ethanol.
Microbatch, though, can not be used for crystalliza-
tion trials containing small volatile organic molecules
such as dioxane, phenol, or thymol since these
molecules dissolve into the oil (Chayen, 1998). Such
substancesareonlyapplied inmicrobatchiftheexper-
imenter aims to explore the effect of progressive
disappearance of these additives from the solution.

3.4.3 Fine tuning of the conditions around
the screen

Once a ‘hit" has been found, the next step is to
conduct a finer screen around these conditions by
varying the concentrations of protein, precipitant,
addition of additives, etc. In most cases, more than
three different ingredients may be needed in each
trial, making it difficult to manually pipette all the
ingredients into one drop directly under the oil. Thus
the procedure in Protocol 3.2 should be followed.



3.4.4 Crystallization of membrane proteins
in microbatch

An increasing number of membrane proteins, in a
variety of different detergents, have been crystal-
lized in microbatch under oil. Some of these had
failed to crystallize by all methods other than micro-
batch. Dispensing is quick and simple, even when
performed manually, and the drops in oil do not
spread out as they do in vapour diffusion over the
siliconized coverslips (Chayen, 2006). Using robots
thousands of microbatch trials can be dispensed in
high-throughput mode in nanolitre volumes.

The protocol for setting up microbatch experi-
ments containing membrane proteins is identical to
that described in Protocols 3.1 and 3.2.

3.4.5 Harvesting and mounting crystals from
microbatch

Harvesting crystals from microbatch is slightly more
difficult than harvesting from coverslips or from
standard sitting drops (Protocol 3.3). However, after
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some practice it can be achieved easily (Chayen,
1998, 2006).

3.4.6 Diffusion techniques

Although microbatch is the simplest method of
crystallization, it is a relatively new technique and
many experimenters still prefer to use vapour dif-
fusion which has been around and has worked
well for over 40 years. Hence, there has also been
major development in automating and scaling
down the quantities of sample using the popular
vapour diffusion method (both sitting and hanging
drops). An increasing variety of robots are available
commercially.

The liquid-liquid free interface diffusion (FID)
method, in which protein and precipitant solutions
are carefully superimposed and left to slowly mix
diffusively, was least used in the past due to hand-
ling difficulties. However, in the last 4 years the
free interface technique has experienced a revival
for both screening and optimization procedures. The

Equipment and reagents

Screening solutions from commercial or home made kits

Protein solution

Pipette of 1-2 !

Optional: automated hand held pipette

Light microscope

Paraffin oil (Hampton Research or Molecular Dimensions)

Silicone oil (Hampton Research or Molecular Dimensions)

Microbatch plates (e.g. Nunc, Terazaki, Douglas
Instruments)

Method

1. Pipette or pour 6 ml of paraffin oil into a microbatch
plate. The oil will spread over the plate and cover the wells.
2. Withdraw 1l of the screen solution from its container
using a pipette.

3. Insert the pipette tip into the well under the surface of
the oil and dispense the 1 ! drop onto the floor of the
plate. As you withdraw the tip from the oil, the drop will
detach from it and fall to the bottom of the well within a
few seconds (Fig. 3.2). Pipettes usually have two stops

Protocol 3.1 Setting up a screen in a microbatch experiment manually

when pressing them. Dispense the drop into the oil while
holding the pipette on the first stop; otherwise you will
introduce air bubbles into the drop.

4. Add 1wl of protein solution to the same well in the
same way. The two (separate) 1-i.l drops join and become
a 2-pl drop. If the drops don't coalesce, mix them gently
with the pipette tip.

5. Incubate at the temperature of your choice.

6. Observe trials regularly under a light microscope.

Method for setting up and using a robot

There are several robots for setting up screening
experiments in microbatch (e.g. Luft et al,, 2003; Chayen
et al., 1992; Delucas et al., 2003). The precipitant solutions
are transferred simultaneously from stock screening
solutions to crystallization plates by any number of syringes,
depending on the robotic system. The drops are dispensed
under oil and the protein is added to the precipitant

drops using a dedicated syringe for the protein solution,
either simultaneously with the screening solutions or at a
later stage. Some of the robots have a routine of mixing
the drops.
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most suitable vessel for this method is an X-ray
capillary, the geometry of which reduces unde-
sired convective effects (Garcia-Ruiz et al., 2002). A
crystallization cassette has also been designed for
holding many capillaries that can be put into con-
tact with various precipitant solutions for the use of
this method within a high-throughput environment
(Ng et al., 2003).

A microfluidic chip has been developed for
rapid screening of protein crystallization conditions
(Hansen et al., 2002) using the free interface diffu-
sion method. The chip is comprised of a multilayer,
silicon elastomer and has 480 valves operated by
pressure. The valves are formed at the intersection of
two channels separated by a thin membrane. When
pressure is applied to the top channel it collapses

Equipment and reagents
0.5-ml Eppendorf tubes
Coverslips

Pipette

Microbatch plates

Protein solution

Crystallization reagents

Paraffin oil

Method
1. Mix the protein solution and the crystallizing agents in
an Eppendorf tube. (If quantities are very small, mix on a

Protocol 3.2 Fine tuning of conditions in microbatch

coverslip.) When mixed, draw the drop with a pipette tip
and dispense under paraffin oil as described in Protocol 3.1.
2. Incubate at the temperature of your choice.

3. Observe trials under a light microscope.

When performed by a robot, the different ingredients are
placed in different channels/syringes of a dispensing system
and dispensed simultaneously under the oil by the action of
motorized syringes. All robots have routines whereby they
pick up chosen stock solutions and dispense them into a
well to which protein is added simultaneously or later on
(Chayen, 2006).

Equipment and reagents

Cryoprotectant solution

Precipitate solution at ~5% higher concentration than
that in the drops

Micro tools (Hampton Research)

Standard pipette

Scalpel

Loops

Depression plates

Method

1. Add a few microlitres of cryoprotectant solution to the
drop containing the crystals.

2. After several minutes check that the crystals are not
cracked or dissolved by looking at them under the
microscope. If they crack or dissolve, adjust the
concentration of cryoprotectant or change cryoprotectant.
3. Take the crystals directly out of the il using a loop
and freeze.

Protocol 3.3 Two alternative ways of harvesting crystals from microbatch

If the above protocol proves tricky, harvest in the following
way:

1. Add harvest solution (of ~5% higher concentration of
precipitant than that in the drop) into the well containing
the crystals. If you have a 1-wl drop, add 5-10 ! of harvest
solution.

2. Wait a short while (up to 15 min) to allow the crystals
to equilibrate.

3. Withdraw the enlarged drop using a standard

10-100 ! pipette which had its tip cut off with a

scalpel in order to widen its bore.

4. If the crystals stick to the vessel, loosen them gently
inside the drop using micro tools or very thin strips of filter
paper (the edge of the strip that will touch the crystal is best
torn rather than ‘cleanly’ cut with scissors).

5. Transfer the drop into a depression well containing more
harvest solution.

6. From this stage onwards, handle the crystals as you
would from a standard diffusion trial.




the membrane into the lower channel;, when the
pressure is removed the membrane springs open.
Each trial uses 10 nl of protein sample and 144
trials are performed at a time. This device has
produced diffracting crystals in volumes of 5 to
20 nl, including new crystals that were not detected
by other crystallization methods. A chip for per-
forming larger numbers of trials has recently been
devised.

3.5 Automation of optimization
experiments

Screening procedures can readily be automated and
adapted to high throughput. Optimization tech-
niques that are based on control of the crystalliza-
tion environment (as opposed to just fine tuning
the conditions of the initial hit) are more diffi-
cult to automate and to adapt to high throughput.
However, more effort is currently being invested
in automation and miniaturization of such tech-
niques and some examples are given in the following
sections.

3.5.1 Use of the crystallization phase
diagram for optimization

A very common occurrence in crystallization is the
formation of clusters of non-diffracting crystals or
crystalline precipitate that can not be improved by
merely fine tuning the crystallization parameters.
In such cases a working phase diagram can be con-
structed based on the conditions that give the low
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quality crystals (Protocol 3.4). Such a diagram deter-
mines at which conditions the protein precipitates,
at which the solution remains clear, and where crys-
tals form (Fig. 3.3). This information can then be
used to determine the appropriate conditions for
separating the phases of nucleation and growth.
Working phase diagrams can be generated manually,
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Figure 3.3 A working phase diagram of a protein. X represent
conditions obtained from screening "hits', giving low quality crystals
or crystalline precipitate. Open circles represent clear drops; full circles
represent precipitate. The working phase diagram has been plotted
from results of trials set up at conditions ranging from above and
below the conditions of the ‘hits'. Arrows represent two options of
transfer/dilution from conditions that would give poor crystals to clear
conditions just below the supersolubility curve. The diagonal arrow
represents dilution with buffer, where both the concentrations of
protein and the precipitant are reduced. The horizontal arrow
represents transfer of a drop to lower precipitant concentration or
dilution with the protein solution. In these cases the concentration

of the protein in the drop in not reduced.

Protocol 3.4 Constructing a working phase diagram

Method

1. Note the conditions in a ‘hit’ of a screen that have
yielded crystals of some sort or a crystalline precipitate.
2. Dispense 12-24 trials using a crystallization method
of your choice, varying the protein concentration and
precipitant concentration in steps on a matrix grid. The
dispensing can be done either manually or using a robot.
3. The concentrations should be above and below the
concentration that gave the conditions of the hit.
Alternatively the pH or another parameter can be varied.

4. Plot the results and you will obtain the supersolubility
curve. Figure 3.3 shows a practical example: if a screen has
produced ‘hits" at conditions of 10-15 mg/ml of protein and
5-10% PEG, the experiments are set at concentrations
ranging from 5-20 mg/ml protein versus 2.5-15 or 20%
PEG, thus covering a range of conditions above and below
the ‘hits’.




52 MACROMOLECULARCRYSTALLOGRAPHY

but of course can be done far quicker if performed
using robots.

3.5.2 Separation of nucleation and growth

The most commonly used technique for separation
of nucleation and growth is seeding (Stura, 1999;
Bergfors, 2003; and references therein). Although
very successful, seeding often involves handling of

fragile crystals and, other than streaking, seeding
manoeuvres are not very simple to perform.

An alternative means of conducting trials with a
similar outcome to seeding, but without the need to
handle crystals, is by dilution. An additional benefit
of dilution methods is that they are more amenable
to automation compared with seeding techniques
(Chayen, 2005). The aim of dilution is to start the
trial at nucleation conditions and after a given time

Equipment and reagents
Microbatch plates

Paraffin oil

Pipette or robot

Plates for hanging or sitting drops
Coverslips

Sealing tape

Protein solution

Buffer

Method
1. Set up trials under conditions that would give you the
low-quality crystals.

Protocol 3.5 Dilution in microbatch and vapour diffusion

2. Dilute the trials at given times after set up by adding a
volume of buffer or of protein in buffer at a volume which is
5-10% of the total drop volume.

In microbatch, the crystallization drops are diluted directly.
In the case of vapour diffusion, either the drops themselves
or the reservoirs can be diluted.

If performing manually, use a pipette of your choice. If
performed by a robot, the robotic system is programmed to
revisit the drops and/or the reservoirs at given times in
order to add the diluent (Chayen, 2006).

Protocol 3.6 ‘Backing off' in hanging drops

Equipment and reagents
Linbro type plates

Any oil of viscosity of ~5

Pipettes

Coverslips

Pasteur pipette with rubber squeezer
Protein solution

Precipitating agents

Method

1. Prepare 610 reservoirs with a solutions containing
precipitant concentration that would result in producing a
clear drop if crystallization drops were set up and left to
incubate under these conditions. Determine these
concentrations from the region in the phase diagram that is
just under the supersolubility curve (Fig. 3.3).

2. Grease the rim of the plate with oil using a Pasteur
pipette and cover the reservoirs with cover slips.

3. Set up 6-10 trials under conditions that would give you
the low quality crystals.

4. At agiven time after set up (based on when the first
crystals were seen as explained in Section 3.5.3) transfer
(either manually or by a robot) one of the cover slips onto a
reservoir containing the lower precipitant concentration
(Figs 3.3 and 3.4).

5. After a further time interval transfer a second cover slip,
then the third, fourth, etc. (Figs 3.3 and 3.4).

6. Leave one or two drops without transferring them and
one or two drops under the low precipitant concentration to
act as controls.

7. Incubate and wait at least 1 week. The time for the
formation of crystals will be longer in the transferred drop
compared to the control experiment that had not been
transferred, however the crystals at some of the transfer
times are likely to be fewer and better ordered.




to ‘back off’ to conditions of growth (Fig. 3.3).
Dilution can be achieved using all crystallization
methods. Protocols for ‘backing off” experiments in
the most common techniques, namely microbatch
and vapour diffusion, are given in Protocol 3.5.

3.5.3 Determination of the timing of dilution

Dilution must be performed before crystals are vis-
ible. The time of dilution is selected by reference
to the time which it took to see the first crystals in
the initial screens (Saridakis et al., 1994). For exam-
ple if crystals appeared within 24 hours, nucleation
would have occurred anytime between setting up
the experiments to several hours before the crystals
appear. Hence the dilution should be done at inter-
vals of 1-2 hours after set up. If crystals appear after
4 days, dilution should be performed at intervals of
8-12 hours. Trials that are diluted too soon will pro-
duce clear drops while those that are too late will
yield low-quality crystals.

3.5.4 'Backing off’ experiments in hanging drops

Dilution experiments involve revisiting the crystal-
lizationdrops whichmay causedisruptiontothetrial.
An alternative way of backing off without touching
the trial drop can be achieved in hanging drops in
the following way : the coverslips holding the drops
are incubated for some time over reservoir solutions
thatnormally give many small crystals (Protocol 3.6).
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After a given time (before crystals are visible), the
coverslips are transferred over reservoirs containing
lower precipitant concentrations that would nor-
mally yield clear drops (Fig. 3.4). As in dilution,
the time of transfer is selected by reference to the
time which it took to see the first crystals in the
initial screens. The transfer lasts 1-2 seconds. This
technique has produced significant improvement in
crystal order of a number of proteins (e.g. Saridakis
and Chayen, 2000, 2003; Krengel et al., 2006).

3.5.5 Control of evaporation in microbatch
An alternative to dilution in microbatch is to app-

roach the optimization strategy from the opposite

Robotic arm

X hours

Crystallization
drop

Reservoir

Reservoir with
lower precipitant
concentration

Figure 3.4 Transfer of a hanging drop from nucleation to optimal
growth conditions. Modified from Chayen and Saridakis (2002), Acta
Cryst. D 58, 921.

Equipment and reagents
Microbatch plates

Paraffin oil

Protein solutions

Precipitant solutions

Pipette or robot

Crystallization reagents

Method

1. Set up several crystallization plates containing
microbatch trials under a layer of paraffin oil so that
the oil just covers the trials (Fig. 3.5a).

Protocol 3.7 Induction and subsequent arrest of nucleation in microbatch

2. Allow to incubate for a given time.

3. Top up the oil (at different times for the different trays)
so that it fills the dish (Fig. 3.5b).

4. Continue to incubate as standard microbatch trials.

5. Observe daily.

A robot will first dispense the trials under the lower volume
of oil. A robotic arm is programmed to add oil at various
time intervals after setting up the trials.
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(@
Thin layer of
paraffin oil

Crystallization
drop

(b)

Thick layer of
paraffin oil

Figure 3.5 Controlled evaporation of crystallization drops in
microbatch. (a) Trials incubated under a thin layer of oil that allows
concentration via evaporation, thus leading to nucleation. (b) Arrest of
evaporation/concentration by addition of oil to produce a thicker layer
above the trials. Modified from Chayen and Saridakis (2002), Acta
Cryst. D 58, 921-927, with permission from the IUCr.

side of the phase diagram. Contrary to dilution,
where nucleation is the starting point, the starting
conditions can be at metastable or unsaturated con-
ditions where the solution is clear. Nucleation can
be induced by allowing the crystallization trials to
concentrate, and can then be arrested before the
nucleation becomes excessive (Protocol 3.7). This is
achieved by controlled concentration of the drops
through a thin layer of paraffin oil and arrest of
the evaporation by increasing the thickness of the
oil layer after a given time (Chayen and Saridakis,
2002). Arrest of evaporation at the early stages of
nucleation results in the formation of fewer crystals
of better quality. This method can also be used when
useful crystals take an excessively long time to grow
in conventional trials.

3.6 Control of the evaporation kinetics
of vapour diffusion trials

The formation of numerous, small crystals instead
of the desired large single ones can occur due to
the crystallization process taking place too rapidly.
A means to slow down the equilibration rate in
vapour diffusion and thereby approach supersatu-
ration more slowly in order to avoid the formation
of ‘showers’, twinned crystals, or precipitate, is
by placing a mixture of paraffin and silicone oils
as a barrier over the reservoirs of hanging or sit-
ting drop trials (Chayen, 1997b). Paraffin oil totally
blocks all vapour diffusion, resulting in drying out
of the drops, while silicon oil allows diffusion to
take place fully. The equilibration rate is therefore
dictated by the ratio of the two oils and by the
thickness of the oil-mixture layer (Protocol 3.8).
Equal volumes of paraffin and silicon, in a layer
of 250-500 1, placed over 0.6-1 ml reservoirs in
Linbro type plates were found to be optimal. This
method has been successful in crystallizing prob-
lematic target proteins (e.g. Mandelman et al., 2002;
Isupov et al., 2004). The advantage of this technique
is that no change is required to the crystallization
conditions nor the vessel used. It has recently been
automated for adaptation to structural genomics
projects by adding one extra step to the procedure
used by existing crystallization robots (Chayen and
Saridakis, 2002).

3.7 Influencing the crystallization
environment

There are numerous parameters that can influence
crystallization. The crystallization environment,
such as growth of crystals in the presence of mag-
netic fields (Ataka and Wakayama, 2002), electric
fields (Charron ef al., 2003), high pressure (Lorber
et al., 1996), centrifugation (Lenhoff et al., 1997),
levitation (Rhim and Chung, 1990), microgravity
(Chayen and Helliwell, 1999), and many others can
have a significant effect on the quality of the crystals
obtained. Most of these though, require expensive,
dedicated apparatus and have not yet been widely
applied. An environment that is applied more often
in comparison to others is gelled media.
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Protocol 3.8 Setting up an oil barrier over vapour diffusion trials

Equipment and reagents

Paraffin oil

Silicone oil

Crystallization plates for hanging and sitting drops
Coverslips

Sealing tape

Protein solution

Crystallization reagents

Method for preparation of the oils

1. Mix paraffin and silicone oils in equal volumes.

2. Shake well and allow to stand for several minutes. The
oils are totally miscible once the bubbles have disappeared.

Method for setting up hanging drops

1. Use a Linbro type plate for hanging drops.

2. Coat the lips of the reservoirs with grease or oil (unless
your plates are pregreased).

3. Pipette 0.6—1 ml of the reservoir solution which gives
you the showers of crystals into each well.

4. Pipette volumes ranging from 0.1- 0.5 ml of a mixture
of paraffin and silicone over all the reservoirs except for
one reservoir. The oil will form a layer above the reservoirs
(Fig. 3.6b).

5. Dispense the hanging drops on the coverslips as usual
by mixing the protein solution with the reservoir solution.
Use the reservoir without oil as your source of precipitant
for all the drops.

6. Invert the cover slips and place over the wells
containing the oil layer.

7. Place the last drop over the reservoir without the oil.
This drop will act as your control.

8. Incubate at the temperature of your choice.

9. Wait patiently for the results because in trials
containing an oil barrier, crystals require longer periods (e.g.
8-10 days compared to 12—24 hours) to grow to full size
but their quality is improved.

10. If the quality of the crystals is not sufficiently improved,
repeat the protocol using different ratios of paraffin and
silicon.

Method for sitting and sandwich drops

In the case of sitting and sandwich drops, set up the trials
as you would normally do and place the layer of oil above
the reservoir before sealing the plates with tape (Chayen,
2006).

Warning: This technique does not work with PEG or MPD
concentration above 13% but is very effective at
concentrations below 13% and at all concentrations of
all salts.

(a)

—

[—— Crystallization
drop

_—————
1 — Reservoir

b= =
—_—

(b)

—
L Crystallization
drop

Barrier of paraffin
and silicone oils

L T Reservoir

Figure 3.6 Application of an oil barrier to improve crystals in hanging drops. (a) A standard hanging drop trial; (b) a trial containing an oil barrier.
Modified from Chayen (1997b). J. Appl. Cryst. 30, 198-202, with permission from the IUCr.

3.7.1 Crystallization in gelled media

The quality of crystals can be significantly improved
when grown in gel media. Growth in gel reduces
both convection of the protein molecules, thus
favouring their slow diffusion to the crystal faces,

and sedimentation of the growing crystals, in some
way mimicking a microgravity environment (Robert
et al., 1999; and references therein).

Gelled trials are performed in vapour diffusion,
counter diffusion, and in batch. To date, the most
simple and speedy procedure for performing trials
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Protocol 3.9 Preparation of the stock solutions of gels

Equipment and reagents

Glass beaker

Stirrer

Electric device for supporting the beaker and stirrer
Tetramethyl orthosilane (TMOS)

Deionized water

Method
Prepare a 4 ml stock solution of TMOS at 5% (v/v) as
follows:

1. Add 0.2 ml TMOS solution to 2 ml deionized water in a
glass beaker.

2. Stir the solution vigorously using a stirrer at high speed
or by hand. At first, a phase separation occurs which looks
like oil drops in the solution. When stirring vigorously these
drops disperse.

3. Top up the solution to 4 ml with deionized water.

4. Stir vigorously for an additional 10-15 min keeping the
beaker covered. The mixture should by now have become a
clear solution.

Protocol 3.10 Dispensing microbatch crystallization trials in gels

Equipment and reagents
Freshly made 5% (v/v) gel solution
Paraffin ol

Microbatch plates

Protein solution

Crystallizing reagents

Eppendorf tubes

Coverslips

Pipette

Method for manual dispensing

1. Mix the protein, crystallizing agents, buffer, etc., and the
freshly made gel solution in an Eppendorf tube or on a
coverslip. The gel solution should be at a final concentration
of at least 0.2% (v/v).

2. When mixed, draw a drop of a volume of your choice
with a pipette tip and dispense under the oil as described in
Protocol 3.1.

Method for dispensing by robot

1. Choose a robotic dispensing system consisting of several
channels/syringes in which precipitant, buffer, protein, and
additives can be put into different syringes and dispensed
simultaneously or in rapid succession.

2. Fill a crystallization tray with paraffin oil as done for
standard microbatch trials (by hand or robot).

3. Place the gel solution while it is still in liquid form into
one of the channels/syringes of the dispensing system in the
same way as for the other components of the crystallization
mixture.

4. Dispense the gel solution under the oil simultaneously
with all the other components to form one drop.

5. Incubate the trials at the selected temperature(s).

6. After a given time (12—16 hours for the gel type and
concentrations described here) polymerization occurs and
the drop gels.

7. Harvesting crystals from the gelled drops is done in the
same way as from standard microbatch trials since the gel is
quite tenuous.

8. Test a variety of final concentrations of the gel ranging
from 0.2-0.5%.

Gels have also been used as a slowing down mechanism
in various guises such as a permeable ‘plug’ between the
two solutions or, in the method of gel acupuncture, as a
barrier for the precipitant solution on its way into the
protein-containing capillary (Robert et al., 1999).




in gel media is in microbatch (Protocols 3.9 and
3.10). The process is automated and is as simple
as setting the trials in standard microbatch. Tetram-
ethyl orthosilane (TMOS) has been found to be the
most suitable gel for such microbatch experiments
(Moreno et al., 2002).

3.8 Concluding remarks

Obtaining high-quality crystals is becoming increas-
ingly crucial to progress in the postgenomic era.
Whether in the individual laboratory, or as part of
structural genomics projects, it is always vital to
have a portfolio of crystallization techniques that can
be applied, especially in the cases of proteins that are
proving difficult to crystallize. In order to be useful
to structural genomics projects, it is also important
to miniaturize and automate as many techniques as
possible.

This chapter has described several alternative
methods to those that are most commonly used. The
use of phase diagrams for optimization of the crystal-
lization conditions, control of crystallization kinet-
ics, dynamic separation of nucleation and growth,
and crystallization in gels can now be performed
automatically while using nanolitre or microlitre
volumes of sample. These methods provide a vari-
ety of avenues to be explored, either in parallel to
conventional methods or when screening and subse-
quent fine tuning of the initial screening conditions
have failed to produce high-quality crystals.
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CHAPTER4

First analysis of macromolecular

crystals

Sherin S. Abdel-Meguid, David Jeruzalmi, and

Mark R. Sanderson

4.1 Macromolecular cryocrystallography

The past decade and a half have witnessed an almost
complete revolution in the way that macromolec-
ular diffraction data are recorded. The promise of
diffraction data measurements essentially free of the
effects of radiation damage has driven a change
from older methods requiring crystalline samples
to be mounted in thin glass capillaries for measure-
ments at ambient temperatures (or so) to newer,
experimental schemes that enable measurements
at cryogenic temperatures from crystals mounted
in free-standing films. Preparation of macromole-
cular crystalline samples for measurements at cryo-
genic temperatures can be considered to have three
separable stages. These are: cryoprotection, shock-
cooling, and cryogenic transfer to the X-ray diffrac-
tion camera. Each of these will be described in
detail below. However, as in any experimental tech-
nique, numerous variations to solve specific prob-
lems have been, and continue to be, reported and
the interested reader is urged to consult issues of the
Journal of Applied Crystallography and Acta Crystallo-
graphica, section D. The theoretical and experimen-
tal aspects of macromolecular cryocrystallography
have been reviewed in Garman and Schneider, 1997
and Rodgers, 1997.

4.2 Cryoprotection of macromolecular
crystals

Cryoprotection of crystalline samples involves
either the introduction of antifreeze agents into and
around the crystal (which contain 40-90% solvent)

or a removal of water from its exterior. The objective
of this procedure is to enable the water in and around
a crystal to form stabilizing, vitreous ice upon
shock-cooling, rather than crystalline ice that would
damage the lattice. Cryoprotection is commonly
accomplished by one of three methods: (1) slow
equilibration of crystals in a cryostabilization buffer;
(2) quick passage of the crystal through a cryostabi-
lization buffer (‘quick dip” method); or (3) transfer
of the sample into water-immiscible hydrocarbons.
These are discussed in detail below. The slow equili-
bration approach allows the cryostabilization buffer,
containing the antifreeze agent, to thoroughly per-
meate the crystal. Formation of crystalline ice in
and around the crystal is thus suppressed during
shock cooling. However, some samples do not tol-
erate exposure to antifreeze agents for the time
required for a full equilibration. In such cases, the
quick-dip method or a transfer to a water immisci-
ble hydrocarbon is indicated (Hope, 1988; Kwong
and Liu, 1999; Riboldi-Tunnicliffe and Hilgenfeld,
1999). These methods suppress formation of dam-
aging crystalline ice around the crystal by either
coating the surface with antifreeze-containing buffer
or an immiscible hydrocarbon. Formation of crys-
talline ice around the crystal is suppressed, while
the water within the crystal (thought to be kinetically
less prone to form crystalline ice) remains in a native
state. The goal of all of these approaches is to definea
reproducible handling procedure that enables shock
cooling of a macromolecular crystal with its X-ray
diffractive properties (as observed at ambient or sub-
zero temperatures) preserved intact (or in some cases
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improved). The appropriate experimental protocol
will vary with the crystalline sample.

4.2.1 Identification of a cryostabilization
buffer

Preparation of a crystal cryostabilization buffer for a
newly prepared macromolecular crystal is an exten-
sion of the efforts to devise a crystal stabilization
buffer; in some cases the buffers may be one and
the same. The major objective is to introduce the
crystal —in a controlled manner — into solutions con-
taining synthetic mother liquor supplemented with
an antifreeze agent, which include various poly-
hydric alcohols, low molecular weight polyethy-
lene glycols, sugars, organic solvents (Garman and
Schneider, 1997), and salts (Rubinson et al., 2000)
(Table 4.1). Making the assumption that the intro-
duction of any non-native component into a crystal
has the potential to cause damage, the investigator
should aim to use the lowest concentration that is
necessary to cryopreserve the crystal for data collec-
tion (Mitchell and Garman, 1994). The nature and
concentration of the appropriate cryosolvent will
vary with the crystalline sample.

4.2.2 Transfer of macromolecular crystals into
cryostabilization buffer

The three common methods in use for perform-
ing crystal cryoprotection prior to shock-cooling are

Table 4.1 Antifreeze agents used in the shock cooling of
macromolecular crystals

Agent Concentration range (%)

Glycerol* 10-40

Ethylene glycol 10-40

Propylene glycol 10-40

2,4 Methyl pentane diol 10-40

Sucrose up to 30

Alcohols (methanol, ethanol, upto 10
isopropanol)

Low molecular weight up to 25
polyethylene glycols

Mineral oil 100

Salts (Lithium, sodium, and varies
magnesium salts)

Mixtures of the above varies

discussed in the following sections. The first two
methods involve replacement of solvent in/around
the crystal with a synthetic buffer, while the third
approach involves replacement of solvent on the
surface of the crystal with various types of hydro-
carbons. The method of cryoprotection will usually
vary with the crystalline sample.

4.2.2.1 Slow equilibration in cryoprotection buffer
Slow equilibration into a cryostabilization buffer is
carried out by serially transferring the macromolec-
ular crystal into a progressively higher concentration
of cryosolvent. This procedure is initiated by trans-
ferring crystals into synthetic mother liquor supple-
mented with 5% antifreeze agent. Crystal transfers
can performed using a fibre loop, as described
below. The crystal is then serially transferred into
a progressively (e.g. 5% steps) higher concentra-
tion of antifreeze agent until the concentration of
agent determined to be non-damaging is reached.
Allow the crystal to equilibrate in the cryostabiliz-
ing buffer for 15 min to several hours or even over
night; the equilibration time will vary with the crys-
tal. The time required for diffusion into a crystal is
dependent on many factors (size of small molecule,
temperature, size of crystal, nature of channels in the
crystal, etc.). The little data that exists suggests that
this time could be on the order of minutes to hours
(Wyckoff et al., 1967).

Variations to the slow-equilibration method
include cross-linking of crystals prior to transfer
into cryobuffers (Lusty, 1999), transfer of crystals
into cryobuffer by dialysis, or the introduction of
the cryobuffer during crystallogenesis.

4.2.2.2 Rapid passage through cryoprotection buffer
Rapid passage, also known as the ‘quick-dip’
method, involves mounting a crystalline sam-
ple in a fibre loop and rapidly (1-5s) drag-
ging the sample through a cryostabilization buffer.
This method is especially useful for crystalline
samples that are damaged by prolonged exposure
to antifreeze-containing buffers. The simplicity and
speed offered by the ‘quick-dip’” method makes
it attractive when rapidly preparing shock-cooled
samples.



4.2.2.3 Transfer into an immiscible hydrocarbon

A third method for cryoprotecting macromolecular
crystals involves replacing the solvent around the
crystal with a water immiscible hydrocarbon prior to
shock cooling. In a manner similar to the ‘quick-dip’
method, a loop-mounted crystal is passed through
a small drop of a hydrocarbon (e.g. Para tone-N,
dried paraffin oil, etc.). During this time, the aque-
ous mother liquor is sloughed-off as a result of being
moved through the hydrocarbon. The crystal will
often remain in the loop during this protocol. If nec-
essary, a paper wick can be used to aid removal of
the aqueous buffer. One deficit of this method is
that crystals that are mechanically sensitive do not
respond well to being passed through highly viscous
hydrocarbons.

4.3 Shock-cooling of macromolecular
crystals

Preparation of a shock-cooled macromolecular
crystal involves the rapid introduction of a loop-
mounted sample into a cryogen. Introduction into
the cryogen must be rapid in order to ensure that
aqueous solvent within the crystal cools as a vitreous

Loop/mounting
in

\

(@ p
Stabilizing solution

/

(©)

Stender dish
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and not crystalline ice, which would damage the
sample. Three types of cryogens are currently in
widespread use and these are freshly thawed liquid
propane (or ethane), liquid nitrogen, or cold gaseous
nitrogen (Garman and Schneider, 1997; Rodgers,
1997; Garman, 2003).

4.3.1 Mounting a crystal in a fibre loop

Figure 4.1 demonstrates the procedure for mount-
ing a macromolecular crystal in a free-standing film,
which is supported by a thin fibre loop (Fig. 4.2).

4.3.2 Shock-cooling into freshly thawed
liquid propane

The use of liquid propane as a cryogen to prepare
shock-cooled macromolecular crystals has several
advantages. Shock cooling by plunging into a cold
liquid enables an efficient transfer of heat away from
the sample in comparison to the use of a gaseous
cryogen, such as cold nitrogen gas. Propane also
displays a high heat capacity and a large differen-
tial between its melting and boiling temperatures,
which minimizes formation of an insulating layer of
cryogen near the crystal due to boiling (Kriminski

L)
.

(b)

(D

&

Figure 4.1 Mounting a macromolecular crystal into a fibre loop. (a) A crystal and fibre loop/mounting pin is selected. The mounting procedure is
performed under a low-power dissecting microscope. (b) The loop is used to gently nudge the crystal off the bottom of the dish. (c) As the crystal
falls through the solution, the loop is used to ‘catch’ the crystal. The dislodged crystal will be more buoyant in a viscous solution; this makes the
mounting procedure easier to perform successfully. (d) The loop with crystal in tow is passed through the air-water interface. Frequently, at this
final step, the crystal will slip off the loop frustrating the mounting process. In such a case, repeat the procedure above.
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et al.,, 2003). However, this method has some
important disadvantages, which include additional

Thin film of
cryoprotecting
buffer

@ ®

Figure 4.2 Examples of loop-mounted macromolecular crystals.

(a) In this type of mount, the fibre loop and the crystal are of similar
sizes. This produces a mount that is nearly dry, which enables faster
shock cooling (due to lack of an insulating layer of cryoprotecting
buffer). (b) A second-type of fibre-loop mount in which the diameter
of the loop is much larger than the crystal. The crystal is entirely
suspended in a thin film of cryoprotecting buffer. This type of mount is
better suited to crystals that would be damaged by the type of mount
depicted in Fig. 6a. The extra buffer in the plane of the loop presents
an insulating layer during shock cooling and leads to a highly
anisotropic specimen, which may introduce absorption errors into the
final data set. The mount depicted in Fig. 6b should be used only when
necessary.

hardware requirements and the necessity to work
with a flammable/explosive material. Finally, com-
mercial shipping of propane requires special paper-
work and handling due the associated hazards.

4.3.3 Shock-cooling into liquid nitrogen

The use of liquid nitrogen as a cryogen exploits its
liquid state to enable efficient heat transfer away
from the crystalline sample (as compared to gaseous
nitrogen), but without the specialized hardware
and safety concerns associated with use of liquid
propane. An additional advantage is that commer-
cial shipping of samples prepared in this way is
much less cumbersome since transport companies
do not generally consider them to be hazardous.
However, liquid nitrogen is not as favourable a
cryogen as liquid propane due to a lower heat capac-
ity and a smaller differential between its melting
and boiling temperatures, which can result in less
efficient cooling due to the formation of an insulat-
ing layer of vapour around the crystal during the
initial plunge. There may be instances where the
differences in the cryogens (liquid propane vs. lig-
uid nitrogen) might be crucial to the preparation of

Materials

Stainless steel Dewar (1000 ml, to hold the sample stage)

Tall Dewar (to hold cryocanes containing processed
crystalline samples)

Cryovials (one per sample)

5-10 liters of liquid nitrogen (varies with the number of
samples)

Sample stage (wire rack, CrystalCap holder, available from
Hampton Research)

Solidified propane (prepared by completely submerging a
50-ml tube containing liquid propane in liquid nitrogen,
each sample to be shock-cooled might consume up to
1.5ml of liquid propane. Liquid propane is prepared by
condensing gaseous propane into a tube that has been
cooled in a bath of liquid nitrogen. Left submerged in
the bath, liquid propane will eventually solidify

Vial canes and sleeves to hold the processed samples

Storage Dewar

Protocol 4.1 Shock-cooling into freshly thawed liquid propane

Procedure (Fig. 4.3)

1. Immediately prior to a session of shock cooling of
crystalline samples, a tube of solid propane is allowed to
thaw; the resulting liquid is used to fill 1-4 cryovials at a
time. If the loop-mounting process (see above) becomes
prolonged (>10-15min), the liquid propane might begin
to solidify. In such a case, the mounting process should be
halted and the solidified propane in the cryovials should be
thawed. The stock of thawed liquid propane should be
maintained cold by partial immersion in a bath of liquid
nitrogen. Liquid propane should always be handled with
appropriate hand and eye protection. Prolonged skin
contact with liquid propane at any temperature can cause
severe burns due to evaporative freezing (Hicks et al.,
1979).

2. Several propane-filled cryovials are placed on the
sample stage. The sample stage should be placed in an
appropriately sized stainless steel Dewar. The Dewar
should be filled with liquid nitrogen such that the lip




of the cryovials is slightly above the level of the liquid
nitrogen. Liquid propane should be allowed to thaw in the
cryovials and achieve temperature equilibration with the
liquid nitrogen bath (1-3 min).

3. A cryoprotected and loop-mounted crystal is
shock-cooled by rapid plunging it into a cryovial containing
liquid propane. The time that the mounted crystal spends
exposed to air should be kept to a minimum to avoid drying
of the sample. Failure to plunge the loop-mounted sample
into propane rapidly enough will damage the sample due to
the formation of crystalline ice. During this procedure, hand
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motions should be fluid and smooth and might require
some practice. Shock cooling by this method can be
performed with crystalline samples equilibrated at any
temperature (e.g. 25°C, 4°C, etc.).

4. Propane in the cryovial should be permitted to solidify
(5-10 min). The loop-mounted crystal will thus become
entombed in solid propane. The cryovial containing the
shock-cooled sample may be transferred to a cryocane for
storage in a long-term storage Dewar vessel. Shock-cooled
crystals prepared in this way may be stored in a storage
Dewar indefinitely.
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Protocol 4.2 Shock-cooling into liquid nitrogen
Materials

Items from Protocol 4.1, with the exception of propane
Crystal wand (available from Hampton Research, Inc.)
Cryotongs (available from Hampton Research, Inc.)
Vial clamp (available from Hampton Research, Inc.)

Procedure (Fig. 4.3)

1. Aloop-mounted crystal is attached to the magnetic
crystal wand, which is used to rapidly plunge the crystal into
liquid nitrogen. The time that the mounted crystal spends
exposed to air should be kept to a minimum to avoid drying

of the sample. Shock cooling of crystalline samples into
liquid nitrogen (t = —180°C) can be performed with
crystalline samples that are equilibrated at any temperature
(e.g. 25°C, 4°C, etc.).

2. While in the liquid nitrogen bath, the sample (held by
the magnetic wand) is manoeuvred into a cryovial, which is
held submerged in the liquid with a vial clamp.

3. Once secured in a cryovial, the processed samples are
placed on cryocanes, which are placed into a liquid nitrogen
Dewar vessel for storage.

Protocol 4.3 Shock-cooling into gaseous nitrogen

Materials
Gaseous nitrogen stream (¢t =
X-ray diffraction camera

—180°)

Procedure (Fig. 4.4)

1. The X-ray camera is prepared to accept a loop-mounted
sample. The X-ray camera should be properly aligned with
the X-ray beam and the cold nitrogen cold stream should be
aimed at the eucentric point of the X-ray camera.

2. The gaseous nitrogen stream (which is aimed at the
presumptive location of the cooled crystal) is temporarily
diverted with an obstruction such as an index card. Some

cold-streams include hardware to enable the temporary
diversion of the stream from the crystal.

3. With the cold nitrogen stream diverted, the
loop-mounted crystal is positioned on the goniometer head.
4. Rapid cooling of the sample is achieved by quickly
removing the obstruction, which re-establishes the original
flow of the stream. The time that the mounted crystal
spends exposed to air should be kept to a minimum to
avoid drying of the sample.

5. Samples prepared in this way are ready for X-ray
diffraction or can be recovered (see below) for storage and
later use.
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Figure 4.3 Procedure for shock-cooling a crystal using a liquid
cryogen. (a) The cryogens (liquid nitrogen or propane) are maintained
in a bath of liquid nitrogen. Cryovials containing cryogens are placed
in a bath of liquid nitrogen. (b) A loop-mounted crystal (see Fig. 4.3a
and b) is quickly and with a smooth mation plunged into the cold
cryogenic liquid. (c) Prepared samples are transferred to a storage
Dewar as described in the text (Section 4.3.2 and 4.3.3).

cooled samples. In practice, however, these differ-
ences are not very significant when working with
small to moderate size crystals (up to 200 microns®)
(Kriminski et al., 2003).

4.3.4 Shock-cooling into gaseous nitrogen

Using a gaseous nitrogen stream as a cryogen is the
simplest of the three methods of preparing shock-
cooled crystals, since it requires no special equip-
ment other than that to be used for the measurement
of X-ray diffraction. Of special note is that gaseous

nitrogen exhibits the lowest heat capacity in compar-
ison to liquid propane and liquid nitrogen and thus
gives rise to a slower rate of cooling (Kriminski et al.,
2003). In some cases, this may prove to be an advan-
tage. The efficiency and reproducibility of preparing
samples using this method can be highly dependent
on the type of cold stream being used, how it is being
operated, and the dexterity of the operator. Finally,
the requirement for a cold-stream to prepare sam-
ples precludes the flexibility of sample preparation
(e.g. the samples need to stable at room tempera-
ture, which is how most X-ray cameras are arranged)
found with the use of other cryogens.

4.4 Assembly of the mounted crystal
onto the X-ray diffraction camera

4.5 Storage and transport of
macromolecular crystals

Theavailability of intense synchrotron X-radiation at
dedicated centres far from the investigator’s home
laboratory requires a reliable means of transport-
ing cryocooled macromolecular crystals. Commer-
cial shipping companies will accept for transport
properly prepared ‘dry shipping’ Dewar containers.
These containers have all the elements of a conven-
tional storage Dewar in addition to a material that
absorbs liquid nitrogen and can maintain cryogenic
temperatures in the absence of any liquid. Such con-
tainers are, therefore, not at risk of spilling liquid if
tipped over. Cryocooled samples can be kept cold in
this way for up to 2 weeks.

4.6 Crystal lattices and symmetry

A crystal is made up of repeating units called unit
cells. Each unit cell in the crystal has the same num-
ber of atoms or molecules arranged in a pattern that
repeats regularly in three-dimensions (Fig. 4.6). It
is the regularity or periodicity that makes a crys-
tal diffract X-rays, while it is the content of the unit
cell that gives a crystal its unique diffraction pattern.
Furthermore, the degree to which all unit cells and
their content have the same orientation in a crystal
is directly proportional to its diffraction resolution.

A unit cell is a parallelepiped (Fig. 4.7) that often
contains more than one molecule. The molecules
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Figure 4.4 Procedure for shock-cooling a crystal using a gaseous cryogen. (a) The goniometer head is assembled on the X-ray camera and the
cold gaseous nitrogen stream is centred on the eucentric point of the camera. (b) The stream is deflected with some appropriate obstruction.
(c) The loop-mounted crystal is placed on the goniometer head. (d) The flow of cold nitrogen is re-established, thus shock-cooling the crystal.

in a unit cell are related to each other by crystal-
lographic symmetry. The size and shape of the unit
cell are described by a set of lengths (4, b, and ¢),
representing the edges of the cell, and three angles
(o, B, and y) between these edges (Fig. 4.7). The
angle a is between b and c, p is between a and c,
while vy is between a and b. These six parameters
are known as the lattice constants. The lengths are
usually chosen to have the shortest possible dimen-
sions and the angles closest to 90°. The unique
portion of the unit cell is called the asymmetric
unit; it is the portion that is not related to other

portions by crystal symmetry. The asymmetric unit
can contain more that one molecule, often related
by non-crystallographic symmetry. The content of
the unit cell can be generated by employing crys-
tal symmetry on the asymmetric unit. Elements of
crystal symmetry include rotation and screw axes,
mirror and glide planes, and an inversion centre
(Table 4.2). Glide planes are not relevant in macro-
molecular crystallography due to the chirality of the
biological building blocks.

Crystals are grouped into seven crystal systems
based on their symmetry. Table 4.3 describes the
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Protocol 4.4 Assembly of samples prepared with propane

Materials

Aligned X-ray camera

Cold gaseous nitrogen stream (t = —180°) aimed at the
rotation centre of the goniometer

Curved forceps

Gloves or finger cots

Vial clamp

Low-form Dewar flask

Cold crystal wand

Cold cryotongs

Face shield

Lint-free tissue

Goniometer head with magnetic mount

Procedure (Fig. 4.5)

1. The edge of the cold-stream should be positioned
approximately 1-2 cm from the presumptive position of the
crystal. This is a much larger distance than that used during
recording of data and is meant to provide an ample work
space.

2. Acryovial is selected and placed on a flat surface at
ambient temperatures. This allows the external most layer of
solid propane to thaw (c. 10's) and will result in release of
the loop/mounting pin from the cryovial. At this point, a
substantial amount of propane will remain in solid form

around the crystal. The slow thawing properties of propane
provide a favourable time window to transfer the crystal to
nitrogen stream without exposing the crystal to ambient
temperatures. Liquid propane should always be handled
with appropriate hand and eye protection. Prolonged skin
contact with liquid propane at any temperature can cause
severe burns due to evaporative freezing (Hicks et al,, 1979).
3. While the propane immediately around the crystal is
still solid, a pair of curved forceps is used to lift the pin
(containing the loop-mounted crystal) out of the cryovial.
The mounting pin is placed on the magnetic mount that is
held on the goniometer head. The solid propane that
remains around the crystal will slowly thaw under the cold
stream, efficiently transferring the crystal from one cryogen
(propane) to another (gaseous nitrogen). Damage to the
sample will probably result if propane around the crystal is
permitted to thaw while the sample is outside the
cold-stream.

4. As the propane continues to thaw, the cold-stream
should be brought closer to the sample. Optimally, the tip
of the nozzle should be brought as close as possible to the
sample without casting a shadow on the X-ray detector.

5. Any liquid propane that remains on the sample should
be wicked away from around the crystal with a lint-free
tissue. Thawed liquid propane should be collected and
allowed to safely evaporate in a chemical fume hood.

Protocol 4.5 Assembly of samples prepared with liquid nitrogen

Materials

Crystal transfer tongs
Curved nose clamp
Shallow Dewar flask
Crystal wand
Insulated gloves

Face shield

Procedure (Fig. 4.5)

1. Avial containing a shock-cooled crystal is placed in a
bath of liquid nitrogen, which is housed in a shallow Dewar
flask.

2. The pin containing the loop-mounted crystal is removed
from the cryovial and captured with the magnetic crystal
wand.

3. The mounting pin (held by the magnetic crystal wand) is
manoeuvred into the head of the cryotong. Encased within
the head of the cryotong, the loop-mounted crystal will
remain at cryogenic temperatures for up to 20s.

4. With the cryotongs in their locked position, the crystal is
lifted out of the liquid nitrogen bath and positioned above
the magnetic mount, which is held on the goniometer head.
The time that the head of the cryotongs spends outside of a
cryogen (liquid or gaseous nitrogen) should be kept to a
minimum.

5. Transfer of the crystal to the cold nitrogen stream is
achieved by quickly unlocking the cryotongs.

Note: Hand and eye protection should always be used when
handling liquid nitrogen.
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Figure 4.5 Procedure for transfer of shock-cooled macromolecular crystals to the X-ray camera. (a) The goniometer head is assembled on the
X-ray camera and the cold gaseous nitrogen stream is centred on the eucentric point of the camera. (b) For samples prepared with propane or
ethane, a cryovial containing a crystal shock-cooled in propane is selected and allowed to partially thaw (5-10's). Once the external layer of
propane has thawed, a pair of forceps is used to lift the loop-mounted crystal, still encased in solid propane, out of the cryovial and placed on the
goniometer head. The solid propane is allowed to thaw completely to liquid, which falls away from the crystal. Excess liquid should be collected
and disposed of properly. (c) For samples prepared with liquid nitrogen, a cryovial is selected and placed in a bath of liquid nitrogen (held in a
shallow Dewar flask). The pin containing the loop-mounted crystal is removed from the cryovial and captured with the magnetic crystal wand as
shown above. The mounting pin (held by the magnetic crystal wand) is manoeuvred into the head of the cryotong. (d) With the cryotongs in its
locked position, the crystal is lifted out of the liquid nitrogen bath and the mounting pin positioned on the magnetic mount held on the goniometer
head. (e) The cryotongs are quickly unlocked to expose the crystal to the nitrogen stream.

Figure 4.6 A crystal lattice. Circles represent lattice points; heavy lines represent a unit cell.
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Materials
Cryotongs

Shallow Dewar flask
Cane

Cryovial

Vial clamp

Storage Dewar
Liquid nitrogen
Gloves

Face shield

Procedure

1. Recovery of crystals from the cold stream involves
performing the procedure described for the mounting of
crystals to X-ray camera but with the steps reversed

Protocol 4.6 Recovery of shock-cooled crystals from the X-ray diffraction camera

(Protocols 4.4 and 4.5). Cool the cryotongs, cryovial, and
vial clamp immersion in liquid nitrogen.

2. The cold cryotongs are used to rapidly capture the
mounting pin/loop. This step should be carried out rapidly
so that the crystal leaves the cold stream and enters the
protected (cold) space within the cryotongs in a minimum
amount of time.

3. The cryotongs (with enclosed crystal) is rapidly lifted off
the goniometer head and plunged into a liquid nitrogen
bath.

4. The magnetic crystal wand is used to capture the
mounting pin.

5. While immersed in liquid nitrogen, the mounting pin
(attached to crystal wand) is manoeuvred into a cryovial
(which is held with the cooled vial-clamp).

6. The recovered crystal (in the cryovial) is secured to a
cryocane, which is stored in a liquid nitrogen storage Dewar.

Materials

‘Dry Shipping’ Dewar (Taylor Wharton: Cryo Express and
Cryo Flight)

Hard case

Insulated gloves

Face shield

Procedure

1. A'dry shipping’ Dewar (at ambient temperature) is
charged by filling it slowly with liquid nitrogen. Consult the
product literature for specific details.

2. Once filling is complete, the absorbent is thoroughly
cooled by the liquid nitrogen (approx 7-8 h). This will
require topping up of the Dewar several times. A properly
charged Dewar should be able to stably maintain liquid
nitrogen on standing.

3. In preparation for shipping, liquid nitrogen from the ‘dry
shipping’ Dewar is decanted into an appropriate storage

Protocol 4.7 Storage and transport of macromolecular crystals

Dewar. Allow the dry shipping’ Dewar to stand for several
minutes upside down until it is completely empty of liquid
(commercial shipping companies will refuse to ship a
container that contains liquid).

4. Once dry, cryocanes containing cryocooled crystals are
transferred from the liquid nitrogen bath to the shipping
Dewar. Samples prepared with liquid propane or liquid
nitrogen are handled in the same manner. The temperature
inside the shipping Dewar should maintain the propane in
the cryovials in solid form.

Many commercial shipping companies will accept a properly
prepared shipping Dewar containers for transport around
the world. Each investigator should check with the shipping
company of choice about requirements, paperwork,

and cost.

minimum symmetry, relevant to macromolecules, of
the unit cell for each of the seven crystal systems and
the restrictions imposed on unit cell lattice constants.
For example the triclinic system has no symmetry or

restrictions on its lattice constants, while the cubic
system has four three-fold axes along the diagonal
of the cube, three equal lattice lengths, and three lat-
tice angles equal to 90°. The unit cell in each crystal



system is chosen to contain at least one lattice point.
A unit cell that has only one lattice point at each of
its corners is called primitive (P). Note that each cor-
ner of a unit cell in a crystal is shared by eight other
unit cells; therefore, a primitive cell contains only
one lattice point. However, at times it is advanta-
geous to select a unit cell that contains more than
one lattice point. These cells are called centred cells;
there are three such cells. They are body-centred

Figure 4.7 A unit cell, showing the six parameters known as lattice
constants.

Table 4.2 Elements of crystal symmetry
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(I; German for Innenzentrierte), where a unit cell
contains a second lattice point at the centre of the cell,
face-centred (F) having an additional lattice point
at the centre of each of its six faces and C-centred
(C) having an additional lattice point at only one
of the six faces (by definition the ab face). Centring
expands the volume of the unit cell. Whereas C-
and I-centring double the volume relative to that
the P cell, F-centring quadruples the volume. When
centring is included, the number of unique lattices
expands to 14 (Table 4.3 and Fig. 4.8). These 14 lat-
tices are known as the Bravais lattices; they were
first described by Frankheimer and Bravais in the
mid-nineteenth century.

A unique combination of crystal symmetry
elements and centring is called a space group.
There are only 230 possible space groups. However,
this number is reduced to 65 for biological macro-
molecules because the chirality of their biological
building blocks. The 65 biologically relevant space
groups are listed in Table 4.4.

Symmetry element Description

Rotation axes
2-fold axis is rotation by 180°
3-fold axis is rotation by 120°
4-fold axis is rotation by 90°
6-fold axis is rotation by 60°

Screw axes

where p is an integer <n

Counterclockwise rotation of 360° /n about an axis, where nis 1,2,3,4 or 6

Same as rotation axis, but followed by a translation of p/n along the rotation axis,

24 screw axis is rotation by 180° followed by translation of 1/2 of a unit cell
34 screw axis is rotation by 120° followed by translation of 1/3 of a unit cell
3, screw axis is rotation by 120° followed by translation of 2/3 of a unit cell
44 screw axis is rotation by 90° followed by translation of 1/4 of a unit cell
4, screw axis is rotation by 90° followed by translation of 1/2 of a unit cell
43 screw axis is rotation by 90° followed by translation of 3/4 of a unit cell
61 screw axis is rotation by 60° followed by translation of 1/6 of a unit cell
6, screw axis is rotation by 60° followed by translation of 1/3 of a unit cell
63 screw axis is rotation by 60° followed by translation of 1/2 of a unit cell
64 screw axis is rotation by 60° followed by translation of 2/3 of a unit cell
65 screw axis is rotation by 60° followed by translation of 5/6 of a unit cell

Inversion centre
Mirror plane
Glide plane

Reflection through a plane

All points inverted through a centre of symmetry

Same as mirror plan, but followed by a translation of half the unit cell parallel to the plane; glide planes

are not relevant in macromolecular crystallography due to the chirality of the biological building blocks
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Table 4.3 The seven crystal systems

System Bravais lattices Minimum symmetry of unit cell Restriction on lattice constants
Triclinic P No symmetry a#Eb#Ca#B#Y
Monoclinic P, C One 2-fold axis, parallel to b a#b#ca=y=090°8>90°
Orthorhombic PCIF Three mutually perpendicular 2-fold axes atb#ca=p=y=90°
Tetragonal P One 4-fold axis, parallel to ¢ a=b#ca=p=y=90°
Trigonal/ P One 3-fold axis, parallel to ¢ a=b#ca=p=90°y=120°
rhombohedral (or R)? a=b=ca=p=y#90°
Hexagonal P One 6-fold axis, parallel to ¢ a=b#ca=p=090°y=120°
Cubic P I F Four 3-fold axes along the diagonal of a=b=ca=p=y=90°

the cube

aRhomobohedral is a subset of the trigonal system in which the unit cell can be chosen on either hexagonal or rhombohedral axes.

Triclinic
P
Monoclinic
P C
Orthorhombic
P C F I
Tetragonal
P I
Trigonal R Hexagonal P
Cubic
P F I

Figure 4.8 The 14 Bravais lattices. Black circles represent atoms or
molecules. P cells contain only one lattice point, while C- and
I-centred cells contain two and F-centred cells contain four.

4.7 Lattice and space-group
determination from X-ray data

In the past, the traditional way of determining space-
groups and cell dimensions was by analysing X-ray
precession photographs of the undistorted lattice for
absences and measuring spot separations in order to
determine lattice dimensions (Abdel-Meguid et al.,
1996). Nowadays, oscillation data collection is usu-
ally started on a cryocooled crystal mounted in a
loop atan undefined orientation and the space group
determined ‘on the fly’ after 1020 frames have been
collected.

Two processing packages are predominantly used
by crystallographers in house and at synchrotrons
indexing of oscillation data. HKL2000 (and its pre-
decessor DENZO) written by Zbyszek Otwinowski
and Wladek Minor (Otwinowski and Minor, 1997
and 2001) and MOSFLM supported by CCP4 (Leslie,
1993). Both have very powerful autoindexing rou-
tines. The code for that within HKL (Otwinowski
and Minor, 1997) is yet to be fully disclosed as it is a
commercial package and MOSFLM has within it the
powerful algorithm DPS (open source) written by
Michael Rossman and Cees van Beek which uses a
similar method of Fourier indexing (Rossmann and
van Beek, 1999; Powell, 1999; Rossmann, 2001) to
that of HKL. Both algorithms are extremely power-
ful but in the author’s experience they do not always
give the same result with difficult space-group deter-
minations and it is often useful to run both when
initially indexing a crystal.

Other good processing packages are d*TREK
incorporated in CrystalClear, written by Jim
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Table 4.4 The 65 space groups that are possible for macromolecular crystals

Crystal system Diffraction symmetry?

Space groupsb

Triclinic 1
Monoclinic 2im
Orthorhombic mmm
Tetragonal 4/m
4/mmm
Trigonal 3
3m
Hexagonal 6/m
6/mmm
Cubic m3
m3m

P1

P2, P2y, C2

P222,P2221, P21212, P212121, C222, C2224, F222, [1222,
1212129]

P4, (P41, P43), Pdy, 14, 14

PA22, (P4122, PA322), P4y22, P42, 2, (P41212, PA3212),
P4212, 1422, 14122

P3, (P37, P35), R3

[(P321, P312], [(P3121, P3,21), (P3112, P3,12)], R32

P6, (P61, P65), (P67, P64), P63

P622, (P6122, P6522), (P6,22, P6422), P6322

P23, P23, F23, 123, 12;3]

P432, (P4132, P4332), P4532, F432, F4132, 1432, 14132

9 The overbar indicates an inversion axis, while m represents an mirror plane.

b Space groups in brackets and parentheses are indistinguishable from diffraction patterns. Those in parentheses are enantiomorphs.

Pflugrath (Pflugrath, 1997, 1999), which is marketed
with MSC X-ray detectors (this program evolved
from MADNESS) and XDS written by Wolfgang
Kabsch and incorporating the IDXREF autoindex-
ing algorithm (Kabsch, 1988a, 1988b, 1993a, 1993b),
which starts by calculating vectors between reflec-
tions with low indices and building up to full
data indexing. Otwinowski and Minor have writ-
ten the commercial, macromolecular autoindexing
routines within the PROTEUM which supports data
collection of Bruker detectors.

ELVES has been developed as an expert system, by
James Holton and Tom Alber, to go from data collec-
tion frames to structure without human intervention
and will obviate the need for intermediate space-
group determination described above. Very recently,
12 different European sites have been collaborat-
ing to develop a software package known as DNA
(automateD collectioN of datA) for the automatic
collection and indexing of macromolecular diffrac-
tion data. Further information is available at the web
site www.dna.ac.uk.

4.7.1 Starting out — preliminary data
collection and indexing

1. Look at the crystals carefully under a dissecting
microscope equipped with polarizers. Often crystals

which are hexagonal and tetragonal are easily recog-
nizable from their external morphology and cubic
crystals may be identified from their lack of polar-
ization. Other rectangular habits turn out often to
be either monoclinic or orthorhombic. Coming at
an indexing problem armed with this morphological
information is very helpful.

2. Collect a wedge of data (say 10 frames) and also
collect a frame at 45° and 90° away from the start-
ing oscillation position (for a crystal say whose habit
appears to have faces at 90° to each other and whose
space group could be monoclinic, orthorhombic, or
cubic). Collecting frames away from the starting
oscillation position can save considerable time col-
lecting worthless data if these frames are found to
be have pathologies such as very high mosaicity
or splitting as they will be probably encountered
later in a full data collection when the full oscillation
range is swung through.

3. Make sure you have an accurate values for the
direct-beam position on the detector you are using
and the crystal-film distance. If these have been
recorded from a previous successful data collection
and processing, time can be saved by having them
as starting parameters for indexing. At many syn-
chrotrons, the prerecording of a wax ring will give
an accurate crystal to detector distance, sometimes
the values displayed on the LED may be fallible.
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Figure 4.9 Graphical display of the autoindexing of TRPV ankyrin diffraction data using MOSFLM.
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Figure 4.10 Graphical display of the autoindexing of TRPV ankyrin diffraction data using MOSFLM with the calculated spot predictions
superimposed.
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Figure 4.11 Graphical display of the autoindexing of TRPV ankyrin diffraction data using DENZO.
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4. Load in a frame 1 of the data and check the
resolution to which the diffraction extends. Look
for pathologies in the diffraction pattern, such as
split spots or ill-defined, blurred reflections. Check
also the frames at 45° away and 90° away for
similar pathologies. If such pathologies are present,
it is worth mounting another crystal as it could
be that not all crystals suffer the same problems.
Otherwise it could be that the crystals are inher-
ently mosaic (the solution is to check a frame
collected on a capillary-mounted crystal as inap-
propriate cryoprotectant can increase mosaicity),
or they could be twinned (the solution is depen-
dent on the nature of the twinning, if the data is
indexable this may be sorted out after the event
using detwinning software, otherwise effort may
have to be spent growing untwinned crystals by
changing the conditions or adding additives such as
dioxane).

5. Start indexing the frames with your favourite
software package, HKL2000, MOSFLM, etc. Two
examples are given in Figs 4.9 to 4.12, one for an
indexing with MOSFLM (Fig. 4.9 without predic-
tions and Fig. 4.10 showing the predictions) and
the other for HKL2000 (Fig. 4.11 without the pre-
dictions and Fig. 4.12 with the predictions). The
crystal in question is of a rat TRPV2 Ankyrin
Repeat Domain protein (Jin et al., 2006). The
space group is P272121 and the cell parameters are
a=410A, b =5754, c = 13954, a =B =y =
90°. Once a decision has been made on the space-
group it always pays to integrate in the background
as the data collection is proceeding. This can be
very instructive as integration statistics can indicate
whether problems of initial space-group definition
have arisen. For example one does not wish to leave
a synchrotron and return home to find that the true
space-group was of a lower symmetry and insuf-
ficient data has been collected or that the data is
giving terrible merging statistics as indicated by a
worsening R-merge during data collection.
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CHAPTERS

In-house macromolecular data

collection

Mark R. Sanderson

5.1 Introduction

In the field of macromolecular crystallography a
renaissance occurred in data collection with the
advent of two-dimensional area detectors. These
rapidly superseded film cameras and diffractometers
fitted with proportional countersas the tools of choice
for macromolecular data collection, resulting in a
huge increase in collection speeds. A typical data col-
lection to high resolution on a diffractometer would
takeamatter of weeks using, typically, five to ten cap-
illary mounted crystals. For theduration thata crystal
lasted in the X-ray beam individual diffraction reflec-
tions were then collected in resolution shells, with
overlap between shells for scaling. The full dataset
was then formed by merging and scaling the res-
olution shells. The first detectors to be introduced
reduced data collection times from weeks to a matter
of days, with the possibility of collecting a full data
set on a single crystal before it decayed. The advent
of cryocooling occurred soon after the introduction
of area detectors and this further augmented data
quality through collection effectively without decay.

The first detectors to be introduced were two-
dimensional Multiwire detectors and the FAST
detector. The first multiwire detectors were devel-
oped and commercialized by Prof. Nguyen-huu
Xuong, Ron Hamlin, and coworkers in San Diego
(San Diego multiwire detector SDMW) (Cork et al.,
1975; Xuong et al., 1985a; Hamlin, 1981, 1985) and
Ron Burns and coworkers at Harvard (Xentronics
detector) (Durban et al., 1986). These groups modi-
fied the technology used in two-dimensional particle

detectors, developed by Charpak to detect high-
energy particles in collider experiments (Charpak,
1988; Charpak et al., 1968, 1989), for use in single-
crystal X-ray diffraction studies. Xuong, Hamlin,
Nielsen, Howard, and coworkers developed a
method of collecting screenless images on these
detectors (Xuong et al., 1985b, Howard et al., 1985;
Edwards et al., 1988). Even though the multiwire
detectors heralded a new era of data collection,
the older multiwire detectors have now been sur-
passed by image plate and CCD technology. Having
said that, Bruker AXS is developing a new detec-
tor based on multiwire technology with a greater
sensitivity by incorporating a very narrow wire
spacing and hence using the superb feature of
these detectors; namely, that they are single pho-
ton counters with high detected quantum efficiency
(DQE) (Schierbeek, 2006). The multiwire detectors
have been excellently reviewed in Garman (1991)
and Kahn and Fourme (1997). The FAST system,
incorporating a scintillation screen and a TV scan-
ning system, which was developed by Arndt and
coworkers at the LMB, Cambridge and commercial-
ized by Enraf-Nonius, Delft, was used in a num-
ber of leading crystallographic laboratories (Arndt,
1985, 1982).

In this Chapter I have focused on in-house data
collection, as data collection at synchrotrons is cov-
ered in this volume by Wasserman et al., Chapter 12..
Naturally, the techniques and strategy for collecting
data in-house and at synchrotrons have a great deal
in common.
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Figure 5.1 Raxis IV mounted on a generator. The rotating anode
wheel is on the far right and the long optics is clearly visible. The
detector is on the left and in front of this is an inverted ¢-axis.
(Courtesy of Dr Joseph Ferrara, Rigaku Americas Corporation.)

Data collection systems consist of four major
components: a source of X-rays, focusing mirrors
(optics), a motor-driven goniostat and crystal view-
ing assembly, and an area detector for recording
diffracted images, as shown in Fig. 5.1. I shall
describe below the components that make up this
assembly. Before proceeding to discuss X-ray gen-
erators, two terms that are widely used in describ-
ing the attributes of X-ray generation should be
defined. These are flux and brilliance. Flux is
defined as the number of photons per second per
mrad and brilliance as the number of photons
per second per unit phase space volume (with
units photons /s/mm?/millirad?). These are impor-
tant values when comparing X-ray generators with
different filament and focal spots sizes. For syn-
chrotrons, these parameters are quoted per 0.1%
relative bandwidth.

5.2 X-ray generators

The generation of X-rays in the home laboratory for
macromolecular purposes is primarily carried out
using rotating anode generators. This technology
was developed at the Royal Institution in London
(Miiller, 1929) and at the Laboratory of Molecular
Biology, Cambridge (Broad, 1956; Arndt, 2003) and
is elegantly simple. The impetus for its develop-
ment was to attain higher X-ray fluxes, which could
be applied to protein and fibre diffraction studies.
A rotating anode is shown in Fig. 5.2 and consists

Cathode
Focusing cup
Filament
[ .
X-ray X-ray
—_ ]
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—
Water Rotation
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Figure 5.2 Cut-through diagram of a rotating-anode generator.

The anode is water cooled and the whole anode assembly evacuated.
The X-rays pass through beryllium windows, which are transparent to
X-rays. (Reproduced with permission from Monaco, H. L., Viterbo, D.,
Scordari, F, Gilli, G., Zanotti, G. and Catti, M. In: Fundamentals

of Crystallography, Giacovazzo, C., ed. International Union of
Crystallography Texts on Crystallography, Oxford Science Publications.)

of a filament acting as a source of high-energy elec-
trons, which strike a rapidly rotating, water cooled
target (usually copper for macromolecular crystal-
lographic purposes). Electrons are ejected from the
inner atomic orbitals of the target metal with X-rays
being generated when outer orbital electrons fall to
refill these vacant inner shells. The clever feature of
the rotating anode is that target rotation brings a cool
piece of copper into the path of the electron beam
allowing much higher voltages to be applied (com-
pared with fixed target sources), hence producing
much higher X-ray flux.

Figure 5.2 is a schematic diagram of the rotating
anode assembly, showing the anode target, elec-
tron gun with the whole assembly evacuated by
a turbo-molecular pump backed onto a Ruffing
pump. The elements of rotating anode genera-
tors have remained essentially the same over the
past 40years, with higher fluxes being generated
by improvements in the vacuum system (which
increases stability and decreases the arcing), in the
bearings, seals, and in the heat dissipation from the
target. I shall in this chapter review the most modern
generators, although old generators and very old



generators are very actively being used as they are
mechanically robust and, if well maintained and
parts are still available, can see tens of years of ser-
vice (in the author’s own laboratory we have an old
Elliot GX-18 big wheel generator with a 70-micron
focus, for which we have enhanced the vacuum sys-
tem by putting in turbo-molecular pumps, which
will out-perform all generators on the market except
for those of highest brilliance — FR-E, 007 HF, and
Microstar, discussed below).

In this section I shall only cover the X-ray gen-
erators that are currently being sold commercially.
Many laboratories have moved away from col-
lecting a large amount of data in-house to using
synchrotrons as their preferred method of acquir-
ing native data and phases for structure solution.
These groups consequently only use in-house sys-
tems to screen crystals prior to taking them to a
synchrotron. In the author’s opinion, it really pays
dividend to have a very bright X-ray source in-house
for three reasons. Firstly, if one has grown a very
small crystal of a given macromolecule from initial
crystallization trials, being able to characterize it in
terms of its space-group, cell dimensions, and cell
contents may give a good indication of the direc-
tion in which to proceed with further crystallization
attempts. For example if one is trying to cocrys-
tallize a protein — DNA complex and there turns
out not to be DNA in the lattice as judged by the
cell volume and Vm), then clearly conditions have
to be altered in order to steer the crystallization
attempts in a direction towards obtaining crystals
of the complex. The most optimistic chance of per-
forming this operation reliably on small, weakly
diffracting crystals is achieved by having an in-
house generator of the highest brilliance. Secondly,
it may occur that, at a critical time, due to lack of
beam time at a synchrotron, one has an urgency to
collect and try to phase a structure in-house. Then,
with the highest brilliance generator one is going
to be able to collect data to the highest possible
resolution in the fastest time. Thirdly, if only one
crystal is available, and the cryocooling conditions
have not been determined, and if the crystal does
not ‘travel well’ to a synchrotron, it pays to have a
good source of X-rays close to the where the crystal
was grown in order to assess its diffracting power
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and, if possible, to obtain its space group and cell
dimensions.

5.2.1 Rigaku MSC X-ray generators

Rigaku FR-E Superbright and Rigaku FR-E Super-
bright DW are the highest brilliance generators cur-
rently on the market and operate with a 70pum x
70 um focal spot size and a power of 2kW, with
a maximum operating voltage of 60kV and a cur-
rent varying up to 45mA dependent on the target
material. The rotating anode has a diameter of
280 mm and revolves at 9000 r.p.m. The large wheel
and the fast rotation allows rapid heat dissipation
from the anode and hence permits a higher load-
ing (in terms of voltage and current). This concept,
of having a large wheel to dissipate the heat over
a large area, came in with the Elliot GX-13 and
GX-18 series of generators (which Enraf-Nonius con-
tinued to make for a short time after purchasing
Elliot from GEC). For the GX-13 and 18, the wheel
is a 457mm (18 inches) in diameter and spins at
3000r.p.m. Therefore, a larger wheel allows heat
dissipation over a larger surface area as compared
with its smaller counterpart, and spinning the wheel
faster will allow more heat dissipation but will in
turn place a greater mechanical demand on the drive
motor, bearings, and seals.

The development of better bearings and ferro-
fluidic seals, as compared to the older lip-seals, has
allowed the wheel to be spun faster and cooled more
efficiently. The downside of having a very large
wheel is that it is more awkward to remove and
clean, since handling jigs are required for this oper-
ation compared with a standard 99 mm wheel, as
found on the RU200 and RU300 generators and on
the Rigaku MSC 007HE which can be easily removed
by hand. The FR-E and the FR-E DW (which has the
capability of collecting at two wavelengths by hav-
ing a band of copper and chromium on the same
wheel and compatible optics for in-house SAD phas-
ing) are flagship generators but their initial high cost
and high running costs, in terms of ferrofluidic seals,
has meant that they have only been purchased by
more affluent laboratories.

Rigaku MSC has recently introduced a UltraX-18
generator which runs at 18 kW with a wide range of
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different focal spot sizes ranging from 0.1 x 12 mm?

through to 0.5 x 10 mm? with loadings ranging from
1.2kW through to 18 kW accordingly for a copper
anode target. For this generator the electron gun
has been totally redesigned in order to minimize
discharge and hence improve stability. The anode
is also a new direct drive model which has a low
vibration.

Two generators that have become popular are the
Rigaku MSC 007 and 007HE, which are very high
brilliance X-ray generators incorporating a 70 pm x
70 pm focal spot. The possible loading on the 007HF
is higher than the 007 by using a changed bearing
design and spinning the wheel at 9000 r.p.m instead
of 6000 r.p.m in order to increase heat dissipation.

5.2.2 Bruker AXS X-ray generators

Bruker AXS make a high-flux 27kW generator
known as the Microstar. Itis belt driven, hasa 100 pum
focal spot, and includes novel features such as vari-
ableanodespeedstoaidin poweringup the generator
depending on the state of the vacuum. The out-
put of this generator is 1.7 x 10° photons/mm? /sec
and is configured with Helios multilayer optics and
the Platinum 135 CCD (Charged Couple Device) to
form the Proteum X8 system. Very recently, they
have released the Microstar Ultra whose intensity
is 8 x 1010 photons/ mm?. The increase in intensity
has been achieved by increasing the rotation rate
of the anode and remodelling it to increase heat
dissipation.

5.3 X-ray mirrors

Historically, macromolecular data collection on
diffractometers embodied a rotating anode genera-
tor which was coupled to a graphite monochromator
in order to filter off the unwanted Kg radiation.
After the monochromator, the X-rays then passed
through a collimator before striking the crystal.
An inherent problem with the use of a graphite
monochromator is that it greatly attenuates the beam
and only a fraction of the flux arrives at the crys-
tal. One way around this is to use X-ray mirrors,
which are coated with nickel in order to filter off
the Ky radiation, arranged so that the beam strikes
the first mirror at grazing incidence, focusing the

beam in the horizontal direction, and then strikes
the second mirror imparting focusing in the verti-
cal direction. X-ray mirrors of different types (such
as toroidal mirrors and Franks optics) had been
used extensively in diffraction studies on fibres from
biological specimens, but the alignment of these
earlier mirrors was difficult and could result in a
degree of X-ray scatter whilst aligning. In 1991,
Zbyszek Otwinoski and Jerry Johnson produced a
set of mirrors which came to be known as the Yale-
MSC mirrors, where driving of the motors which
bent the mirrors could be controlled remotely, hence
protecting the aligner. The mirrors were in turn
housed in a X-ray impermeable box, which was
flooded with helium in order to the reduce air scat-
ter of the X-rays and reduce air oxidation of the
mirror nickel coating. Using these mirrors in com-
bination with an area detector became very popular
and meant that the beam could be focused on the
crystal and, at the same time, maximizing the flux
falling on it.

Subsequently, manufacturers have developed
other mirror systems, two of which are in common
use. The first are multilayer optics. Here, instead
of the X-rays being focused by a bent mirror with
the X-ray radiation at grazing incidence, the focus-
ing is performed by a curved sandwich of layers
of substrate, which are alternately coated with a
light and heavy element. The layers of the ‘sand-
wich’ act as a Bragg d-spacing, imparting diffraction
from successive layers. In place of a second mirror,
the complete composite formed of the multilayer, as
described above, is glued a similar sandwich rotated
by 90° so that the incident beam is, in effect, focused
over the full length of the multilayer mirror. Multi-
layer mirrors are marketed by OSMIC, with different
specifications compatible with a wide range of X-ray
sources, and the Helios optics is marketed by Bruker
AXS and is configured to their Microstar generator
to form the Proteum X8 system. The second is a mir-
ror system that uses an ellipsoidal, monocapillary
optic for X-ray focusing; it is marketed by AXCO and
is called the S70PX. It fits very neatly into a small
space between the source and the crystal. Unde-
sired Kg radiation may be filtered off by using nickel
filters of a range of thicknesses if it is found that
the Kg spots are interfering with the indexing of the
Ky ones.



5.4 Other in-house X-ray sources

Apart from the rotating anode generators described
above, there are two other developments in the
generation of X-ray radiation in-house. The first is
the development of a high-brilliance, sealed tube
generator by Ulrich Arndt at the LMB Cambridge
and then marketed by Bede Scientific Instruments
Ltd. This source consists of an ellipsoidal mirror
with the filament at one focus and the crystal at the
other. The source uses very low power, 24 W, and
has a very high output (Bloomer and Arndt, 1999;
Arndt ef al., 1998a, b). This source will clearly prove
useful where electrical power is restrictive, such
as on the space station; therefore protein diffrac-
tion data could be collected directly after crystals
have been grown in order to answer vexing ques-
tions regarding the improvement of crystal quality
after growth under zero-gravity conditions. The sec-
ond development is that of a small synchrotron
for the generation of X-rays for in-house protein
crystallographic use. This development has been
possible by using free electron laser technology to
steer the circulating electron beam in a synchrotron
with a very small diameter and produce synchrotron
radiation in the 1 Angstrom range. This system is
now sold by Lycean and the first one will shortly
be installed in a protein crystallography laboratory
in the US.

5.5 Setting up for data collection
5.5.1 Centring crystals

Centring crystals is an activity that is common to the
start of all data collection, so I shall begin by describ-
ing this and then proceed to discuss the specifics of
data collection on two types of image plate detec-
tor (the Raxis-IVT+ and the MAR345) and one CCD
detector (the MARCCD) Protocol 5.1 and Protocol
5.2. Centring is a procedure that has to be mastered
and the ability to do it quickly comes with practice.
Some goniometer heads are supplied with arcs and
translation sledges and some with only translation
sledges. A very commonly used goniometer head,
which is of very high quality, is made by the Huber
Company and these are supplied with and without
arcs and in a variety of heights. It is best to make
sure the arc and translation securing grub-screws
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are loosened and the arcs and sledges set to zero
before commencing. Screw the goniometer onto the
goniostat then mount the loop- or capillary-mounted
crystal onto the goniometer so that it can be viewed
through the telescope or on a viewing screen.

Centring is most easily accomplished by rotating
the base plate below the crystal by inserting a thin
Allen key (hex-key in America) into a hole in the base
plate and turning so as to place a crystal face parallel
to one of the translation sledges (for a crystal with
oblong or squarish faces) with the ¢ (phi)-axis on the
machine set to zero. Then lock the grub-screw secur-
ing the goniometer plate so that it will not rotate.
It is possible to centre a crystal mounted at a ran-
dom orientation, but to centre on a crystal face is the
easiest way of starting and often will place a crys-
tallographic zone onto the detector. The translation
sledge is then adjusted with the goniometer key to
bring the crystal into the centre of the cross-hairs.
Unlock the ¢ drive on the goniostat and move to
¢=90° and repeat the operation to bring the crys-
tal into the centre of the cross-hairs. Crystal centring
is then checked at ¢ positions of 180° and 270° and
adjustments made so that when the crystal is gently
rotated on ¢ there is no side-to-side precession of the
crystal relative to the cross-hairs. If there is a small
side-to-side precession then very small adjustments
are made to the translations to correct this at posi-
tions 0° and 180°; 90° and 270°. This manoeuvre
takes practice and is very important as at the end
of it a perfectly centred crystal is achieved, which
both stays in the beam for the full course of the data
collection and is centred. As I said above, a crys-
tal face should be aligned parallel with a translation
sledge. However, sometimes clear crystal faces may
not be distinct and then the centre of mass of the
crystal is estimated by eye and placed in the cen-
tre of the cross-wires and the translation corrections
performed at ¢ =0° and 90° and then at 0° and 180°;
90° and 270°, as above, so that when the crystal is
gently rotated there is no side-to-side precession. If
a crystal has been cryocooled with a large amount
of liquid around it, this may have the effect of act-
ing like a lens and one has to be careful to correct
adjustments on the translations accordingly. With
crystal mounting in a capillary, an amount of liquid
left around the crystal in the capillary can have the
same lensing effect.
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The direct beam position is always determined after a
change in filament and/or realignment of the mirror system.
This consists of placing a thin sheet of attenuating nickel
sheet (provided by the manufacturer) on the goniometer so
that it is aligned normal to the beam. The main shutter is
opened for a very short period of time (the length of time is
dependent on the flux of the X-ray generator) but when
read should result in a small intense spot at the centre of
the plate. It is important, if one does not know the value of
the exposure, to err on the side of caution and start with a
few tenths of a second and then increase the value rather
than over-expose the central region of the film emulsion to
excessive radiation. Progressively, increase the value until
you are satisfied with the number of counts in this region.
The direct beam spot should be easily cursorable and then
entered into the software.

ALWAYS check that all the safety shutters are closed
before opening the safety enclosure and making
adjustments. X-rays are very dangerous and every safety
precaution should be taken when using them. A new user
should under no circumstances start using X-ray equipment
without experienced guidance.

1. The telescope on the Raxis IVt is mounted at 45° to
the ¢ axis and the goniometer is locked onto the ¢ axis and
the crystal centred as described under (see Centring crystals
above).

2. Crank the detector back to a distance so that

2.8 Angstrom is collected at the edge. A calibration chart
mapping resolution in Angstroms at the edge of the
detector with distance should be readily available to the
operator, either in paper form or on the computer terminal.
Collect three oscillations of 1°. If the crystal habit looks as
if it is either monoclinic, orthorhombic, or tetragonal (i.e.
the crystal looks like a small ‘shoebox’, a rectilinear

Protocol 5.1 Data collection using the Raxis IV*+ image plate

parallelpiped) then collect frames at 0°, 45°, and 90°. If
the crystal appears to have a hexagonal or trigonal habit
and the six-fold axis is along the direction of the ¢ rotation
axis then collect frames at 0°, 30°, and 60°.

3. Once the first frame is recorded, determine the
diffraction limit of the crystal from the image. If this limit

is less than 2.8 Angstroms then stop the collection of the
remaining two frames and adjust the distance to the
diffraction limit so as to fill the whole plate with diffraction
intensities. If the crystal diffracts further than 2.8 Angstroms
then stop the collection after the first frame and drive in the
detector to, say, 2 Angstroms and record three more images.
Continue to change the detector distance and take frames
till the maximum resolution of the diffraction pattern fills
the detector. Care must be taken when driving to high
resolution not to collide the back stop or the cryocooling
equipment with the black paper on the front of the detector.
4. Process the frames using CrystalClear, which is the
standard software that comes with the instrument, and
determine the space group and crystal lattice parameters.
(Some crystallographers prefer to export either a single
frame or all three to process with other software; personally
| prefer to process and set up for collection using
CrystalClear and maybe use other software if | have
problems easily getting a space group determination or
good integration of the data.) Check for spot overlap at the
chosen distance (if there is overlap then the detector will
have to be moved further out). Also select A so that there
is no spot overlap in the o direction. If there is overlap then
A must be decreased.

5. It pays to process the data as it is collected, to observe
how far the crystal diffracts in different crystal orientations
and how well it merges in terms of R factor in resolution
shells and overall cumulative R factor.

5.6 Image plate detectors

Image plates are made by coating a flexible, matt
plastic backing sheet with a thin layer of emul-
sion (150 pm) consisting of a europium compound
BaFBr(Eu). They are primarily sold by Fuji and are
now available for a wide range of imaging purposes,
ranging from 32P gel scanning in molecular biology,
X-ray crystallographic detectors, through to medical
X-ray imaging. This emulsion is sensitive to X-rays

and when exposed ‘colour centres’ are raised to an
excited state. Once the plate has been exposed for the
required period of time the plateis ‘read’ by scanning
across the plate with a finely focused HeNe laser. The
‘colour centres’ then fall in their energy levels and
emit visible light, which is read by a very sensitive
photomultiplier and the analogue signal converted
into electronic output. For reuse the plate is ‘flashed’
clean by exposing it to light from the erasing lamps.
Effectively, the image plate is like a reusable piece
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Protocol 5.2 Data collection using the MAR345 and the MARCCD using the MARDTB

1. Move the detector back to >200 mm to give clearance
and to avoid damaging the face of the detector.

2. Move the back-stop out of the way. This is done using
the ‘remote control” unit next to the instrument.

3. Check that ¢ (PHI) on the drum of the goniostat is set
to 0°. Check that x (CHI) is set to zero. (Some cryocooling
users like to set x = 60 or 70°; the remote control unit
allows toggling CHI between 0 and 60°.)

4. (a) Mount the ‘crystal and the goniometer’ onto the
goniostat. Centre the crystal and align it to the centre of the
‘cross-wires using the small viewing screen (see Centring
crystals above).

(An option on the MARDTB is to have motorized x, y
translations built into the goniometer; ztranslation along ¢
is always available. When x, y motors are present an [UCr,
Huber goniometer is not used, but the crystal is mounted
directly onto the ¢ axis with a magnetic cap.)

(b) Replace the back-stop.

5. Move the detector to 80 nm for the MAR345 or
35 mm for the MARCCD165 (corresponding to a resolution
of 1.4 Angstroms). Unless the crystal being studied is a DNA
crystal or an exceptionally well-diffracting protein then the
final observed is likely to be less than this.

6. Check the crystal diffraction by setting up to take a
0.5° oscillation (for around 2 min) by specifying the
required parameters in the file, namely crystal name,
distance, and oscillation range. If the diffraction is weak,
repeat the exposure with a longer time.

7. Index the image and look for tell tale pathologies in
the image, such as spot splitting and high spot mosaicity.

If the crystal looks ok, proceed.

8. Determine the resolution limit of the crystal from this
image and drive the detector to the distance such that the
edge of the detector corresponds to this diffraction limit, i.e.
the diffraction image should fill the detector once recorded
at this distance. Confirm that the diffraction spots are well

separated at this distance. If not, drive the detector
further out and record frames until they are.

9. From the oscillation and the newly derived distance,
calculate the orientation matrix using the strategy
programme within the MAR or by another software
package. Determine the start ¢ and the oscillation range
in order to collect the highest percentage of the total
obtainable data in the shortest time. Confirm that along ¢
there are no overlaps, otherwise A has to be decreased.
10. Optimize the beam using the beam optimization
features on the MARDTB.

11. Start collecting the data. Try and process the data ‘on
the fly’ during collection and perform data reduction on it in
order to see how well it merges. Also inspect the frames
closely during data collection, looking for crystal pathologies
such as spot splitting and changes in the resolution of
crystal diffraction at different crystal orientations.

Useful points to note

For the MAR345 a distance of 100 mm (50 mm for

the MARCCD165) corresponds to a resolution of

1.54 Angstrom when using Copper Ka radiation.
Distance to resolution conversions can be calculated

using simple trigonometry by using the expressions

(for zero detector swing):

Resolution =

1.54/(2* sin[0.5* tan™" (172.5/x)]) for the MAR345
Resolution =

1.54/(2* sin[0.5* tan~1(82.5/x)]) for the MARCCD

where the wavelength is assumed to be that for Copper Ka,
namely 1.54(178) Angstroms and x is the crystal to detector
distance.

If no image appears initially then this may be because
the erase lamp has blown; this may happen especially at
synchrotrons, where they see much higher use.

of photographic film without the need for chem-
ical processing and time-consuming scanning, as
was the case when film was used to record macro-
molecular X-ray data. Three image plate systems are
now marketed by Rigaku MSC: the Raxis HR (with
350-mm plates for high resolution work); the Raxis-
IV*+T; and the Raxis-HTC (with three 300-mm image
plates and a very fast readout by the use of a dual
read head).

5.6.1 Raxis-IVt™+

The detector consists of 30 cm square plates mounted
onto a flexible belt. Once exposed the plate is driven
round to the back of the detector and sucked by
vacuum onto the inside of a metal hemicylinder. The
plate is read out by a revolving mirror which spins
the length of the axis of the cylinder and, while pro-
gressing incrementally, illuminates the plate with
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Figure 5.3 Diagram showing the belt onto which is mounted the image plates and the spinning mirror read-head within the Raxis IV* . I,
image plate; PMT. (Courtesy of Dr Joseph Ferrara, Rigaku Americas Corporation.)

HeNe laser light (Fig. 5.3). The emitted visible radi-
ation is fed to a photomultiplier and the image
downloaded onto the computer disk. The total
plate readout takes 3 min. On moving the exposed
plate to the read position, another plate on the belt
is driven to the expose position. An earlier image
plate detector, the Raxis-II, had a longer read out
time of 7min and employed an illuminated mir-
ror on a carriage moving on a linear motor which
scanned across the plate as it was incremented up
the plate by a long worm screw. As the mirror
on the carriage was illuminated by the laser and
focused onto the image plate the emitted visible
light returned to a photomultiplier at the end of
the track. In contrast, the image plate systems mar-
keted by MAR research employ a spiral readout with
the read head spinning from the edge to the centre.
The intensities that are read are then transformed
into cartesian coordinates and a circular diffraction
image downloaded to the disk.

5.6.2 CCD detectors

CCD detectors are now used extensively at syn-
chrotrons and increasingly in-house in combination
with a high-brilliance X-ray generator (Naday et al.,
1998; Westbrook and Naday, 1997). Figure 5.4 shows
the principal of the CCD detector, which consists
of a scintillation screen attached to the face of the

CCD by an array of optical fibres know as an optical
taper. When X-rays fall on the scintillation screen
emitted photons are fed back to the CCD, which
converts the light energy into electrons; these are
stored in potential wells which act as registers and
are read out to generate the image. CCD detectors
are marketed in a variety of active areas depending
on the manufacturer of the CCD chip and their size.
MAR research makes a CCD, the MARCCD, con-
sisting of a single chip of diameter 165 mm; Rigaku
MSC makes the Saturn 944 (for in-house use which
has a 94 x 94mm image area and incorporates a
Kodak KAF-4320E CCD chip, giving a 2084 x 2084
pixel area with four port readout) and Jupiter 210
(primarily for synchrotron use with a 210 mm active
area) CCD detectors. Bruker AXS manufactures the
Platinum 135 CCD (for in-house use) and the Apex
IT CCD (for high-throughput applications). Oxford
Diffraction also market an Xcalibur Nova CCD
detector system which incorporates a 165 mmOnyx
CCD (with a 2k x 2k Kodak chip) for macromolec-
ular crystallography. The Oxford Nova generator
is a high flux sealed tube generator of the Arndt
design (see above). Oxford Diffraction also market
a range of other CCD detectors; namely the Sap-
phire, which has a 92mm (diagonal) active area,
and the Ruby with a 135 mm active area, both incor-
porating a 2k x 2k Kodak chip. The Quantum4
CCD is marketed by the ADSC company (headed
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Figure 5.4 Schematic diagram of a CCD detector. (Reproduced with permission from Nolting, Methods in Modern Biophysics, Springer

Verlag, 2004.)

by Hamlin, Nielsen, and Xuong) and consists of
four chips bonded together to make an active area
of 210 cm? and currently used on many synchrotron
beamlines around the world.

5.6.3 The MAR345 and MARCCD

Both the MAR345 and the MARCCD are sup-
plied with a MARDTB goniostat (DTB being an

abbreviation for Desk Top Beam line). This assem-
bly is supplied with variable apertures ranging
from 0 to 5mm, with 2.5mm resolution. It also
incorporates built-in ion chambers with very wide
dynamic ranges, permitting very precise optimiza-
tion of the beam. Either detector (image plate or
CCD) can be tilted in the vertical to a maximum 26
of 30°. For the MAR345, the detector can be driven
from 75 to 425 mm and the CCD detector from 20 to
370 mm using the MARDTB.
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CHAPTER®G

Solving the phase problem using
isomorphous replacement

Sherin S. Abdel-Meguid

6.1 Introduction

From the mid 1950s, when it was first introduced,
till the mid 1990s, the method of isomorphous
replacement played a central role in the determi-
nation of almost all unique macromoleular struc-
tures. Isomorphous replacement was the technique
used in the first successful high-resolution struc-
ture determination of a protein molecule, myoglobin
(Kendrew et al., 1958, Kendrew et al., 1960). It
was developed by Perutz and coworkers in 1954
(Green et al., 1954) while working on the structure
determination of haemoglobin. The technique was
introduced to solve the ‘Phase Problem’, the loss
during X-ray diffraction data measurement of the
relative phase shifts associated with each diffrac-
tion point (maximum). Although the amplitude of a
diffraction maximum can be directly measured from
diffracting crystals by counting photons or recording
intensities, phases are indirectly determined because
there are no lenses that can bend and focus X-rays.
Thus, the isomorphous replacement method was
developed to computationally calculate phases from
the intensities of the diffracted waves.

The technique of isomorphous replacement
requires the introduction of atoms of high atomic
number (heavy atoms; Fig. 6.1) into the macro-
molecule under study without changing the crystal’s
unit-cell parameters or orientation of the protein in
the cell (Abdel-Meguid, 1996). This is commonly
done by soaking native crystals in a solution con-
taining the desired heavy atom. The binding of these
atoms to the functional groups of macromolecules is
facilitated by the presence of large liquid channels
in crystals, in which the functional groups protrude.

The addition of one or more heavy atoms to a macro-
molecule introduces differences in the diffraction
pattern of the derivative relative to that of the native.
If this addition is truly isomorphous, these differ-
ences will represent the contribution from the heavy
atoms only; thus the problem of determining atomic
positions is initially reduced to locating the position
of a few heavy atoms. Once the positions of these
atoms are accurately determined, they are used to
calculate a set of phases for data measured from
the native crystal. Although, theoretically, one needs
only two isomorphous derivatives to determine the
three-dimensional structure of a biological macro-
molecule, in practice more than two are needed.
This is due to errors in data measurement and scal-
ing and in heavy-atom positions, as well as lack of
isomorphism.

The search for isomorphous derivatives is as
empirical as searching for crystallization conditions.
Numerous heavy atoms must be screened before
finding the one or more that binds to the pro-
tein without damaging the crystal. The soaking
of native crystals in a solution containing heavy
atoms gives rise to one of four outcomes. The best
outcome would be an isomorphous heavy-atom
derivative containing one or a small number of
heavy atoms identically attached to each protein
molecule in the crystal, resulting in distinct changes
between the diffraction patterns obtained from
derivative and native crystals. At the other extreme,
the soaking process results in no such detectable
changes when comparing native and derivative
crystals. The two remaining outcomes are either
the native crystal gets destroyed during soaking or
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Figure 6.1 The Periodic table showing the elements used successfully as heavy-atom derivatives in bold and underlined. The rest of the

elements are shown only for completeness.

the soaking process causes the crystal to become
non-isomorphous.

6.2 Theoretical basis

Originally, isomorphous replacement phasing of
biological macromolecules requires the measure-
ment of at least three X-ray diffraction data sets,
a native and two or more derivatives. Therefore,
the method was more commonly referred to as
the method of multiple isomorphous replacement
(MIR). However, the introduction of area detectors
and synchrotron radiation allowed for significant
improvements in data quality and the ability to use
only a single isomorphous derivative if its heavy
atom is an anomalous scatterer. The latter is referred
to as single isomorphous replacement with anoma-
lous scattering (SIRAS), where the anomalous data
is used to break the phase ambiguity.

The theoretical basis of isomorphous replacement
can be found in Blundell and Johnson (1976), Drenth
(1999), and was recently summarized by Taylor
(2003). Here, I will only give a brief overview. As
indicated above, an X-ray diffraction experiment
only gives us intensities of waves scattered from
planes (hkl) in the crystal, but the phase shift associ-
ated with each hkl is lost during data measurement.

Thus, each measured intensity (Iy)) can be reduced
to structure factor amplitude (Fy) with unknown
phases, where Fy is proportional to the square root
of I,iq. Each structure factor amplitude (Fpy) and its
associate phase (apy) can be described in terms of a
vector quantity, the structure factor (Fy). For every
hkl, native and derivative structure factors (Fig. 6.2)
are related as shown in Eq. 1:

Fpy =Fp +Fy ey

where Fpyy, Fp, and Fyy are the structure factors of the
derivative, the native protein, and the heavy atom,
respectively.

Once the heavy-atom position has been deter-
mined, its structure factor amplitude Fyj and phase
apy can be calculated. Since the structure factor
amplitudes for the native (Fp) and derivative (Fpy)
are experimentally measured quantities, it is thus
possible to calculate the protein phase angle ap from
the following equations:

FPHZ = sz + FHZ + 2FpFy cos(ap — apg) 2
or
_ -1 2 2 2
ap = ay +cos™ [(Fpy~ — Fp” — Fy*)/2FpFh)]

=oayg* o 3)
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Figure 6.2 Vector (Argand) diagram showing the relationships
between heavy-atom derivative (F'py), native protein (Fp) and heavy
atom (Fy); ap is the phase angle for the native protein. The vectors
are plotted in the complex plane.

From Eq. 3 and Fig. 6.3a it is clear that with
only one heavy-atom derivative (single isomor-
phous replacement; SIR) the resultant phase will
have two values (ap, and opy,); one of these phases
will represent that of one structure and the other of
its mirror image. But, since proteins contain only
L-amino acids, this phase ambiguity must be elim-
inated using a second derivative, the anomalous
component of the heavy atom or by solvent level-
ling (Wang, 1985), as shown diagrammatically in
Fig. 6.3b.

Once the phase angle ap has been determined for
every hkl, a Fourier synthesis is used to compute the
electron density (p) at each position (xyz) in the unit
cell (the repeating unit forming the crystal lattice)
using Eq. 4:

p(xyz) = 1/V 5, 5 ZFp (hkl)e2Tittky+12) (4

where V is the volume of the unit cell, i is the
imaginary component /-1, and

Fp(hkl) = Fp(hkl)e™®" = Fp(hkl) cos ap(hkl)
+ iFp(hKl) sin ap (hkl) )
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Figure 6.3 Isomorphous replacement phase determination (Harker
construction). (a) Single isomorphous replacement. The circle with
radius F'py represents the heavy-atom derivative, while that with
radius F'p represents the native protein. Note that the circles intersect
at two points causing an ambiguity in the phase angle; ap; and opp,
represent the two possible values. (b) Double isomorphous
replacement. The same construction as that in single isomorphous
replacement except that an additional circle with radius Fpy (vector
not shown for simplicity) has been added to represent a second
heavy-atom derivative. Note that all three circles (in the absence of
errors) intersect at one point thus eliminating the ambiguity in the
protein phase angle ap. Fyy1 and F'y; represent the heavy-atom
vectors for their respective derivatives.

The electron density map (p(xyz)) can then be
interpreted in terms of a three-dimensional atomic
model.
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6.3 Selection of heavy-atom reagents

Both the size and chemical composition of the
molecule under investigation are important criteria
to consider when selecting heavy-atom reagents for
derivatization. Ones choice must insure that the
differences in diffraction amplitudes due to heavy-
atom contributions are larger than the errors in
data measurement. The size of the heavy atom
(atomic number) and the number of sites required
for successful phasing are proportional to the size
(molecular weight) of the macromolecule. Larger
macromolecules may require not only atoms of high
atomic number, but also more than one heavy atom
per molecule. For example the structure determina-
tion of the ribosome required heavy-atom clusters
such as TagBrjo 12 (Ban et al., 2000). Therefore, when
studying larger macromolecules it may be useful
to calculate the magnitude of the change in the
diffraction signal before deciding which heavy atom
to try. Crick and Magdoff (1956) showed that the
average fractional intensity change (AI/I) for acen-
tric reflections can be estimated from the following
equation:

AI/I = 2Ny /Np)2(Z1/Zp) ®)

where Ny and Np are the number of heavy atoms
and non-hydrogen protein atoms, respectively; Zy
is the atomic number of the heavy atom and
Zp is 6.7 (the average atomic number of protein
atoms).

In the case of small proteins, inspection of the
amino acid composition can give valuable insights
into which reagents should be tried first. For exam-
ple if the protein contains no free cysteines or
histidines it may be best to start soaking with com-
pounds other than mercurials, or to genetically
engineer heavy-atom binding sites as was done
with the catalytic domain of y3 resolvase (Abdel-
Meguid et al., 1984; Hatfull et al., 1989). However,
assuming a normal distribution of amino acids, one
should begin with platinum compounds such as
KoPtCl1y (the most widely successful heavy-atom
reagent), which binds mainly to methionine, his-
tidine, and cysteine residues. Petsko et al. (1978)
have described the chemistry of this reagent in a
variety of crystal mother liquors. They also con-
cluded that most other platinum compounds react

with proteins in a similar fashion, except for those
containing (Pt(CN )2)2~ which bind to positively
charged residues. Mercurial compounds are the sec-
ond most successful group of reagents in derivative
preparation; most mercurials either bind to cysteine
sulphurs or histidine nitrogens. In addition to plat-
inum and mercury, Fig. 6.1 show the many elements
successfully used in isomorphous replacement
phasing.

6.4 Heavy atoms and their ligands

The preparation of heavy-atom derivatives and
selection of reagents have been extensively reviewed
(Abdel-Meguid, 1996; Blundell and Johnson, 1976;
Petsko, 1985; Kim et al., 1985; Holbrook and Kim,
1985; Garman and Murray, 2003). Historically, heavy
atoms have been grouped into class A and class
B elements based on their ligand preference. Class
A elements prefer ‘hard’ ligands such as carboxy-
lates and other oxygen containing groups. These
ligands are electronegative and form electrostatic
interactions with the derivatives; they include the
carboxylates of aspartic and glutamic acids and the
hydroxyl of serine and threonine. On the other hand,
class B elements prefer ‘soft” ligands such are those
containing sulphur, nitrogen, and halides. These
include methionine, cysteine, and histidine. The lat-
ter two amino acids are the most reactive amongst
all 20 naturally occurring amino acid residues. The
cysteine’s sulphur is an excellent nucleophile; it will
reactirreversibly with mercuricions and organomer-
curials at wide range of pHs. The thiolate anion
also forms stable complexes with class B metals,
but since cysteines are almost totally protonated at
pH 6 or below, this reaction is more sensitive to
pH than that with mercurials. The imidizole side
chain of histidine is also highly reactive, particu-
larly above pH 6 where it is unprotonated. It reacts
well with reagents containing platinum, mercury,
and gold.

In addition to the amino acids described above,
several other amino acid residues are also reac-
tive toward compounds containing heavy atoms.
These are the side chains of arginine, asparagine,
glutamine, lysine, tryptophan, and tyrosine. Those
that are not reactive are alanine, glycine, isoleucine,



leucine, phenylalanine, proline, and valine. Argi-
nine forms electrostatic interactions with anionic lig-
ands, while asparagine and glutamine may weakly
coordinate to simple metal complexes through their
side chain’s amide nitrogen. Like arginine, lysine
can form electrostatic interactions with anionic lig-
ands at pHs below its pKa. Near or above its pKa
of about 9, it can also react with platinum and
gold complexes. The indole ring nitrogen of trypto-
phan can be mercurated, but tryptophan is usually
buried in the protein and rarely accessible to sol-
vent. While the phenol hydroxyl oxygen of tyrosine
is expected to be a good nucleophile, its pKa is
greater than 10. Thus, the tyrosine utility as a lig-
and for heavy atoms has been in the substitution of
the phenolate hydroxyl with iodine (Sigler, 1970).
In addition to the side chains of amino acids, the
N-terminal amine and the C-terminal carboxylate
of a protein are potentially ligands for heavy-atom
derivatives.

Dr Bart Hazes (University of Alberta) has fur-
ther grouped heavy-atom derivatives in six different
categories as follow:

Class A: This class consists of the alkaline earth
metals (Sr2t and BaZ't), the lanthanides (La3t,
Ce3t, Prit, Na®t, sm3+, Eudt, Gd3+, Tb3+, Dy,
Ho®t, Er’t, Tm3*, and Yb®) and the actinide
(U02)2+. As indicated above, these elements prefer
carboxylates and other oxygen containing ligands.
They withstand low pH and ammonium sulphate,
but they have lower solubility at higher pH and in
the presence of phosphates.

Class B: As described above, this group con-
tains many of the most popular heavy-atom deriva-
tives containing mercury and platinum, such as
p-chloromercuribenzoate, HgC1,, mercuric acetate,
ethylmercury chloride, KoPtCly, KoPt(NO3)4, and
KyPtClg. In general, these reagents prefer ligands
containing sulphur and nitrogen such as cysteine
and histidine. This group also consists of many
silver, gold, palladium, iridium, osmium, and cad-
mium containing reagents.

Anionic: This groupincludes heavy-atomreagents
that predominantly binds to basic regions on the
protein through their overall negative charge, such
as iodide, (Hgly)~, (PCN)4)?~, (IrC1e)3~, and
(Au(CN)p)~.
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Cationic: This group includes heavy-atom
reagents that predominantly bind to acidic regions
on the protein through their overall positive
charge, such as (Pt(NH3)4)?", (Ir(NH3)e)3t, and
(Hg(NH;z)2)*.

Hydrophobic: This group includes the nobel gases
krypton and xenon, which bind to hydrophobic
pockets in the protein. The main impediment to
the use of these gases has been the technical chal-
lenge in derivatization under pressure, particu-
larly since pressurized capillaries of glass or quartz
are explosion hazards. A special device to make
nobel gas derivatives has been described by Schiltz
et al. (1994), and a commercial one is now being
sold by Molecular Structure Corporation for use in
cryocrystallography.

Others: This includes iodine that can be used to
mono- or di-iodinate tyrosine residues.

6.5 Preparation of heavy-atom
derivatives

Macromolecular crystals grow in an equilibrium
state with their mother liquor. Disrupting this equi-
librium can often destroy the crystals or their ability
to diffract X-rays. This situation can be exacerbated
by the transfer of the crystal to a solution contain-
ing a heavy atom. Therefore, it is important, once
crystals are removed from their sealed environment,
to first transfer them to a stabilizing solution and
let them re-equilibrate before further transfer to the
heavy atom solution. Usually, a stabilizing solution
is identical to the mother liquor in which the crys-
tal was grown, but with a higher concentration of
precipitant.

The mechanics of derivative preparation is
simple; it involves the transfer of one or more
native crystals from the stabilizing solution to a
solution differing only in the presence of a com-
pound containing the desired heavy atom. However,
before attempting to prepare derivatives, it is impor-
tant to recognize that heavy-atom reagents are very
toxic and must be handled with utmost care. These
reagents are selected for their strong affinity for
biological molecules. Thus, they present real and
serious danger to their users. Once crystals have
been transferred to the heavy-atom solution, they
can be soaked in that solution for a period of time.
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Soaking times can be as little as a few hours or as long
as several weeks, but usually on the order of 1 to 4
days. Soaking times are dependent on temperature
and heavy-atom compound concentration; at lower
temperatures and heavy-atom concentrations it may
be necessary to soak for longer periods of time. The
concentration of the heavy-atom reagent used for
derivative preparation will depend on its solubility
in the mother liquor. A good starting value is 1 mM,
but concentrations as low as 0.05 mM and as high
as 100 mM have been reported. The ideal derivative
is arrived at by varying soaking time and heavy-
atom compound concentration. The latter variable
is more useful since mass action can force the forma-
tion of a derivative even in the case of weak binding
functional groups. Soaking times as shortas 1 h com-
bined with concentrations of 0.3 mM were reported
to produce good mercury derivatives of iron super-
oxide dismutase (Ringe et al., 1983). In addition
to temperature and heavy-atom compound concen-
tration, the composition of the mother liquor and
pH should be considered. Many of the bulffers,
additives, and precipitants used in mother liquors,
such as tris, phosphate, citrate, f-mercaptoethanol,
dithiothreitol, and NH3 derived from ammonium
sulphate at high pH, may compete with the pro-
tein for heavy-atom binding. It may be necessary
at times to transfer crystals into more appropriate
mother liquor before derivative preparation. For
example crystals grown out of ammonium sulphate
may be transferred to lithium sulphate to avoid the
formation of metal-ammonia complexes, and salts
may possibly be replaced by polyethylene glycol
(PEG). Such changes in mother liquor are best done
incrementally and slowly to avoid shocking the crys-
tals. Also, one should recognize that the solubility
of heavy atom reagents in the mother liquor and
their binding to functional groups on the protein,
are pH dependent. The ideal pH range is 6 to §;
lower pH may result in protonation of glutamic and
aspartic acids of proteins, while at higher pH many
heavy-atom reagents are labile and form insoluble
hydroxides.

As indicated above, the search for suitable heavy-
atom derivatives is as empirical as searching for
crystallization conditions. To speed up the process
and to save time, initial scanning for suitable heavy-
atom derivatives can be done visually, using small

crystals, by observing deterioration (cracking or
dissolution) of the crystals. Concentrations of the
heavy-atom reagent and soaking times should be
adjusted to insure that the crystals do not show
serious cracks; minor surface cracks may not be
detrimental to some crystals. However, some crys-
tals are very sensitive to most heavy-atom reagents,
they tend to shatter and lose their ability to diffract,
even if thereagents are very dilute and soak times are
short. This can be overcome by crosslinking the crys-
tals with glutaraldehyde before soaking. A colour
change of the crystal during soaking does not always
mean that the heavy atom has specifically bound,
since non-specific binding may also cause the crystal
to change colour. Non-specific binding can be min-
imized by back-soaking in the stabilizing solution,
the solution that does not contain any heavy atom.

Although the soaking method for heavy-atom
derivative preparation is by far the simplest and
most common, it is not the only method used. One
can first derivatize the macromolecule, and then
crystallize. This procedure is less frequently used
because of drawbacks such as the inability to pro-
duce isomorphous crystals due to the disruption of
intermolecular contacts by the heavy atoms. Other
frequent problems are the introduction of additional
heavy-atom sites (a potential complicating factor in
phasing) by exposing sites hidden by crystal con-
tacts, and changing the solubility of the derivatized
macromolecule.

The above two methods for derivative preparation
have been successfully used in the phasing of both
nucleic acids and proteins. However, an additional
method has been used for phasing of nucleicacids, in
which the heavy atom is synthetically incorporated
into the molecule. For example, Drew et al. (1980)
determined the structure of d(CGCG); by incorpo-
rating 5-bromocytosine into the synthesis of their
nucleic acid and then using the bromine atoms for
phasing.

6.6 Assessment of derivative formation

As might be expected, not every crystal soaked in
a solution containing a heavy-atom reagent will be
a derivative. Recently, Garman and Murray (2003)
have summarized many of the techniques used in
evaluating derivative formation; these include mass



spectrometry, gel electrophoresis, and microPIXE
(particle-induced X-ray emission). However, it is
important to note that most of these techniques are
just a guide that can help in evaluating derivative
formation, but the ultimate method is to identify
intensity changes between native and derivative
crystals and to be able to confirm the significance of
these changes by calculating the position of ordered
heavy-atomsites. This can be achieved by comparing
the different statistics calculated from the native and
putative derivative data or between Friedel mates
within the derivative data; significant differences
should indicate successful derivative formation.

6.7 Determination of heavy-atom
positions

By far, the most common procedure for the deter-
mination of heavy-atom positions is the difference
Patterson method; it is often used in combination
with the difference Fourier technique to locate sites
in second and third derivatives.

6.7.1 Difference Patterson

The Patterson function (Patterson, 1934) is a phase-
less Fourier summation similar to that in Eq. 4 but
employing F2 as coefficients, thus it can be calculated
directly from the experimentally measured ampli-
tudes (Fp) without the need to determine the phase
angle. In the case of macromolecules, (Fpyg —Fp)2 are
used as coefficients in Eq. 4 to produce a Patterson
map (hence the name difference Patterson). Such a
map contains peaks of vectors between atoms (inter-
atomic vectors). Thus in the case of a difference
Patterson of macromolecules, it is a heavy-atom vec-
tor map. For example if a structure has an atom
at position (0.25, 0.11, 0.32) and another atom at
position (0.10, 0.35, 0.15), there will be a peak in
the Paterson map at position (0.25-0.10, 0.11-0.35,
0.32-0.15), meaning a peak at (0.15, —0.24, 0.17).
The interpretation of Patterson maps requires
knowledge of crystallographic symmetry and space
groups. Chapter 4 of Blundell and Johnson (1976)
offers a concise review of these topics. The ease of
interpretation of these maps depends on the quality
of the data, the degree of isomorphism, the num-
ber of heavy-atom sites per macromolecule and the
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degree of substitution for each heavy atom. An ideal
case is one in which: (a) the native and derivative
data are of very good quality, (b) the derivative
shows a high degree of isomorphism, (c) only one
highly substituted heavy atom is present per macro-
molecule, and (d) the heavy atom is of sufficiently
high atomic number to give significant differences.
A simple example of how to interpret a Patterson
map is described by Abdel-Meguid (1996).

6.7.2 Difference Fourier

As can be seen from Eq. 4, a Fourier synthesis
requires phase angles as input, thus it cannot be
used to locate heavy-atom positions in a derivative
if no phase information exists. However, it can be
used to determine such positions in a derivative, if
phases are already available from one or more other
derivatives. As in the case of a difference Patterson,
the Fourier synthesis here also employs difference
coefficients. They are of the form:

m(Fpy — Fp)eiaP )

where Fpyy and Fp are the structure factor amplitude
of the derivative and the native, respectively; ap the
protein phase angle calculated from other deriva-
tives; and m (figure of merit; whose value is between
zero and one) is a weighting factor related to the
reliability of the phase angle.

The success of this technique is highly depen-
dent on the correctness of ap, since it has been
clearly demonstrated that Fourier summations with
correct phases but wrong amplitudes can result in
the correct structure, while having incorrect phases
even with correct amplitudes results in the wrong
structure.

Difference Fourier techniques are most useful
in locating sites in a multisite derivative, when a
Patterson map is too complicated to be interpretable.
The phases for such a Fourier must be calculated
from the heavy-atom model of other derivatives
in which a difference Patterson map was success-
fully interpreted, and should not be obtained from
the derivative being tested, in order not to bias
the phases. Also, difference Fourier techniques can
be used to test the correctness of an already identi-
fied heavy-atom site by removing that site from the
phasing model and seeing whether it will appear in
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a difference Fourier map. Again the success of this
feed-back technique depends on the correctness of
the phasing model.

6.8 Refinement of heavy-atom positions

Once the positions of the heavy atoms have been
determined, their accuracy can be significantly
improved through least squares refinement. This
is achieved by allowing the heavy-atom positions,
thermal parameters, and occupancy to vary, while
minimizing the difference between the structure
factor amplitudes calculated from the heavy-atom
model and experimentally measured amplitudes. It
is important to note that thermal parameters and
occupancy are often correlated and should not be
refined in the same cycle. A good strategy in heavy-
atom refinement is to obtain the best possible heavy-
atom model for each derivative alone, and then add
one derivative at a time while refining, to insure that
the best derivative does not dominate phasing to the
exclusion of others. Also, it is better to omit minor
sites from the initial refinement if there is doubt
about their existence. These sites can be included
in later steps of refinement when it becomes more
certain that they are real.

6.9 Conclusion

Although the technique of isomorphous replace-
ment was the dominant crystallographic technique
for determination of de novo protein structures since
its development in the early 1950s to the early
1990s, today it is but one of several techniques
used routinely by those interested in elucidating
the three-dimensional structures of macromolecules.
Now those interested in crystallographic structure
determination can choose from a number of meth-
ods to solve the phase problem, including single
and multiple isomorphous replacement each with
or without anomalous scattering, single- and multi-
wavelength anomalous diffraction (SAD/MAD), and
molecular replacement. The choice of which method
to use can depend on a number of factors, such as the
availability of synchrotron radiation, atomic coordi-
nates of homologous protein, protein expressed in
the presence of selenomethionine, etc.
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CHAPTER?7

Molecular replacement techniques
for high-throughput structure

determination

Marc Delarue

7.1 Introduction

In the context of structural genomics projects, there
are two main routes to consider for solving effi-
ciently and rapidly the three-dimensional (3D) struc-
ture of the target gene products by crystallography.
The first is the Multiple-wavelength Anomalous
Diffraction (MAD) technique (reviewed in Chapter 8
of this volume), which necessitates growing SeMet-
substituted protein crystals. The second is molecular
replacement (MR), which requires X-ray data for the
native protein as well as the structure of a related
homolog.

MR is an ensemble of techniques that aims to
place and orientate an approximate molecular model
in the unit cell of the crystal being studied. This
will provide the starting phases needed to calcu-
late the initial electron density map from which the
protein model can be built, either manually by iter-
ative use of reconstruction with molecular graphics
packages (Jones ef al., 1991) followed by refinement
(Murshudov et al., 1997), or automatically if diffrac-
tion data up to 2.3 Angstroms or better are available
(ARP/wWARP (Perrakis et al., 2001), Solve/Resolve
(Terwilliger, 2003)).

In this article, we will not focus on recent devel-
opments in refinement techniques, which benefited
recently from better statistical treatments such as
maximum likelihood targets for refinement (Adams
et al., 1999), but rather will describe in detail some
of the newest developments in MR to get the best

possible set of phases to initialize refinement and
reconstruction in the best possible conditions.

As more and more structures are deposited in the
Protein Data Bank (PDB) (Berman et al., 2000), the
chances of finding a (remote) homolog structure in
the PDB have become higher and, therefore, molec-
ular replacement techniques are increasingly useful.
This is reflected, for instance, in the number of hits
one gets by doing a search for the keywords ‘molec-
ular replacement’ in one of the leading journals in
the protein crystallography community, for example
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Figure 7.1 Histogram of the number of articles in Acta
Crystallographica D containing ‘Molecular Replacement’ in the
title or abstract, year by year. The score for 2004 is a projection
based on the first 6 months.
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Table 7.1 List of web sites for MR packages with a short description of their distinctive features

Package Search NCS Web site or e-mail address Flexib. Post-ref
name space of the author sampling

AMoRe 2x3D Yes jorge.navaza@gv.cnrs-gif.fr No RigBod
CNS 2x3D Yes http://cns.csb.yale.edu/v1.1/ No CNS
MolRep 2x3D Yes http://www.ysbl.york.ac.uk/~alexei/molrep.html Some RigBod
EPMR 6D Yes http://www.msg.ucsf.edu/local/programs/epmr/epmr.html No Conj.Grad.
Qs 6D Yes http://www.mbg.duth.gr/~glykos/Qs.html No Sim.Anneal
SoMore 6D No http://www.caam.rice.edu/~djamrog/somore.htm| No BFGS
Phaser 2x3D Yes http://www-structmed.cimr.cam.ac.uk/phaser No No

CaspR 2x3D Yes http://igs-server.cnrs-mrs.fr/Caspr2/index.cgi Yes CNS
@TOME 2x3D Yes http://bioserv.cbs.cnrs.fr/HTML_BIO/frame_meta.html Yes No

Acta Crystallographica D (Fig. 7.1). Also, the grow-
ing number of sequences in the sequence databases
have made the detection of remote homologs a more
reliable task, as multialignments of several dozens
of sequences allow for building position-dependent
mutation matrices (profiles), which are much more
sensitive than pairwise comparisons with a stan-
dard mutation matrix (Altschul et al., 1997). Having
detected a homolog of known 3D structure, a model
can be quickly derived using standard and auto-
matic comparative modelling techniques (Sali and
Blundell, 1993). If several models are available, this
may, in turn, result in an increase of the signal /noise
ratio of MR searches.

One innovation, which owes much to bioinfor-
matics, is the assembly of a web-interfaced suite of
programs that makes use of all these new develop-
ments to perform a multialignment of a set of
sequences, using of all the homologs found in the
PDB to scan many different models through the MR
procedure (Claude et al., 2004). Refinement of the
best solutions can also be performed to assess the
correctness of the solution(s). In addition, remote
structural homologs can be detected by threading
methods through a suite of programs installed as
a metaserver, which sends requests to several web
servers and uses the results of each task to feed
in the next request (Douguet and Labesse, 2001).
Thus, there is a trend towards integrating differ-
ent servers and/or packages in automatic protocols
of MR, with the aim of obtaining the best possible
model, which together greatly enhances the chances
of finding the solution quickly.

At the same time, it is apparent that the MR
method itself continues to be developed and
improved by a number of new ideas. This is, in turn,
reflected in the number of hits of the same keywords
‘molecular replacement’ in Acta Crystallographica A,
a journal used mainly to describe methodological
advances in crystallography: the cumulated num-
ber of hits between 1985 and 2004 is 534, an average
of 27 articles per year. With the development of
web-based interfaces, many of these new ideas are
implemented in programs that are available on-line
(together with the manuals) and it has become easier
to test them rapidly, as they readily accept standard
formats for the coordinates of the model and the
X-ray diffraction data. Recently, another very inter-
esting integrated approach called Mr Bump has been
published (Keegan and Wynn, 2007).

We will review, here, most of these new methods,
as well as the “classical’ ones, and will list their web-
site address (Table 7.1), with a brief mention of their
main characteristics. We have tested all of them for
the purpose of this review, using the same input data
files, and will describe the protocols that have been
used throughout the text.

The rule of thumb for a successful applica-
tion of molecular replacement is that the model
should have a root-mean-square deviation (RMSD)
on C-alpha coordinates ~2.0-2.5 Angstroms with the
target structure, corresponding to a sequence iden-
tity with the target of 25-35%. In practice, however,
there are many more structures solved by MR in the
PDB using models with sequence identity of 60%
or higher than otherwise.


http://cns.csb.yale.edu/v1.1/
http://www.ysbl.york.ac.uk/~alexei/molrep.html
http://www.msg.ucsf.edu/local/programs/epmr/epmr.html
http://www.mbg.duth.gr/~glykos/Qs.html
http://www.caam.rice.edu/~djamrog/somore.html
http://www-structmed.cimr.cam.ac.uk/phaser
http://igs-server.cnrs-mrs.fr/Caspr2/index.cgi
http://bioserv.cbs.cnrs.fr/HTML_BIO/frame_meta.html
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Protocol 7.1 Checking your data

o Check for completeness and redundancy at the
desired resolution: usually a complete data set at
10-4 Angstroms is fine.
o Check for possible twinning; read carefully the output of
TRUNCATE in CCP4 (Collaborative Computational Project,
1994) or submit your data to the scrutiny of Todd Yeates
web site (http://www.doe-mbi.ucla.edu/Services/Twinning).
o Check your space group (!):
— forinstance, if P2(1)2(1)2(1), check extinctions
carefully;
— for a polar space group, remember to try both
enantiomorphic possibilities in the translation search,
because they cannot be distinguished through Patterson
methods used in the rotation function: P4(1) and P4(3),
P6(1), and P6(5).
o Check for possible non-crystallographic symmetry
(NCS):
— check for a possible pure translational
non-crystallographic symmetry (pseudo-symmetry)

by calculating a native Patterson function and

sorting its peaks;

— check for two-fold axes, three-fold axes... using
self-rotation function;

— calculate the percentage of solvent in the crystal, for
different hypothesis as to the number nmol of molecules
in the asymmetric unit:

100 % (1. — nmol * (MW % Vm)/Va.u.)

where MW is the molecular weight of a monomer, Vm is

the density of a protein (~0.73 cm?/g), and Va.u. is the
volume of the asymmetric unit. The percentage of solvent
should be in the range 20-80%.

Note: It might be of interest to read in detail a recent "tour
de force’ success story using MR in a very difficult case, with
both high NCS (12 copies in the asymmetric unit) and
twinning of the data (as discovered quite late in the process
of structure solution) (Lee et al,, 2003).

There are, essentially, two issues in the application
of MR automatic protocols to structural genomics:

1. Can one push the limits of the method so as to
use models with less and less sequence identity with
the target, i.e. models obtained by threading meth-
ods, with sequence identity levels between 15 and
25%? The answer seems to be yes (Jones, 2001), with
newer methods capable of solving problems with
sequence identity around 20% (Claude et al., 2004;
G. Labesse, personal communication; Abstractin the
GTBio Meeting, June 2004, Lyon, France; Keegan
and Wynn, 2007).

2. How far should one pursue efforts to solve the
molecular replacement problem once the automatic
protocols have failed; in other words, how much
time should one spend in trying to solve difficult
cases before deciding to go back to the bench and
grow SeMet crystals, or use the SAD method with
crystals soaked with one anomalous scatterer? This
is actually a difficult question that depends on a
lot of different issues, such as the expertise already
present in the lab. in MR techniques, the solubility
of the protein(s), which might or might not change
upon selenomethionylation. This question cannot be
answered in general but this is clearly an issue that
one should keep in mind in defining the strategy for
structure solution.

7.2 Test data used throughout this study
with the different MR packages

The same data set at 2.5 Angstrom resolution, col-
lected at the European Synchrotron Research Facility
(ID14-EH2), for a T. brucei 6-phosphoglucono-
lactonase (6PGL) (Delarue et al., 2007) was used
throughout this study. The cell parameters are 70.3,
80.8, 90.3 in P2(1)2(1)2(1). There are two molecules
in the asymmetric unit, related by a pseudotrans-
lation, discovered by sorting the native Patterson
peaks (Protocol 7.1). There are two possible models:
6PGL from T. maritima (1PBT) (about 40% sequence
identity) and the glucosamine-6-phosphate deami-
nase (IDEA), which was detected by BLAST (25%
sequence identity).

7.3 The standard molecular replacement
method

7.3.1 Historical background: Patterson
methods

The possibility and feasibility of molecular replace-
ment was demonstrated by Rossmann and col-
leagues in the 1960s, as part of an effort to use
non-crystallographic symmetry to solve the phase
problem for macromolecules (Rossmann, 1990).


http://www.doe-mbi.ucla.edu/Services/Twinning
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In this article, we will restrict ourselves to the case
of finding the orientation and position of a known
model in another unit cell, to help solve the molec-
ular structure contained in this unit cell (Fig. 7.2).
Traditionally, this six-dimensional (6D) search (three
orientation angles and three translations are to be
found) is divided into two separate and consecutive
3D search problems.

The first one consists of finding the orientation of
the model through the so-called rotation function,
which is defined in such a way that it should be

Rotation (o, B, 7)

A 4

Translation (£, t, /L)

Model Crystal

Figure 7.2 Definition of the molecular replacement problem and
the six degrees of freedom needed to describe it.

maximum for the true orientation. In its real-space
formulation, it consists of the convolution of the
experimental Patterson function with the computed
Patterson of the model in every possible orienta-
tion. If restricted to the molecular volume, the use
of Patterson functions allows the superposition of
intramolecular vectors, which are independent of
relative translations between the model and the tar-
get. In its reciprocal-space formulation (Rossmann
and Blow, 1962), it was demonstrated that the max-
imum of this function is indeed the expected solu-
tion. Later on, the formula was rearranged using
the plane-wave expansion and spherical harmon-
ics so as to use the powerful technique of Fast
Fourier Techniques (FFT) (Crowther, 1972), whose
numerical implementation was further refined and
stabilized by Navaza (Navaza, 2001).

The second step consists of calculating a convo-
lution of interatomic vectors between symmetry-
related molecules of the correctly oriented model
placed at different origins, with the experimental
Patterson function. The reciprocal version of the

1. Rotate model by kappa around axis given by (phi, psi)
using the following jiffy code:

ck = cosd(kappa)
sk = sind(kappa)
cp = cosd(psi)

sp = sind(psi)
cf = cosd(phi)
sf = sind(phi)

a(1, 2) = p*sk + cf*sf*sp*sp* (1 — ck)
a2, 1) = —cp*sk + cf*sf*sp*sp* (1 — ck)
a(1,3) = —sf*sp*sk + cf*cp*sp* (1 — ck)
a(3, 1) =sf*sp*sk + cf*cp*sp* (1 — ck)
a(2, 3) = cf*sp*sk + sf*cp*sp* (1 — ck)
a(3, 2) = —cf*sp*sk + st*cp*sp* (1 — k)
a(l, ) =ck + cf*cd*sp*sp* (1 — ck)

a(2, 2) = ck + sf*sf*sp*sp* (1 — ck)
a(3,3) =ck + cp*ep* (1 — k)

C... now rotate and translate, knowing the coordinates of
the centre of gravity xg

Protocol 7.2 Test case on the same model, the same space group, with calculated data

do100k=1,3
xnew (k) =xg(k) + ack, D*(x(1) —xg(1))

+ak, 2)*(x(2) —x9(2) +ack, 3)*x3) —xg(3))
100 continue
2. Calculate structure factors (by CCP4 sfall) for the
transformed coordinates xnew in your own space group.
3. Run your favourite molecular replacement program
using: (i) the unrotated model as a search model; and
(ii) calculated data as experimental data.
4. Analyse results: make sure you understand the
symmetry of the rotation function group, the translation
solution (the y coordinate is undetermined in P2(1) etc.).
Get a feeling of the (maximum) height of the signal you
can expect.
5. Convince yourself that (kappa, phi, psi) applied in (1) is
the same as the solution of MR.

c... Hint: here is the rotation matrix using eulerian angles
alpha, beta, gamma (Urzhumtseva and Urzhumtsev, 1997).
c... Caveat: AMoRe first rotates the model so that the

inertial axes coincide with x, y, and z




calculation lends itself particularly well to Fourier
(Crowther and Blow, 1967) and FFT techniques and
is, in general, very rapid.

Usually, the top peaks of the translation search
are then submitted to a low resolution quick
rigid-body refinement, for which quick algorithms
have been devised (Huber and Schneider, 1985;
Navaza and Saludjian, 1997).The resolution is usu-
ally taken to be 124 Angstroms or so; if one wants
to use the low resolution terms, one should use
a solvent effect correction technique (Fokine and
Urzhumtsev, 2002).

The following issues are crucial for the success of
the method:

e completeness and quality of the data
e accuracy of the model(s)
e completeness of the modelling of the unit cell

MOLECULARREPLACEMENTTECHNIQUES 101

e type of score used as an indicator of the quality of
the agreement.

This is reflected in the following input parameters:

e quality of the X-ray data (see Protocol 7.1)

e quality of the model(s), e.g. poly-Ala versus full
model (see below, structural diversity)

e number of molecules per asymmetric unit

e target functions.

While the first point was addressed directly in
Protocol 7.1, we will address the other points suc-
cessively in the next paragraphs.

Before executing the real MR protocol, we
strongly recommend running a test case. Under-
standing the conventions of the rotation func-
tion will be greatly facilitated by reading a recent

1. Read the Manual!
2. Move to an empty directory and type : csh
$AMORE/setup
3. Then:
In./d/:
— Create data.d (as data.example created by setup),
and give cell parameters, symmetry related positions,
resolution limits, and the number of molecule(s) (and
their type) to search in the asymmetric unit
** 6PGL ** Title
70.315 80.852 90.31 90. 90. 90.
XY2* 12+ x12 —y—2* 112 —x,—y 12 +z*
—X,1/2+y,1/2—z*end
0; orthogonalizing code
95. 0.0; % reflections, B-add
12.0 4.0; resolution range
1 2; NTYP, (nmol(n),n = 1,NTYP); a homodimer in the
asymmetric unit
- Data files with diffraction data and model coordinates
must be named hkl.d and xyzN.d, respectively; N = 1 for
the first model, N = 2 for the second one...
Insert FORMAT card (upper case) in hkl.d and xyz{#}.d
files (as hkl.example and xyz1.example created by
setup).
— InJ/il:

Protocol 7.3 A typical molecular replacement session using AMoRe (Navaza, 2001)

Edit dato.i3 file which will look like this:

job +F 4 F g H g R Rk

xyz model type (could ne a map)

1.2 20.5 2. rot: %rad, Tmin’s, rotation function cutoff,

step in degrees

¢-c 50 0.5 50 1-body trans: option, nb. orient. to try,

cutoff, nb. peaks

p-t 10 0.5 50 n-body trans: option, nb. orient. to try,

cutoff, nb. peaks

10 20 fitting: nb. trans. to fit, nb. of iterations

0. packing: CoM cutoff for -crude- packing function
4. Finally, in ./:
csh Jeljob dato
csh ./job (protocol created by ./e/job for automated runs).
5. Inour test case (6PGL), there was one solution well
detached with a correlation coefficient of about 30%.
However, we were unable to bring the R-factor below 52%,
even after refinement, until we collected another data set
with crystal soaked in a mercury derivative. This derivative
turned out to be highly isomorphous and refinement with
CNS produced an R-factor around 48%. Phases from the
model were able to pull out the heavy atom sites through
both isomorphous and anomalous Fourier difference maps.
The resulting solvent-flattened 2.8 Angstrom SIRAS map
was interpretable.
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article by Urzhumtseva and Urzhumtsev (1997) and
Protocol 7.2.

In Protocol 7.3 we show a typical command file
for the AMoRe package (Navaza, 2001), one of the
most widely used packages for MR.

7.4 How does one know the solution
has been found?

Sometimes, it is not so easy to convince oneself that
the solution of the molecular replacement problem
has, in fact, been found, even after rigid-body refine-
ment; indeed, the first solution is not always well
detached and different scores may produce different
rankings. The most commonly used scores are corre-
lation coefficients on either intensities or structure-
factor amplitudes, and R-factors. Even though these
criteria are formally related (Jamrog et al., 2004),
they can produce different rankings, especially if no
solution is clearly detached. Some other criterion is
then needed to discriminate between the potential
solutions.

One possibility is to run simulated annealing
refinement in torsion angle space as implemented in
CNS (Briinger et al., 1998). As this is one of the most
powerful programs in terms of radius of conver-
gence, it is especially useful to look for the decrease
of the free-R-factor (Adams ef al., 1999), but this is a
rather cpu-intensive taskif several possible solutions
are to be tested.

In difficult cases, there is actually a way to
bring the R-work and R-free down by means other
than just rigid-body or dihedral angle molecular
dynamics, while still exploring just a few degrees
of freedom, using the Normal Mode Analysis pro-
tocol (Delarue and Dumas, 2004). This is imple-
mented in http://lorentz.immstr.pasteur.fr and will
be described in the paragraph on ‘exploring struc-
tural diversity’ below (Lindahl ef al., 2006).

Another possibility is to look at the packing
of the top 10 solutions, because this can prove
a very discriminating criterion. Even if the solu-
tion is well detached, it is still mandatory (and
reassuring) to examine carefully the corresponding
packing arrangement. This necessary (but not suf-
ficient) condition can actually be implemented in
the translation function using analytical expression

that can be evaluated using FFT (Harada et al.,
1981; Stubbs and Huber, 1991) and this is avail-
able in several MR packages, such as AMoRe
(Navaza, 2001).

7.5 The need to find a better score for
the rotation function: the Phaser
euphoria

Many people have recognized that the rotation
function suffers from some drawbacks and have
tried to improve the score by using origin-removed
Patterson functions, normalized structure factors
E-values, etc. (Briinger, 1997).

Briinger and colleagues developed a ‘direct
rotation function’, which is just a correlation coef-
ficient between Eg and E,,q(Omega), the normal-
ized structure factors of the crystal and of the rotated
model, respectively. However, in this case the model
is placed in a P1 cell of dimensions and angles iden-
tical to the ones of the crystal being studied. This
works well but requires quite a lot of cpu as it is not
amenable to FFT (DeLano and Briinger, 1995).

Another idea is to use different runs of the same
program with slightly different models; it is most
aptly described as an application of a ‘consistency
principle’, namely it is required that the solution
should appear consistently in all runs, even with
a rather low score. Special algorithms have been
developed to cluster similar solutions in eulerian
angles space and convincing results have shown
that it is indeed possible to increase the signal-
to-noise ratio of the rotation function in this way
(Urzhumtsev and Urzhumtseva, 2002).

Recently, Read extended the maximum likelihood
formalism to the molecular replacement problem.
Maximum likelihood puts on analytical grounds the
notion that the best model is the one which maxi-
mizes the probability of having measured the actual
experimental data at hand (structure factors). In
his first implementation (BEAST), Read could show
that he would get a much clearer signal in difficult
cases, but the program was pretty slow (Read, 2001).
Recently, he and his team developed a much more
rapid version of his algorithm (PHASER), based on
an approximation which can be evaluated by FFT,
and this was incorporated in a single package that


http://lorentz.immstr.pasteur.fr

also contains the translation function (Storoni et al.,
2004). Roughly speaking, the rotation score is now
based on a weighted origin-removed convolution
of experimental and calculated Patterson functions.
However, the authors stress that their program
does not work very well in cases where pseudo-
translational symmetry is present. This is because
the formalism assumes that the translation vector
between the molecules in the unit cell is randomly
distributed so that the relative phases between pairs
of symmetry-related molecules are sampled ran-
domly. This assumption is obviously violated if
there is pseudo-translational symmetry; however,
the authors mention that they have found a way
around this problem and that it will be fixed soon.

Once released, the programers received imme-
diate praise from the crystallographic community,
with messages of thanks posted to the CCP4 Bulletin
Board, reporting how several structures that had
resisted molecular replacement traditional methods
for years were solved in less than a day by PHASER.
So, this is certainly one the packages to try first when
dealing with a tough MR problem.

7.6 Screening many solutions (multi
sunt vocati, pauci vero electi)

The need for automated protocols is apparent from
the strategy adopted by AMoRe to circumvent the
problem that the score of the rotation function (RF)
is far from being perfect and does not always rank
the solutions correctly (Navaza, 2001). Indeed, it is
often observed that the true solution is not the top
solution, with many false positives. Hence, AMoRe
runs a translation function (TF) for each of, typically,
the top 50 or 100 solutions of the rotation function.
This is actually quite rapid as TF is based on FFT;
then, the first 10 solutions of each of these TF runs is
in turn refined using a very effective implementation
of rigid-body refinement (Navaza, 2001).

One complication occurs with polar space groups,
where all the possibilities must be tried in the TF.
If there is an ambiguity in the extinctions, for
instance in the Laue group Pmmm, again all pos-
sibilities must be searched. This is usually done ‘by
hand’, going through all different possibilities one
by one.
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7.7 Non-crystallographic symmetry
protocols and six-dimensional search
programs

If there is NCS in the crystal, all molecules of the
asymmetric unit must be searched in turn; every
time a potential solution has been found, it is
possible to use this information to increase the
signal-to-noise ratio of the searches for the other
molecules. But then, the combinatorics of testing the
50 top solutions of the rotation function and then
the 10 top solutions of each associated translation
function for rigid-body refinement cannot be done
‘by hand’ as in the previous case, as soon as there
is more than two molecules in the asymmetric unit.
In NCS-MR, depending on the number of molecules
present in the asymmetric unit, there are thousands
of possibilities to be searched. Also, as one is search-
ing with only a fraction of the asymmetric unit, the
signal to be expected is intrinsically lower.

AmoRe (Navaza, 2001), and other programs such
as MolRep (Vagin and Teplyakov, 1997, 2000) and, in
fact, most MR programs handle this quite effectively
in an expert fashion. MolRep is a very versatile pro-
gram that has many different options implemented
and is part of CCP4 (Collaborative Computational
Project, 1994). Obviously, if one wants to try differ-
ent possible models to increase the chance to find the
correct solution, this again makes the search more
computer intensive and the best way to deal with this
is to follow a given, sensible protocol (see below).

As we mentioned already, the problem of the
rotation function is its score, leading to a diffi-
cult energy landscape to be searched; we can now
describe another way to tackle this problem. Since
the Translation Function score is much more sen-
sitive, one might try to run a translation for every
possible rotation angle, therefore exploring the 6D
space exhaustively. The space to be searched in eule-
rian angles depends on the space group of the crystal
and can be found in Rao et al. (1980). It turns out that
it is doable in most cases within reasonable cpu time
with a ‘normal” workstation.

There are at least two implementations of this
protocol that appeared recently:

e SoMore, which performs a full 6D search with
low-resolution data (usually 8 Angstrom), followed
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by conjugate-gradient minimization of the best solu-
tions (Jamrog et al., 2003).

e Systematic rotation followed by translation
searches, as generated by a script (Sheriff et al., 1999)
(see also Protocol 7.6).

Alternatively, one might want to search the N-6D
space (alpha, beta, gamma, tx, ty, tz for each one
of the N molecules of the asymmetric unit) using
stochastic or Monte Carlo methods, as exhaustive
searches are out of question. In this case, as all
molecules are searched simultaneously, the problem
of the low signal is less severe than with traditional
MR methods. However, the process is quite cpu
intensive. This has been implemented with success
by Glykos and Kokkinidis (Glykos and Kokkinidis,
2000, 2001, 2003), who later included a simulated
annealing protocol to increase the radius of con-
vergence of the method (Queen of Spades or Qs
method).

Other methods have used genetic algorithms to
search the 6D space: one of them was originated

by Lewis and colleagues (Chang and Lewis, 1997)
and the other resulted in the popular program EPMR
(Kissinger et al., 1999, 2001). The EPMR program is
now widely used in the crystallographic community
and is especially simple to use (see Protocol 7.4). This
makes it a very attractive candidate for use in a suite
of programs integrated in a web site that goes all the
way from model generation to the refinement of the
final model (Rupp et al., 2002).

All these methods exploit the fact that there is no
need to recalculate the structure factors of the model
each time it is rotated or translated; it is sufficient to
be able to sample the structure factors at the rotated
Miller indices, with or without a phase shift com-
ing from the translation, and this can be done quite
effectively by interpolation in reciprocal space (see
Protocol 7.4).

7.8 How to choose the best model

Even the best possible MR package will fail if
the model is not good. Hence, a good deal of

Protocol 7.4 Stochastic search methods

Use of EPMR (Kissinger et al., 1999, 2001)
epmr-m 2 -h 4. - 12. -n 50 example.cell example.pdb
example.hkl >example.log &

where example.cell contains the cell parameters and the
space group number:

70.31580.852 90.31 90. 90. 90. 19

and the model and X-Ray data are in example.pdb and
example.hkl, respectively.

The options -/ and -h define the low and high resolutions
limits of the data, respectively, while the -m option defines
the number of molecules to be searched.

The number of different starts is controlled by the -n
option.

It is clear from this input lines that EPMR is very easy to
use. Indeed, it is the MR package used by Rupp's
automated protocol (Rupp et al., (2002). It was successful
in finding the solution of 6PGL, using default options.

Use of Qs (Glykos and Kokkinidis,
2000, 2001, 2003)
Qs example.in >example.log &

where example.in will look like this:

TARGET CORR-1
CYCLES 10

STEPS 1000000
STARTING_T 0.0150
FINAL_T 0.0050

INFO 1000
NOISE_ADDED 0.10
RESOLUTION 12.0 4.0
AMPLIT_CUTOFF 5.0
SIGMA_CUTOFF 0.0
RANDOM_SELECT 1.0
FREE 0.10

MODEL example.pdb
DATA example.hkl
GLOBAL_B 20.0
MOLECULES 2

SEED 357539
SCALECELL 4.0
MAXGRIDSPACING 1.0
SCMODE wilson
INTERPOLATION linear

CELL 70.315 80.852 90.31 90. 90. 90.
GROUP 19




efforts should be put into the generation of the best
possible model.

7.8.1 The best starting model

Choosing the best model, even when only one pos-
sible homolog has been detected through alignment
and/or threading methods, is not an easy task. This
is usually dealt with by running MR, in turn, with
different versions of the same model. Up to now, the
general accepted rule of thumb was to remove those
parts of the model that are suspected to be different
in the target protein. In other words, it is believed
to be better to have an incomplete model with no
error than a complete one with errors. For instance,
one could truncate all side chain atoms downstream
of the CB (except for glycine) effectively changing
the sequence into a poly-Ala; or one could choose to
keep the side-chain atoms coordinates of only those
residues that are strictly conserved between the tem-
plate and the target and mutate all the others into
alanine; or into a serine (changing the CG atom into
an OG atom) if there is a conservative substitution.

There are all sorts of possibilities, including
the one to keep all atoms inside the core of the
molecule and truncating atoms with an accessi-
bility to the solvent larger than a given criterion
(Delarue et al., 1990). Truncating loops with high
B-factors or non-conserved loops is also possible,
although it is only recently that automatic pro-
tocols have been devised to do the latter, using
information contained in the multialignement of the
sequences (Claude et al., 2004). The richest diver-
sity of approaches is the one available in MrBump
(Keegan and Wynn, 2007). When there are several
possible models (templates), the situation becomes
more difficult to handle; if there are only two or
three, they can be tried individually, say as poly-
Ala models. If there are more, as in structures
solved by Nuclear Magnetic Resonance (NMR) and
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deposited in the PDB, which usually contain 20
a priori ‘equivalent’ models, specialized protocols
have been devised and tested (Chen, 2001), some of
which are available on Gerard Kleywegt’s web site
(http://xray.bmc.uu.se/usf/factory_6.html). One
idea is to use an ‘average’ structure; another idea is
to weight each atom by a pseudo B-factor, which is
calculated by an empirical formula that is a function
of the RMSD of the position of this atom in the 20
different models of the PDB (see Protocol 7.5). This
usually works well (Wilmanns and Nilges, 1999).

7.8.2 Using homology-modelling derived
models

Up to now, models of the protein derived by
homology-modelling techniques were not heavily
used, because people were reluctant to use models
which contain some errors. In these models, all side-
chains have been reconstructed, as well as insertions
and deletions. So, in a sense, the model is more com-
plete, but it is not certain that this will facilitate the
search for the solution of the molecular replacement
solution. One fearful feature of homology modelling
is that the refinement of the model using standard
force-field tends to worsen the model, rather than
improve it, at least in test cases. Also, as there are
several homology modelling programs available on
the web, all of which use different methods (distance
geometry: Modeller (Sali and Blundell, 1993), mean-
field optimization techniques (Koehl and Delarue,
1994, 1995)) and sometimes depend on the genera-
tion of random numbers, the question arises as to
which should be used.

It is well known that the result of homol-
ogy modelling is highly dependent on the qual-
ity of the alignment between the template and
the target. Obviously, the success of MR will be
highly dependent on the accuracy of the align-
ment between the template and the target sequences

Go to Gerard Kleywegt's website (Uppsala Software
Company):
http://xray.bmc.uu.se/usf/factory_6.html

Protocol 7.5 How to handle NMR models (Chen, 2001; Wilmanns and Nilges, 1999)

Get the script in:
ftp://xray.bmc.uu.se/pub/gerard/omac/multi_probe
and follow the advice given by Y. W. Chen (2001).



http://xray.bmc.uu.se/usf/factory_6.html
http://xray.bmc.uu.se/usf/factory_6.html
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(Schwarzenbacher et al., 2004). Hence the need to
examine critically the multialignement and, in some
cases, to modify it manually. Luckily, it is now pos-
sible to couple the multialignement refining process
to the building of models, that is process simulta-
neously 1D and 3D information, and this can be
done on the fly. This allows visualization directly
on the 3D level the effect of a modification of the
alignment and makes it possible to avoid mean-
ingless alignments (ViTo, (Catherinot and Labesse,
2004)). However, it demands human intervention
and cannot be made automatic. It should be stressed
that homology modelling techniques can handle
effectively the case where several structural models
(templates) are available.

7.8.3 Detecting low-homology models (using
fold-recognition algorithms)

Recently, as became apparent during the last Crit-
ical Assessment of Techniques for Protein Struc-
ture Prediction (CASP5) competition (CASP5, 2003),
methods to detect structural homology with vir-
tually no sequence homology have become more
reliable and convincing. They are often based on
so-called metaservers, which address requests to
web-based servers of various sorts (secondary pre-
diction methods, threading methods, etc.) and then
issue some sort of a consensus score more reliably
than any of the separate methods used (Douguet and
Labesse, 2001).

One might wonder, then, if it would be possible to
use such methods to pick up remote homologs and
use them in MR problems (Jones, 2001). Obviously,
the obtained models will contain a lot of errors, so
why use them? In particular, homology modelling
programs rely heavily on the original backbone
coordinates of the template; as there is a well-known
exponential law relating the lack of sequence iden-
tity between two proteins and the RMSD of their
coordinates (Chothia and Lesk, 1986), this is indeed
worrisome. So at first sight, it might appear that this
kind of model would be useless. However, recent
re-examination of the same data show that, if one
filters out the outliers in the paired atoms of the
structural alignment, the relation between RMSD
and lack of sequence identity is no longer exponen-
tial but simply linear (Martin and Labesse, personal

communication). Therefore, by truncating the model
judiciously, keeping only the conserved core and
removing all the variable loops, one might indeed
have a useful model.

So altogether, it seems that the trend of con-
servatively using only models of high sequence
identity is now changing, as homology modelling
techniques and low-sequence identity structural
homolog detection methods are being refined, stim-
ulated by the increase in both the number of
sequences and the number of structures, and also
because automatic protocols allow for the testing
of many different models. Indeed, given the num-
ber of possibilities to generate plausible models,
clearly there is room for an automatic method trying
different things in turn, and then ranking the differ-
ent solutions. This is precisely what has been done
recently in a suite of programs such as the one called
CaspR (Claude et al., 2004), showing very promis-
ing results. This is described in more details in the
following section.

7.9 The integrated molecular
replacement method: comparison
of automatic protocols

7.9.1 CaspR (Claude et al., 2004)

CaspR is a combination of well-established, stand-
alone software tools; for a general flowchart of
the program see Fig. 7.3. First it reads an MTZ file
(CCP4), and extracts from it the unit cell parameters
and space group number. Then it runs T-Coffee
(Notredame et al., 2000) and 3D-Coffee (O’Sullivan
et al., 2004) to get the best possible alignment of
the template and the target sequences; in doing
so, it identifies variables regions that are likely to
be non-conserved in the target structure. Then it
runs Modeller (Sali and Blundell, 1993) to construct
10 different models. All these different models are
then subjected to AMoRe (Navaza, 2001) molecu-
lar replacement protocols, with all sorts of different
modifications: either truncated from the unreliable
regions or not, either as poly-Ala or not. Then CNS
(Briinger et al., 1998) is used to subject the models
with the best MR scores to a round of simulated
annealing protocol in internal coordinates space.
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Figure 7.3 General flow chart for an integrated molecular replacement structure solution protocol.

The status of the procedure can be checked on line
at any time. Once submitted, a job gets a reference
number that is sent to the user by e-mail and that has
to be quoted for consulting the job status. The data
are erased after one week.

It is our experience that even if the solution can
be obtained with more traditional MR packages,
the final R-factor and R-free obtained with CaspR
are usually much lower, thereby effectively reduc-
ing the time spent in manual reconstruction in front
of the graphics display terminal. For instance, in
the 6PGL case, the best score of the MR itself was
obtained with the truncated Model #2 of Modeller

(Corr. Coeff. =38%), but the best refined model was
Model #23 with Rwork =43.8% and Rfree =52%;
this kind of score could never be obtained with only
Rigid Body refinement.

7.9.2 TB Structural Genomics Consortium
(Rupp et al., 2002)

In the case of the TB Structural Genomics Consor-
tium (Kissinger et al., 2001), PSI-BLAST is used to
find homolog(s) in the PDB, CLUSTAL-W is used
for obtaining a multialignment, AL2TS to build the
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model(s), EPMR (Kissinger et al., 1999, 2001) to
do molecular replacement and CNS (Briinger et al.,
1998) to refine the model(s). In addition, the authors
use their own local version of ARP/wARP, called
Shake-and-wARP, to attempt automatic building of
the model in the electron density map. Clearly,
many combinations of such protocols are possible,
by using different software at each step of the whole
process.

7.9.3 G. Labesse and L. Martin (GTBio, Lyon,
June 2004)

In this case, the @TOME meta server (Douguet
and Labesse, 2001) is used to detect low struc-
tural homology three-dimensional models, as a
consensus between six different ‘threading servers’.
Then, after model building by Modeller (Sali and
Blundell, 1993), MolRep (Vagin and Teplyakov, 1997;
2000) is run, followed by refinement using Refmac
(Murshudov et al.,, 1997). In some instances, this
suite of programs was able to find the MR solution
using a model with sequence identity as low as 20%
(G. Labesse, personal communication).

7.9.4 MrBump (Keegan and Wynn, 2007)

This is the most complete program, downloadable
from CCP4 web site www.ccp4.ac.uk/MrBUMP.
Sequence multialignment is performed by MAFFT
or ClustalW. The model is edited using four differ-
ent protocols, including CHAINSAW and the one
available in MOLREP. Then either Phaser or Mol-
Rep is used for MR and finally Refmac is used
for refinement. The approach is intended more to
be exhaustive than fast, but this is not a problem
with current computers. The philosophy is sum-
marized by the author’s following statement: ‘It is
concluded that exploring a range of search models
automatically can be valuable in many cases’.

7.10 Making the most of your model
using normal modes: pushing towards
the systematic exploration of structural
diversity

A new way to take into account the structural
variability of protein structures is being actively

explored, with very promising results. It is well
known that many proteins can exist in several struc-
tural states, such as open or closed, depending on
the presence of one of their substrates. The RMSD
between the two forms is such that if one tries to
solve the MR with the wrong form, MR will fail,
while it might succeed if one uses the other form. Of
course, one might try to use both, but it may well be
that all accessible structural states of a given protein
are not deposited in the PDB.

Hinge-bending as well as shear movements have
been documented over the years, with RMSD
between the two forms of the same proteins
spanning a very large range. While hinge-bending
movements can, in principle, be tackled by dividing
the protein into individual domains and then solv-
ing the MR problem for each of the domains,
other types of movements are very difficult to
deal with, especially as they are very collective
and involve the coordinated movement of many
atoms. Recently, however, it has become appar-
ent that most structural transitions observed in
the PDB can be modelled quite accurately by the
low-frequency Normal Modes derived from a sim-
plified representation of the protein, namely the
Elastic Network Model (Krebs et al., 2002). The
Elastic Network Model (Fig. 7.4) is a simplified
representation of a protein where each residue is
represented by a single point that is linked to its
spatial neighbours (within a given radius, usually
taken as 8-12 Angstroms) by a spring of constant
strength (Tirion, 1996); it works surprisingly well
despite its simplicity and is by construction most
apt to model collective movements (Delarue and
Sanejouand, 2000). In fact, it has been shown that
most movements can be modelled with, on aver-
age, only two normal modes (Krebs et al., 2002).
As a result of advances in the computation of
such modes, there is virtually no limit to the size
of the macromolecular assembly for which low-
frequency normal modes can be calculated (Tama
and Sanejouand, 2001).

Recently, two independent applications of these
ideas to MR have been described (Fig. 7.5):

e One is intended to produce structural diversity
in the model by grid-sampling the amplitudes of
(atmost) two of the lowest-frequency normal modes;
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C-alpha trace Elastic network model

Figure 7.4 lllustration of the Elastic Network Model for thymidylate kinase (cut-off = 8 Angstroms).
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Figure 7.5 Grid sampling and refinement of the amplitudes along, successively, the first 10 Normal Modes for the glutamine-binding protein.
The open structure (TWDN) is used to calculate Normal Modes and then deformed along these Normal Modes to fit X-ray data of the closed
form (1GGG PDB code). The amplitudes are scanned from —500 to 500, using 100 grid points for each normal mode. Once the best amplitude
is found for a given Normal Mode, it remains fixed for the following searches along the next available Normal Modes. It is apparent from this
plot that no further increase of the correlation coefficient is obtained after the 5th mode has been added. The RMSD between 1WDN and
1GGG is 5.5 Angstroms. After finding the amplitudes of the 10 lowest frequency Normal Mode using this grid-based approach, Conjugate
Gradient refinement is used to further improve the correlation coefficient, reaching ultimately 26%. The initial score was 6%. The same
example is also treated in Suhre and Sanejouand (2004), with similar results.

all the produced models are subjected to a standard e The other is a refinement program using a cor-
MR protocol, leading to solutions in cases where relation coefficient with the experimental data as
all the other methods failed. This is now available a target and conjugate-gradient algorithm as the
on line as a web server called elNemo (Suhre and engine, while the only degrees of freedom are the
Sanejouand, 2004a, b). amplitudes of the lowest frequency Normal Modes
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(Delarue and Dumas, 2004). It is intended to be
used as a generalization of Rigid Body refinement,
as the six degrees of freedom of global rotation and
translation are also included as Normal Modes of
null frequency. Convincing test cases, as well as real
cases, have shown that it works well and, although
it was originally described to work with C-alpha-
only models, it has now been modified to include all
atoms in the refinement and has also been put on line
as a web-server at http://lorentz.immstr.pasteur.fr
(Lindahl et al., 2006).

7.11 How to get the best (least-biased)
starting phases

Once the best possible molecular replacement solu-
tion has been found and refined by, for example,
the CNS simulated annealing protocol in internal
coordinates space, there is a need to use the least
possible biased phases, as recently emphasized in
Rupp et al. (2002). This is usually done by using
SIGMAA-weighted maps, originally due to Read
(Read, 1986, 1990) and implemented in most crys-
tallographic packages (Refmac5 (Murshudov et al.,
1997), CNS (Briinger et al., 1998), etc.). Then, one
can go on and try to use directly automatic con-
struction methods such as ARP/wWARP (Perrakis
et al., 2001) or Resolve (Terwilliger, 2003). How-
ever, we wish to point out here that there exists
a very general formalism based on mean-field the-
ory and statistical mechanics (Delarue and Orland,
2000) which, in principle, should allow most of
the errors contained in the model phases to be
eliminated and which points to the use of other
kinds of weighted coefficients, calculated in a self-
consistent manner, as inputs to the Fourier trans-
forms to calculate the map. Even though the method
still remains to be implemented in a space-group
general program, preliminary results in the space
group P2(1)2(1)2(1) show great promise (Delarue,
unpublished work).

7.12 Special cases: phased TF and
locked RF

If, for some reason, MR failed, leaving no option
but to look for heavy atom derivatives and if, for
lack of isomorphism, the phasing power of these

derivatives does not allow for a straightforward
interpretation of the map, it is still possible to use the
experimental phases in conjunction with the model
at hand. Indeed, MR in even a poor experimental
map will in general give a much stronger signal-to-
noise ratio than regular MR based on structure factor
moduli only. This can be done in reciprocal space
using an analog of the translation function, called the
phased translation function (Bentley, 1997). This is
simply a correlation coefficient between maps of the
model placed at different origins and the experimen-
tal one. This can be carried out in reciprocal space,
where all the products of type (|Fgpg|-IFmodel|) have
been replaced by Re(Fops.Fy 4.), where Fy . is
the complex conjugate of Fy,o4el- Once the model
has been placed correctly in the unit cell of the
crystal, experimental phases can be combined with
phases from the model, followed by solvent flat-
tening using a molecular envelope derived directly
from the model. This usually results in a much
better map. However, the rotation function is still,
in general, no easier to solve than without the exper-
imental phases, so one might think that all of this
is of little use. There is, however, a way out of it,
which is to scan the entire rotation function space
with the phased translation search as a score (see
Protocol 7.6). The present author has used it in a
number of cases with success: it is, in general, com-
putationally doable and leads to a very clear signal
(Li de la Sierra et al., 2001; Delarue et al., 2002).
Another special case where the signal of the rota-
tion function could be enhanced concerns crystals
where the self-rotation function can be interpreted
without ambiguity; in this case, the so-called locked
cross-rotation function (Tong and Rossmann, 1997)
allows to search for cross rotations which are com-
patible with the self rotation function. This usually
results in a much better signal-to-noise ratio.

7.13 Concluding remarks

It seems pretty clear that easy-to-use and web-
interfaced, automated protocols will be more and
more useful in the near future. The possibility of
combining different tools at different steps of the
integrated process makes it inevitable that more of
them will be developed and open to the public.
What is good about this kind of approach is that
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1. Determine the asymmetric unit of the space group of the
rotation function of your space group (Urzhumtsev and
Urzhumtseva, 2002).
2. Write and execute jiffy code to create the (formatted)
input file to explore exhaustively rotation space:
C...

deltad = 5.

deltal = delta0/2.
do i = —imax,imax
do j = 0,jmax

do k = —kmax, kmax
alpha = alpha0 + delta0*i
beta = betal + deltal*]
gamma = gamma0 + delta0*k

enddo
enddo
enddo

Protocol 7.6 Full 6D search with the phased translation function

write(2,'(3f10.5,4x,2f11.3,i10))alpha,beta,gamma,rt,iu

The resulting formatted file will be fed to AMoRe as m1.rts,
the input file to Phased Translation Function (PTF).

3. Run AMoRe PTF in all the possible space groups (see
Protocol 7.1), after having run a test case (as in

Protocol 7.2).

4. Use perl to extract the information on the solutions with
the highest score from the (enormous) log file. Sort the
solutions.

5. Plot results using gnuplot.

the authors can keep track of both the successes
and failures of jobs submitted by the crystallo-
graphic community and use these as bench marks
and opportunities to improve their protocols. So
their performances should keep growing, provided
that crystallographers don’t shy away from them
because of confidentiality problems.

Finally, by way of setting perspectives, we wish to
point out that the only alternative to the use of many
different models successively, with the same proto-
col, until one of them gives a better signal, would
be to use all of them simultaneously, weighted by
some linear prefactor that remains to be determined.
The sum of all these prefactors for all the different
copies of the model should of course be 1. This is
actually reminiscent of some recent approaches to
the refinement of macromolecules using a multicopy
strategy, so as to take into account some inherent
flexibility of the model (Burling and Briinger, 1994;
Pellegrini et al., 1997). We suggest that refining the
weights of the different models at each orientation
of the model in the rotation function should improve
the signal-to-noise ratio of the whole procedure.
Translation function searches should then proceed

normally using the best combination of weighted
model(s) identified in this way.
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CHAPTERS

MAD phasing

H. M. Krishna Murthy

8.1 Introduction

From a relatively small beginning, nearly two
decades ago (Guss ef al., 1988; Murthy et al., 1988;
Hendrickson et al., 1988, 1989), phase calculation
using Multiple-wavelength Anomalous Diffraction
(MAD) data has become more widespread and gen-
erally used. There are many reviews that cover
diverse aspects of the process (Hendrickson, 1991;
Smith, 1991; Ogata, 1998; Ealick, 2000). This
review will concentrate on the most recent develop-
ments and experimental details, and is essentially
an update to the author’s earlier review (Krishna
Murthy, 1996).

8.2 Theoretical background

Phasing in macromolecular structure determination
entails the independent determination of the sine
and cosine functions of the phase angle. Tradition-
ally, this has been accomplished through measure-
ment of diffraction data on one or more heavy atom
derivatives of the macromolecule, and using the
Multiple Isomorphous Replacement (MIR) method-
ology. In favourable cases, a single derivative that
has measurable anomalous diffraction can also be
used, in a variation of MIR termed single iso-
morphous replacement supplemented with anoma-
lous scattering (SIRAS). MAD phasing exploits
the signals generated from atoms in crystals that
have absorption frequencies close to that of the
wavelength of incident X-rays. The theoretical
underpinnings of anomalous diffraction are cov-
ered in detail in several standard works (Blundell
and Johnson, 1976; James, 1982). A more elabo-
rate outline of the derivation of the formulae is
given in references Hendrickson (1985, 1991) and

Krishna Murthy (1996). Briefly, assuming that the
wavelength dependent structure factor expression
may be written as:

MFr(h) =Fr(h) + ) [(}Z‘;) + (Ifé/)} OF gk ()
k

0
P fi
Where

A 1 (h) is the structure factor at wavelength X

0FT(h) is the structure factor contribution from all
normal scatterers

OF i (h) is the structure factor contribution from the
kth kind of anomalous scatterer

fy and f’ = dispersive and Bijvoet components
for the kth kind respectively, of the anomalous
diffractor at wavelength %, and

f](() = normal scattering factor,

then, the experimentally measurable quantity,
namely, wavelength dependent intensity, assuming
for simplicity a single kind of anomalous diffractor
(k = 1), may be written as:

*Fr)? = PFr () +a(n)(PF 4 (h))?
+ b0 PFr ()| |°F A (h)| cos[Ppr(h) — 0 4 (h)]
+cVIPFr)[1°F 4 ()] sin0 7 (h) — ¢4 (h)]

where

a=(3) . wor=2(5),

"
c(h) =2 (%) and f2 = (f?+ )12
Also 0c]>T(h) is the phase of Of 7(h) and 0(1) 4(h) is the
phase of Us Ah).
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There are three unknowns in these equations:
PEr @], (°Fa(h)| and “gr(h) — o4 (h) = A

The quantities, a()\), b()\), and c()) are, by def-
inition, scalar functions of f’ and f” and can be
estimated through direct measurements of these
quantities, without knowledge of the structure. His-
torically, in early work on MAD phasing, these
three unknowns were determined through an alge-
braic method due to Karle (1980). Measurements
at several wavelengths provided the over deter-
mination needed for a least squares determination
of these unknown parameters (Hendrickson, 1985).
Although the above relations treat the case of a
single anomalous scatterer, the methodology can,
in principle, be generalized to several anomalous
scatterers.

Most of the later applications of MAD phasing
have, however, followed the treatment of MAD
phasing as a special case of the MIR phasing
approach. Following a suggestion by Hendrickson
(Hendrickson, 1991), the first practical application of
this approach was in the determination of the struc-
ture of a fragment of histone H5 (Ramakrishnan et al.,
1993). This approach has the advantage that the sig-
nificant body of theoretical knowledge accumulated
in the application of the MIR procedure, as well
as the numerous programs that implement it, can
directly be used in analysis of MAD data. The basic
tenet of the MAD as a special case of MIR approach is
to treat the data measured at one of the wavelengths
as ‘native’. Data measured at the other wavelengths
are then treated as a set of derivatives; dispersive
differences play the role of isomorphous differences
while the Bijvoet differences provide the orthogo-
nal, anomalous information; their traditional role
in MIR. The theoretical basis of this approach is
detailed in a review by Ramakrishnan and Biou
(1997). However, a limitation of this approach is that
it cannot be easily generalized to the case of multiple
types of anomalous scatterers within a unit cell or to
multiple MAD data sets. In addition, one set of data,
the ‘native’, is arbitrarily treated as not containing
an anomalous component. This latter assumption
is, in most MAD data measurement regimes, quite
unjustified. A modification, which approximates a
pseudo SIRAS situation, is based on the sugges-
tion that the magnitude of anomalous diffraction is

small, compared to the total diffraction from a unit
cell. This approach permits ready generalization to
the simultaneous presence of many kinds of anoma-
lous scatterers in the asymmetric unit (Terwilliger,
1994a). Briefly, the pseudo SIRAS formalism may be
summarized as below.

Denoting by F+()\j) and F~ (%)), the two compo-
nents of a Bijvoet pair, at wavelength Aj, the average
structure factor amplitude at that wavelength is
given by

- 1 _
FOy) = SIFT 0+ F 0]
and the Bijvoet difference by
Apno(h) =FF () =F~ ()
To achieve analogy with MIR, the normal and

anomalous diffraction parts for a reflection are
expressed as separate quantities,

F(xj) = [Fo +Fy ()l
where Fy and Fyy())) are the structure factor for
all the non-anomalously scattering atoms and that
for just the anomalous scatterers, respectively. The
method then goes on to derive estimates for F,
Aano(ho) and F(hg), where the subscript ‘0" indi-
cates that one of the wavelengths that the data have
been measured at can be arbitrarily chosen for this
evaluation. An estimate for FH()\j), the structure
factor at any of the wavelengths other than the
chosen one, can be derived from the observation
that anomalous scattering changes in magnitude
with wavelength although the phase is wavelength
independent,
fo+f' )
fo+f' (o)
where the terms containing the f’s represent the
real part of the scattering factor for the anomalous
scatterers.

An approximation to Aang (ko) is also estimated

from similar arguments (Terwilliger and Eisenberg,
1987),

Fa(:j) = Fa(v)

N )

Aano O\j) ~ Aano ()\O)m
If one assumes that the anomalous component is
small relative to the normal scattering from the unit

cell contents, then

f(xj) ~ Fg + Fy (1)) cosa



Where a is the difference in the phase angle between
the anomalous and non-anomalous structure fac-
tors, the equivalent of A¢ in the Hendrickson formu-
lation above. From these isomorphous equivalents
from the MAD data can be formulated

Algo(hp) ~ Fg(hg) cosa

FO00) — ()

From this, one might estimate approximate values
for Fy and F()g),

~ [fo+f )]

_ fo+£0y)
Fo ~ F(:j) — AISO(Xo)m

F(np) ~ F + Agso(ho)

Setting up a formal equivalence between MAD
and MIR data representations is very useful for com-
bining information from two different sources, for
cases in which each by itself is insufficient for struc-
ture solution. These sources could, for example, be
MAD data sets determined from crystals with dif-
ferent types of anomalous scatterers; or a MAD and
a MIR data set. The assumption, that anomalous sig-
nals are small compared to normal scattering, leads
to some errors, primarily in the estimation disper-
sive differences. These errors, however, have been
estimated to be no larger than about 4% (Terwilliger,
1994a). An alternative formulation, that does not
depend on either assuming a special ‘error free’ data
set or that the anomalous signal be small, has also
been described (Bella and Rossmann, 1998). The
method is based on an earlier, theoretical approach
developed for MIR which treats all isomorphous
data sets as equivalent, in terms of error analysis
(Cullis et al., 1961). It is also easily extensible to mul-
tiple kinds of anomalous scatterers, as well as MAD
experiments made on different crystals.

More recently, efforts have also been made to
develop direct approaches to the calculation of
phases from MAD data. A method that augments
other MAD phasing approaches, through improv-
ing poorly estimated phases, has been suggested
(Fan et al., 1990). The method decomposes the
MAD data into a series of one-wavelength anoma-
lous scattering (OAS) subsets. A subset of MAD
phases with the highest figures of merit are used
as a starting point, and improved phases for the
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more poorly determined phases computed through
the OAS phase-ambiguity resolution procedure (Fan
et al., 1990). The direct methods phase probabilities
for each phase are determined from each of the OAS
subsets, through a modified tangent formula, and
an improved phase set is generated through com-
bination with the starting MAD phases, weighted
with their associated figures of merit (Gu et al.,
2001). Estimation of phases from MAD data through
computation of the joint probability distribution
functions for each phase, based on earlier direct
methods approaches, has also been reported. A prob-
ability distribution function approach had earlier
been developed for estimation of |0F A(h)| values
(Giacovazzo and Siliqi, 2001; Burla et al., 2003). It has
been combined with a procedure for estimation of
the probabilities for 3 (h)| and Od)T(h), using nor-
malized structure factors, derived from measured
MAD data, to provide a complete solution to the
MAD phasing problem. The theoretical principles
and application to a number of test data sets have
been described (Giacovazzo and Siliqi, 2004).

8.3 Experimental considerations

The following sections address some of the choices
that need to be made in the design and implementa-
tion of MAD experiments. Examples are taken from
the work in the author’s laboratory since he is most
familiar with those.

8.3.1 Incorporation of anomalous scatterers

The best atomic types to include as anomalous scat-
terers are those that produce the largest absorption
and dispersive signals. Electrons in the L and M
shells of atoms are less strongly held by their nuclei
and generate larger f and f” signals. Most reported
MAD experiments have been performed at either
a K or L edge, although at least one has used
an M edge (Liu et al,, 2001). Absorption curves
for the selenium K-edge and holmium L-edge are
shown in Fig. 8.1. Note that the f and f” magni-
tudes for selenium are in the 4-5 electrons, while
the corresponding values for holmium) are in the
18-20 electron range (Merritt, 1998). Techniques
for the introduction of anomalous scatterers can be
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Figure 8.1 Theoretically calculated " and 7" values as a function of wavelength in the vicinity of the K absorption edge of selenium (a)

and the L edge of holmium (b).

broadly divided into two kinds; those that are spe-
cific to a particular macromolecule and the more
general techniques. Many proteins, for instance,
have metal binding sites and are, in their physio-
logical states, associated with metal ions. In many
cases these metal ions have absorption edges that are
either at very long wavelengths or do not produce

very strong signals. They can however be replaced
by metal ions that have larger signals, if neces-
sary by first chelating out the naturally associated
ions. For example, in the solution of the structure
of Tag DNA polymerase the native Mgt were
replaced by Hot*+™ ions, by first soaking the crys-
tals in o-phenanthroline/EDTA to extract the Mg+,



followed by soaking in HoCls. Although MAD
phasing was not used in this particular structure
determination, it illustrates the potential for incor-
poration of atomic species which can provide larger
anomalous signals (Urs, 1999). Other types of spe-
cialized techniques include labelled substrates or
inhibitors that carry atoms or groups that scatter
anomalously.

The most broadly used, general technique is
the replacement of methionines in proteins by
selenomethionines. The technique, initially intro-
duced by Hendrickson and coworkers (Hendrickson
et al.,, 1990), has been widely used. Essentially,
it involves expression of the cloned protein of
interest in a methionine auxotrophic strain with
exogenously provided selenomethionine as the sole
source of this amino acid. Several reviews that
describe the technology and the problems involved
(Hendrickson, 1998), including methods for replac-
ing both methionine and cysteine residues by their
seleno analogs (Strub et al., 2003), and replace-
ment of other residues by methionines to generate
sites for selenium atoms (Gassner and Matthews,
1999), are available. Although achieving incorpo-
ration of selenomethionines into proteins expressed
in non-bacterial cell cultures is still in many cases a
challenge, it has been accomplished in some cases
(Lustbader ef al., 1995; Wu et al., 1994). Techniques
for introduction of selenium into nucleic acids and
oligonucleotides have also been described (Teplova
et al., 2002).

A second set of general methods is the classical
approach used for derivatization of crystals in MIR
phasing (Garman and Murray, 2003). One of the
advantages of MAD methods over MIR is that iso-
morphism is not a requirement. The structure of a
derivatized protein that is non-isomorphous with
the native can be determined directly from MAD
data, and the native structure subsequently deter-
mined through molecular replacement, if necessary.
Among the more recent developments in techniques
of anomalous scatterer incorporation are those that
involve binding of anomalous scatterers to macro-
molecular surfaces using short soaks. Compounds
that can be used include both negative ions such
as bromide (Dauter, 2000, 2002) as well as positive
ions such as rubidium (Korolev et al., 2001). In addi-
tion, binding cavities in proteins for inert gas atoms
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such as argon and krypton have been utilized for this
purpose (Cohen et al., 2001; Quillin and Matthews,
2003). For larger proteins, clusters of heavy atoms
have been successfully used (Rudenko et al., 2003).
Bijvoet (Spjj—calc) and dispersive (Spjs_calc) signal
levels expected from the incorporated anomalously
scattering species can be estimated through use of
the following formulae:

2 2
oo (N2 (NANYE (Frear )
Bij—Calc ) Np Zoft

S _(1 172 % 172 |f1::dge_fI/{emote|
Dis—Calc = | 5 Np Zot

where

N4 = number of anomalous scatterers

Np = number of non-hydrogen atoms in the macro-
molecule

Zogs = effective scattering factor of an atom (6.7 for
protein atoms).

8.3.2 Choice of wavelengths

Generally, data at three wavelengths is preferred for
determination of both Bijvoet and dispersive differ-
ences, in case of a single anomalous species in the
unit cell. Although in principle, the remote wave-
length can double as the peak wavelength, as long
as it is on the short wavelength side of the absorp-
tion edge (Peterson et al., 1996), use of an additional
wavelength improves accuracy and precision of the
determined phases (Hendrickson, 1991). In particu-
lar for methods that use least squares calculations in
estimation or refinement of parameters, it provides
valuable additional observations. Bijvoet differences
are determined by measurements of either Bijvoet
or Friedel mates at the wavelength corresponding to
the absorption peak, or on its short wavelength side.
Dispersive differences require the measurement of
intensities at two different wavelengths, one at a
wavelength close to the inflexion point of the absorp-
tion spectrum (Fig. 8.1), and a second one far enough
away to enable as a large a signal as practicable. It is
important, in many cases, to measure the absorp-
tion spectrum from the crystals under study since the
environment of the anomalous scatterer might sig-
nificantly change the position of the infection point
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of the f’ curve from its theoretically calculated posi-
tion (Fanchon and Hendrickson, 1990). It is also
clear, from Fig. 8.1, that the f’ curve varies very
rapidly, as a function of wavelength, near the inflec-
tion point. Since the magnitude of the measured
dispersive signal is dependent on the difference in f’
values between the inflection point and the ‘remote’
wavelength chosen, prior accurate determination
and representation of the f’ curve is important. The
f" and f” values are generally determined from flu-
orescence measurements that are then transformed
into f” and f” values through use of programs such
as CHOOCH (Evans and Pettifer, 2001) that use
standard transformations (Cromer and Lieberman,
1970) for the purpose. Wavelengths at which to
measure data can then be directly read off from f’
and f” curves plotted as a function of wavelength.
For measurement of Bijvoet signals the choice of
wavelength is less critical, at least if one ascertains
that the monochromator is positioned on the lower
wavelength side of the absorption curve, as the
absorption continues to be high at longer distances
from the peak value (Fig. 8.1). Acquisition of flu-
orescence scans, derivation of the absorption and
dispersion curves, and suggestion of wavelengths
for data measurement are completely automated at
most synchrotron beam lines. There are also web-
sites, such as that at the University of Washington
(Merritt, 1998), which permit theoretical estimates
of f/ and f” values for potential anomalous scatter-
ers to be obtained, as well providing other useful
information for experimental design. In addition,
other prescriptions for making optimal wavelength
choices are available (Narayan and Ramaseshan,
1981; Burla et al., 2004).

As a practical example, the theoretical spectrum
and the wavelength choices made for measurement
of MAD data for vaccinia complement-control pro-
tein (VCP) are shown in Fig. 8.2. There were two
crystal forms of the protein, in space groups P212124
and C222. One heavy atom derivative, Eut** and
AutTT, respectively, for each of them was obtained
and MAD data were collected on each of them
on the X4A beam line at NSLS. The structure was
eventually determined, through MAD phasing for
the P27212crystal form and the structure in C222
determined using molecular replacement (Murthy
et al., 2001).

8.3.3 Data measurement and processing

Data precision and accuracy are generally important,
but acquire additional importance due to the small
size of MAD signals. Although some multiwave-
length data have been measured on laboratory
sources (Hendrickson et al., 1986), synchrotron beam
lines are the most practical sources for such mea-
surements. Signals at K absorption edges tend to
be numerically smaller than those at the L and M
edges (Fig. 8.1) and somewhat larger errors can be
tolerated in the latter cases. When data measure-
ments were usually made with crystals mounted
within capillaries, it was customary to enhance
precision in measured Bijvoet mates by orienting
crystals such that reflections related through Friedel
symmetry were measures on the same frames, at
nearly the same time (Murthy et al., 1988, 1999).
However, with flash-frozen crystals, orientation
along real or reciprocal crystal axes is not practi-
cable. Thus in generally for data measurement on
flash-frozen crystals the inverse-beam geometry is
preferred (Hendrickson, 1991). The time required
for movements of the goniometer motor to mea-
sure data in the inverse-beam geometry would
worsen potential radiation damage to the crys-
tal. Although measurement of data on flash-cooled
crystals has reduced the severity of radiation dam-
age it is still a significant problem, even at -100°C
(Garman, 2003). In most cases this conundrum is
addressed by measuring data in blocks of 30°- 45°
before swinging the goniometer to the correspond-
ing inverse orientation, and alternating until all
the data needed are measured. If needed, even
smaller blocks can be used for crystals that show
little decay. A review by Gonzalez (2003) has greater
detail on data measurement principles and practices,
including measurement of MAD data. Processing
of data at each wavelength is done as it is for sin-
gle wavelength experiments, with the proviso that
the Bijvoet differences are not merged, at least at the
peak wavelength.

The most popular processing programs in
current use are probably DENZO/SCALEPACK
(Otwinowski and Minor, 1997) and MOSFLM
(Project, 1994). Careful scaling is particularly
important to preserve the relatively weak anomal-
ous signals, and minimize the consequences of
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Figure 8.2 Theoretically calculated f” and f curves in the neighbourhood of the L edges of europium (solid line) and gold (dashed line) are
shown. Wavelengths that were chosen for measurement of peak, inflection point and remote data in each case are marked by arrows and labelled.

measurement errors (Borek et al., 2003). Both scaling
of multiple measurements within a wavelength as
well scaling equivalent observations across different
wavelengths are equally important. Most successful
MAD experiments have used local scaling proce-
dures that divide the data into small segments based
on resolution and the time at which they were
measured (usually parameterized as detector frame
number). Althoughwehavefound thatSCALEPACK
issomewhatless flexible in thisregard, SCALA of the
CCP4 system (Project, 1994) gives excellent results.
Multiparameter scaling has also been incorporated
into SCALEPACK (Otwinowski et al., 2003). The pro-
gram system MADSYS (Hendrickson, 1991) also has
a very comprehensive set of local scaling capabili-
ties. In addition, the SOLVE/RESOLVE (Terwilliger,
2003) system also provides a variety of multiparam-
eter scaling options. A set of statistics for MAD data,
measured for the Eut** derivative of VCP, scaled
using a resolution shell based local scaling option in
SCALA is shown in Table 8.1. A set of theoretically
estimated diffraction ratios assuming the presence
of one to four Eu™" ions in the asymmetric unit is
also given at the bottom of the table. The numbers in

the Bgjg column are measured diffraction ratios cal-
culated using the formula at the foot of the table, with
those computed for the centrosymmetric pairs in that
resolution bins in parentheses. The theoretically esti-
mated ratios are computed at zero scattering angle,
and their comparison with the Bijvoet signal in the
lowest resolution bin would lead one to expect three
tofour Eut++ intheasymmetricunit. Comparison of
thedispersivesignalslisted in the Dg;g columnis con-
sistent with this expectation. The measured signals
increase in both absolute magnitude and relative to
the expected signals. This is expected since the B fac-
tors that engineer a fall off in intensity affect the inner
shell electrons, which are responsible for the anoma-
lous effects, less severely. However, some of this
advantage is offset by the larger relative error levels
in intensity measurements at higher resolutions.

8.3.4 Phase calculation and refinement

The first task is the determination of the positions of
the anomalous scatterers.

I°Fr ()|, °F4 ()] and Yo7 (h) —0 4 (h) = Ao
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Table 8.1 Observed and expected MAD signals for VCP

Resolution (&) Bgig (centric) Dsig (Rsym)
4.20 0.092 (0.016) 0.097 (0.011)
3.33 0.097 (0.019) 0.086 (0.027)
2.91 0.114 (0.030) 0.131(0.024)
2.85 0.173 (0.047) 0.147 (0.051)
2.46 0.191(0.049) 0.169 (0.066)
2.31 0.215 (0.060) 0.182 (0.083)
Expected signals for Ny = 1 2 3 4 (f" =10.7,f = -183
Np = 1400, Zys = 6.7)
Bijvoet 0.037 0.052 0.064 0.074
Dispersive 0.032 0.045 0.055 0.063

Z |F+Peak _ F—Peakl Z ‘FEdge _ FRemotel

B — _Nref Do — _Nref
97 9,0y (FrPesk  p—Peaky 9T 5 3 (FEdge 4 FRemote)
Nref Nref
Zf [I=(l
N
Rsym = reT where (/) = ’\%f /;/Nobs
Nref

In the original, algebraic implementation, this was
done by determination of the three unknown
quantities through least squares minimization of the
MAD equation:

|*Fr(h)[?
= "Fr()? + a0 PFAM)?
+bO)IFr W) *FA )] cos [ o7 () — o 4w
+ 00 P @I Fal ) sin [ o7 — Yo |
Making the following substitutions,
p1="Fr® py = PFat?,
p3 = "Fr| [’ cos [ Cor(h) ~0 g4 (h) ]
and
pa = Fr@)|"Fa]sin ["or ) = o4 h)]
the MAD equation can written as
MFr®)l® = p1 +a()pa +b()ps +c(ps = Ye

From which the p’s can be determined by fitting
the measured Bijvoet and dispersive differences,
along with the knowledge of the f’ and f” val-
ues, as described in Krishna Murthy (1996) and

Hendrickson (1985). It follows that:

°Fr)| = op1, PFa)| = /p; and
Ad =7 (h) - (h) = tan~ ! (py/p3)

The |0F A(h)| values thus derived can be used to
determine the positions of anomalous scatterers
through computation of a Patterson synthesis, or
by other methods. This step leads to the knowl-
edge of %4 (h), and since Adp =0 ¢r(h) =09 (h),
the Oc])T(h) for each reflection can be computed. All
of these steps are implemented in the MADSYS
(Hendrickson, 1991) system of programs.

In implementation of MAD as a special case of
MIR, the well developed theoretical foundation for
MIR (Blundell and Johnson, 1976), and the program
system that has long been in use can directly be
used (Ramakrishnan and Biou, 1997). The anoma-
lous scatterer positions are determined either from
Patterson functions or from the use of direct meth-
ods, and the phases calculated and refined using a
robust maximum likelihood target (La Fortelle and
Bricogne, 1997). For example, the CCP4 program
MLPHARE can be used for this purpose (Project,
1994). Some details from the structure determina-
tion of the dengue virus serotype 2 (Den2) pro-
tease complexed with the mung bean Bowman-Birk



type inhibitor (MbBBI) will be used as an example
(Murthy, 2000). The asymmetric unit of the crys-
tals, space group P272121, consists of two molecules
of the enzyme, in complex with one molecule of
the inhibitor. The asymmetric unit, overall has a
two-fold non-crystallographic symmetry which is
very approximate for the inhibitor and somewhat
better for the two protease molecules. The MbBBI
sequence shows evidence of having evolved through
gene duplication, leading to inexact, but discernible,
sequence symmetry (Chen et al., 1992). One heavy
atom derivative, by soaking in HoC13, was obtained,
and turned out to be non-isomorphous with the
native. MAD data were measured at three wave-
lengths at APS on the IMCA beam line at three
wavelengths bracketing the LIII edge of Hott+
to a resolution of 2.1A (Terwilliger, 2002). Four
Ho™*+ sites in the asymmetric unit were deter-
mined through Patterson functions, using SOLVE
(Terwilliger, 2003), although the automated struc-
ture solution capabilities of the program were not
used. The estimated f’ values at the three wave-
lengths were —18.4 (inflection point), —12.0 (Peak),
and —9.0 (Remote). The positions, occupancies, and
B factors of the sites determined were refined in
MLPHARE (Project, 1994). The data at the inflection
point were treated as the native data, because they
had the most negative estimated f’, which would
give positive real occupancies for the heavy atom
sites in the MIR formulation

Q o f (FpHi) — f(FP) = finflection — fPeak /Remote

of the problem. The anomalous occupancies are
determined by the f” values that are estimated at
the different lengths. The heavy atom refinement
produced an improvement from the initial figure of
merit of 0.47 to a final one of 0.53. It was further
improved using density modification and averag-
ing, by exploiting the two-fold symmetry within the
asymmetric unit, to 0.66. An electron density map
using these phases could be readily interpreted in
terms of the complete structure (Murthy et al., 2000).

SOLVE/RESOLVE is a program system that
permits automation of all the steps between pro-
cessed data and interpretation of phased maps.
These include scaling of data measured at multi-
ple wavelengths, location of anomalous scatterers,
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phase calculation and refinement, phase improve-
ment through density modification algorithms, and
interpretation of resulting maps in terms of a molec-
ular model (Terwilliger, 1997a, 2003, 2004). The
approach implemented in this program system to
the determination of anomalous scatterer positions
is based on Bayesian statistics that takes into account
correlated errors between measurements at different
wavelengths. The theoretical basis of the approach
is described in Terwilliger (1994a, 1997b, 1997c). The
|OF 4(h)| and a quantity o, which is closely related
to A¢, are computed through a Bayesian probabil-
ity estimate from the input MAD data (Terwilliger,
1994b). The anomalous scatterer positions implied
by the |0F '4(h)| and o are verified by correlation of
the calculated Patterson function and the observed
functions, that are computed from the Bijvoet and
Dispersive differences. Additional verification of the
correctness of the solution is done through cross-
validation difference Fourier maps. The quality of
the obtained solutions is expressed as Z-scores,
which compare the figures of merit for a particular
solution with those for random values of estimated
parameters. The score thus provides an estimate of
the probability of having obtained the solution by
chance. In the final calculation of phases, an error
formulation, broadly based on the Blow and Crick
error model (Blundell and Johnson, 1976), explic-
itly considers errors that are propagated to structure
factor calculation at each wavelength due to inaccu-
racies in the anomalous scatterer model, and leads
to maximum likelihood estimates for the |0FT(h)|
and Y97 (h). Native maps computed using these
quantities are improved through density modifica-
tion procedures. The SOLVE/RESOLVE system was
used for the solution of the VCP structure, although
solvent flattening, symmetry averaging, and build-
ing of the atomic model was done outside of it.
The MAD data for the Euttt derivative, statis-
tics for which are listed in Table 8.1, were used.
SOLVE suggested the presence of four Eut+™ sites
in the asymmetric unit, which is in substantial agree-
ment with the estimate derived from comparison
of expected signals with measured diffraction ratios
detailed above (Table 8.1). The solution obtained had
an overall Z-score of 29.3, with a figure of merit
of 0.65 to a resolution of 2.2 A. This improved to
0.78 on solvent flattening and non-crystallographic
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symmetry averaging of the density due to the two
copies in the asymmetric unit. A model of the com-
plete molecules could easily be built into a map
computed with these phases (Murthy, 2001).

Although heavy atom or anomalous scatterer posi-
tions have traditionally determined from Patterson
maps, alternative techniques are available. Espe-
cially in cases where the number of anomalous
scatterers is large, direct methods have been used.
In fact, in the determination of the low resolution
structure of Clostridium acdi-urici ferredoxin through
MAD phasing (Murthy, 1988), the positions of the
iron-sulphur clusters was located using MULTAN
(Germain ef al., 1970). Because the data measured
from the crystals were limited to about 5A, no
attempt could be made to obtain individual Fe and
S atomic positions. A selected set of IOF 4(h)| val-
ues were input to the program for computation of E
values and to obtain a very straightforward solu-
tion for the centroids of the two clusters in the
asymmetric unit by using the phase set with the high-
est combined figure of merit. Although Patterson
methods have been used to determine substruc-
tures containing as many as 50 atoms (Terwilliger,
1997a), Direct Methods are becoming increasingly
popular for this purpose. For example, the 15
Se positions in selenomethionyl T7 DNA poly-
merase were determined (Doublie et al., 1998) using
SHELXS86 (Uson and Sheldrick, 1999). Newer pro-
grams such as SnB (Howell, 2000) have also had
remarkable success in determining large substruc-
tures of anomalous scatterers in macromolecules.
Thirty Se positions in selenomethionyl substituted
S-adenosyl-homocysteine hydrolase (Turner et al.,
1998), 48 Se positions in the selenomethionyl EphB2
receptor (Thanos et al., 1999), and 65 Se positions in
selenomethionyl ADP-L-glycero-pD-mannoheptose 6-
epimerase (Deacon and Ealick, 1999) have all been
successfully determined using SnB. The CCP4 pro-
gram system also offers direct methods based tech-
niques for determination of anomalous scatterer
positions through the RANTAN (Yao, 1981) and
ACORN (Yao, 2002) programs.

In most cases, structures are determined from
MAD data measured on a single crystal. This makes
the processed data inherently more precise and accu-
rate, because scaling across crystals can be avoided.
Asecond circumstance that contributes to the quality

of MAD phases is the fact that the data come
crystals that approximate true isomorphism more
closely than MIR data. Nevertheless, there might
be cases in which the anomalous signal might be
too weak to provide a complete solution, although
approximate phases can be obtained. Classically, it
has been possible to combine structural informa-
tion from more than one source through combina-
tion of suitably weighted phases. This is generally
accomplished by multiplication of the probabil-
ity distribution function for the phase from each
source (Hendrickson and Lattman, 1970). A prob-
ability density function representation for MAD
phases has been derived (Pahler et al., 1990) and
such functions have long been available for MIR
and model phases (Blundell and Johnson, 1976).
Currently the most widely used improvement tech-
nique for initial phases from any source is that of
statistical density modification (Cowtan and Main,
1998; Cowtan and Zhang, 1999). SOLVE/RESOLVE
has algorithms that implement such techniques
(Terwilliger, 2001, 2002), as do programs in the CCP4
system (Project, 1994). Non-crystallographic sym-
metry can also be used to improve the quality of
initial phases obtained from any source including
MAD phases.

MAD phasing has, over the past decade, become
one of the most widely used techniques to determine
macromolecular structures. Its increasing appeal can
be attributed to a succession of advances in the theo-
retical foundations, data measurement, processing,
and analysis as well as parallel developments in
refinement of initially obtained phases. Currently
ongoing work, in extending data measurement at
synchrotrons to longer wavelengths, is likely to per-
mit the use of K absorption edges of native sulphur
atoms in proteins and phosphorous in nucleic acids
as potential MAD signal generators.
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CHAPTERY9

Application of direct methods to
macromolecular structure solution

Charles M. Weeks and William Furey

9.1 Introduction

The phasing technique known as direct methods is a
powerful tool for determining protein structures. It
has been shown that these methods, as implemented
in computer programs such as SnB (Miller et al., 1994;
Weeks and Miller, 1999), SHELXD (Schneider and
Sheldrick, 2002), and SIR2000 (Burla et al., 2000),
are capable of solving small protein structures pro-
vided that a single set of unique diffraction data has
been measured accurately to atomic resolution (1.2 A
or better). Such applications have been made to
structures containing as many as 2000 independent
non-hydrogen atoms (Frazao et al., 1999). Success-
ful applications in the 1.2-1.7 A range have been
reported occasionally (Chowdhury et al., 2005; Burla
et al., 2003) and are more likely when a number
of sulphur (or heavier) atoms are present. In addi-
tion, by using helical fragments as a starting point,
the direct-methods program ACORN (Foadi et al.,
2000) has been able to phase small proteins at 1.45 A
(Rajakannan et al., 2004b) and 19A (Rajakannan et
al., 2004a) resolution.

In most cases, however, the protein molecules
are larger or the resolution of the data is lower,
and phasing becomes a two-stage process. If two or
more intensity measurements are available for each
reflection with differences arising only from some
property of a small substructure, the positions of the
substructure atoms can be found first, and then the
substructure can serve as a bootstrap to initiate
the phasing of the complete structure. Suitable sub-
structures may consist of heavy atoms soaked into a
crystal in an isomorphous replacement experiment,
or they may consist of the set of atoms that exhibit

resonant or anomalous scattering when the wave-
length of the incident radiation is near the absorption
edge of a particular element. In the case of single
isomorphous replacement (SIR) or single anoma-
lous dispersion (SAD) data, the application of direct
methods to difference structure-factor amplitudes
|AF|iso (= | |Fpyl| — |Fp||) and |AF|ano (= | |[F + | —
|F — 1), respectively, is an excellent way to locate the
heavy-atom sites. (The notation used for the struc-
ture factors is Fp (native protein), Fpy (derivative),
AF or F 5 (substructure), F+and F— (for respectively,
in the presence of anomalous dispersion)). Multiple
isomorphous replacement (MIR) data can be accom-
modated simply by treating the data separately for
each derivative, and multiple-wavelength anoma-
lous dispersion (MAD) data can be handled by
examining the anomalous differences for each wave-
length individually or by combining them together
in the form of Fp structure factors (Karle, 1989; Hen-
drickson, 1991). The dispersive differences between
two wavelengths of MAD data also can be treated
as pseudo-SIR differences. Since heavy atoms are
rarely closer than 3—4 A, the resolution of the data
typically collected for isomorphous replacement or
MAD experiments is sufficient for direct-methods
determination of substructures. At least a dozen
proteins with selenomethionine (SeMet) substruc-
tures containing more than 50 Se sites have been
solved by direct methods, and the largest of these,
ketopantoate hydroxymethyltransferase, has 160 Se
sites (von Delft et al., 2003).

Since the great majority of direct-methods appli-
cations to macromolecules involve the solution of a
substructure as an intermediate step, this is the type
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Table 9.1 Test data: methylmalonyl-coenzyme A epimerase from

Propionibacterium shermanii

PDB accession code 1JC4
Derivative Selenomethionine
Space group P24

Cell constants

Asymmetric unit contents:

a=43.60, b= 78.62,
€=189.43,8 =91.95

number of chains 4 (identical)
residues per chain 148
S containing residues per chain 7 Met and 2 Cys
substructure Se24
Matthews coefficient (Vi) 2.01 A/Dalton
Solvent fraction 0.36
MAD data:
maximum resolution 21A
wavelengths* IP (0.9793), PK (0.9792),
HR (0.9184)
! —9.16, —7.49, —0.92
" 8.20,8.22,4.23

*Wavelength abbreviations are IP (inflection point), PK (peak), and HR (high-
energy remote).

of application that will be described in this chapter.
Although any of the common direct-methods pro-
grams could be used to phase substructures, certain
programs are more convenient because they are part
of a program pipeline that makes it possible not only
to determine the substructure, but also to phase the
protein itself and possibly to perform other down-
stream operations. Pipelines increase the potential
for automation and, therefore, higher throughput.
Examples of program packages that have pipelines
involving direct methods are the following: (a) the
authors” own program BnP (Weeks et al., 2002) con-
sisting of the subprograms DREAR (Blessing and
Smith, 1999), SnB (Weeks and Miller, 1999), and
components of the PHASES suite (Furey and Swami-
nathan, 1997); (b) the set of programs XPREP (Bruker
AXS, 2005), SHELXD (Schneider and Sheldrick,
2002), and SHELXE (Sheldrick, 2002) written by
George Sheldrick; (c) the PHENIX package (Adams
et al.,, 2004) which includes the direct-methods
program HySS (Grosse-Kunstleve and Adams,
2003); and (d) autoSHARP (Bricogne et al., 2003).

In the following sections, the steps required to
carry out the two-stage phasing process for pro-
teins are described in detail and illustrated through

the application of BnP to the MAD data set for
the selenomethionine derivative of methylmalonyl-
coenzyme A epimerase from P. shermanii (PDB acces-
sion code 1JC4) (McCarthy et al., 2001). Background
information about this enzyme and its data set is
summarized in Table 9.1. The BnP program has
two operational modes, automatic and manual. In
automatic mode, which is geared to routine high-
throughput applications, the user needs only to
specify a few parameters, and the entire two-stage
phasing process from substructure determination
through phase refinement and solvent flattening is
chained together and started by clicking a single
button. On the other hand, manual mode is avail-
able for large structures or difficult problems with
marginal data, and it allows the user to control many
parameters and to execute the major steps in the
phasing process sequentially.

9.2 Data preparation

As will be described in Section 9.3, direct methods
are techniques that use probabilistic relationships
among the phases to derive values of the ind-
ividual phases from the experimentally measured
amplitudes. In order to take advantage of these rela-
tionships, a necessary first step is the replacement
of the usual structure factors, F, by the normalized
structure factors (Hauptman and Karle, 1953),

N
|Enl = |FH|/ en ) ff (1)
j=1

where the f; are the scattering factors for the N atoms
in the unit cell and the integers ey (Shmueli and
Wilson, 1996) correct for the space-group-dependent
higher average intensities of some groups of reflec-
tions. The quantity (|E[?) is always unity for the
whole data set, hence the term ‘normalized’. The
Fs express the scattering from real atoms with a
finite size whereas Es represent scattering from point
atoms at rest, and the effect of dividing by a func-
tion of f; is to eliminate any fall-off of intensity as a
function of sin(0)/A. The distribution of |E| values
is, in principle, independent of the unit cell size and
contents, but it does depend on whether a centre of
symmetry is present. Statistics describing the distri-
bution of |E| values for the peak-wavelength data



Table 9.2 Normalized structure-factor magnitude statistics for the
peak-wavelength data for methylmalonyl-coA epimerase (1JC4)

Experimental Theoretical

Acentric Centric Acentric Centric
UED 0.885 0729  0.866 0.798
(IE1%) 1.002 0.834 1.000 1.000
(1E1Z = 1)) 0.757 0.903 0.736 0.968
Fraction |E| > 1 0.351 0.258 0.368 0.320
Fraction |E| > 2 0.023 0.034 0.018 0.050
Fraction |E| > 3 0.0003 0.002 0.0001 0.003

for methylmalonyl-coenzyme A epimerase (1JC4)
are shown in Table 9.2. Comparison of the observed
experimental values to the theoretical values for
centric and acentric data shows how closely the
observed distribution matches the expected.

Normalization can be accomplished simply by
dividing the data into concentric resolution shells,
taking the epsilon factors into account, and applying
the condition (|E|?) = 1 to each shell. Alternatively,
a least-squares-fitted scaling function can be used
to impose the normalization condition. The proce-
dures are similar regardless of whether the starting
information consists of |F|, |AF| (iso or ano), or
|Fal values and leads to |E|, |Eal, or |[Ea| values.
Mathematically precise definitions of the SIR and
SAD difference magnitudes, |Ea|, that take into
account the atomic scattering factors |fj| = |ij +
f].’ + ifj” | have been derived and are implemented
in the program DIFFE (Blessing and Smith, 1999)
that is distributed as part of the DREAR compo-
nent of the SnuB and BnP packages. Alternatively,
|Ea| values can be derived from |Fp| values using
the XPREP program (Sheldrick) or the MADBST
component of SOLVE (Terwilliger and Berendzen,
1999).

Direct methods are notoriously sensitive to the
presence of even a small number of erroneous mea-
surements. This is especially problematical for dif-
ference data where the quantities used involve small
differences between two much larger measurements
such that errors in the measurements can easily dis-
guise the true signal. When using MAD or SAD
data to locate anomalous scatterers, it is impor-
tant not to include high-resolution data that lack
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a significant anomalous or dispersive signal. Since
the use of normalized structure factors emphasizes
high-resolution data, direct methods are especially
sensitive to noise in this data. Fortunately, very
high-resolution data are generally not required to
find substructures, and a high-resolution cut-off of
3A is typical. Since there is some anomalous sig-
nal at all the wavelengths in a MAD experiment, a
good test is to calculate the correlation coefficient
between the signed anomalous differences AF at dif-
ferent wavelengths as a function of the resolution. A
good general rule is to truncate the data where this
correlation coefficient falls below 25-30%.

One of the best ways to ensure accuracy is to
measure highly redundant data. Care should be
taken to eliminate outliers and observations with
small signal-to-noise ratios before initiating the
phasing process. Fortunately, it is usually possible to
be stringent in the application of cut-offs because the
number of difference reflections that are available
from a protein-sized unit cell is typically much larger
than the number of heavy-atom positional parame-
ters that must be determined for a substructure. In
fact, only 2-3% of the total possible reflections at 3 A
need be phased in order to solve substructures using
direct methods, but these reflections must be chosen
from those with the largest |Ex| values as will be
discussed further in Section 9.3.

The DIFFE program (Blessing and Smith, 1999)
rejects data pairs (|[E1], |Ep|) [i.e. SIR pairs (|Ep|,
|Epal), SAD pairs (|E4|, |[E—]), and pseudo-SIR
dispersive pairs (|Ey 1], |Ey2])] or difference E magni-
tudes (|E|) that are not significantly different from
zero or deviate markedly from the expected distri-
bution. The following tests are applied where the
default values for the cut-off parameters (Tpyiax,
XMIN, YMIN, ZmiN, and Zpax), are shown in
parentheses and are based on empirical tests with
known data sets (Smith et al., 1998; Howell et al.,
2000).

1. Pairs of data are excluded if |(JE1| — |Ez]) —
median(|Eq| — |Ep|)|/{1.25 * median[|(|E1| — |E2|) -
median(|Eq| — [Ex |1} > Tmax (6.0).

2. Pairs of data are excluded for which either
|E11/o(IE1]) or |Exl/o(IE2D) < XmiN (3.0).

3. Pairsof dataare excludedif ||Eq|—|E||/[62(|E1 )+
o?(IE2D1Y? < Y (1.0).
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Table 9.3 Number of peak-wavelength anomalous difference data
pairs for 1JC4 remaining after successive application of the various
DIFFE significance tests

Number
Unique reflection data (|£]) 66, 122
Total anomalous reflection pairs (| £p|) 28,399
Data pairs passing Tyjax test 28,364
Data pairs passing Xy test 26,898
Data pairs passing Yy test 13,790
Data pairs passing Zyy and Zyiax tests 2474

4. Normalized |E| are excluded if |[EA|/0(|EA]) <
ZyviN (3.0).

5. Normalized |Eap| are excluded if [|[EA| —
I[EaIMaX]/o(IEAl) > Zmax (0.0).

The parameter Tyjax is used to reject data with
unreliably large values of ||[E7| — |Ep]| in the tails
of the (JE1| — |Ep|) distribution. This test assumes
that the distribution of (|E1| — |Ez|)/o(|E1| — |E2])
should approximate a zero-mean unit-variance nor-
mal distribution for which values less than —Tyax
or greater than +T)\jax are extremely improbable.
The quantity |[EalMmax is a physical least upper
bound such that |[Exlmax = ZIfl/[eSIf1211/? for
SIR data and |Ealmax = Xf7/[eZ(f)21Y/2 for
SAD data. Table 9.3 shows the number of useable
reflections remaining after applying the DIFFE sig-
nificance tests to the peak-wavelength anomalous
differences for 1JC4.

9.3 Substructure phasing

The phase problem of X-ray crystallography may be
defined as the problem of determining the phases ¢
of the normalized structure factors E when only the
magnitudes |E| are given. Since there are many more
reflections in a diffraction pattern than there are
independent atoms in the corresponding crystal, the
phase problem is overdetermined, and the existence
of relationships among the measured magnitudes
is implied. Direct methods (Hauptman and Karle,
1953) are ab initio probabilistic methods that seek
to exploit these relationships, and the techniques of
probability theory have identified the linear combi-
nations of three phases whose Miller indices sum to

1.00 7

0.75 1

0.50 1

P (P

0.2571

200

Dy = Oy +0x + Ok

Figure 9.1 The conditional probability distribution, P(® 1), of
the three-phase structure invariants, @y, having associated
parameters Agggc With values of 0, 1, 2, 4, and 6. When A ~ 0, all
values of dgy are equally likely, and no information useful for phase
determination is available. However, the sum of the three phases for
most invariants with A & 6 is close to 0°, and an estimate of one
phase can be made if the other two are known.

zero (i.e. Py = ¢yg+ oK +$_H_K) as relationships
useful for determining unknown structures. (The
quantities Pk are known as structure invariants
because their values are independent of the choice
of origin of the unit cell.) The conditional probability
distribution,

P (k) = [271y (AHK)] ™" exp (AHK cos PHK) ,
2)

of the three-phase or triplet invariants is illustrated
in Fig. 9.1, and it depends on the parameter Agk
where

Auk = (2/N'?) [EHEKEn k| ®)

and N is the number of non-hydrogen atoms, here
presumed to be identical, in the asymmetric unit
(Cochran, 1955). When normalized difference mag-
nitudes (|[Ea[) are being used, N is the number of
heavy or anomalously scattering atoms compris-
ing the substructure. From Fig. 9.1, it is clear that
the probabilistic estimate of an invariant value is



most reliable when Ay is large, and this occurs
when the associated normalized magnitudes (|[Eq]|,
|[Ekl, and |E_g_k|) are large or the number of
atoms in the unit cell is small. Thus, it is the
largest |[Ea| or |EAl, remaining after the applica-
tion of all appropriate cut-offs, that need to be
phased in direct-methods substructure determina-
tions. The triplet invariants involving these reflec-
tions are generated, and a sufficient number of
those invariants with the highest Ak values are
retained to achieve an adequate degree of overde-
termination of the phases by keeping the invariant-
to-reflection ratio sufficiently large (e.g. 10:1). The
inability to obtain a sufficient number of accurate
invariant estimates is the reason why full-structure
phasing by direct methods is possible only for
the smallest proteins.

9.3.1 Multiple trial procedures

Ab initio phase determination by direct methods
requires not only some information about the likely
values of a set of invariants, but also a set of start-
ing phases. Once the values for some pairs of phases
(b and ¢_H_k) are available, the triplet structure
invariants can be used to generate further phases
(¢ which, in turn, can be used iteratively to evalu-
ate still more phases. The number of cycles of phase
expansion or refinement that must be performed
to get an adequate number of sufficiently accurate
phases depends on the size of the structure to be
determined. To obtain starting phases, a so-called
multisolution or multiple trial approach is taken in
which the reflections are each assigned many dif-
ferent starting values in the hope that one or more
of the resultant phase combinations will lead to a
solution (Germain and Woolfson, 1968). Typically, a
random-number generator is used to assign initial
values to all phases from the outset (Baggio ef al.,
1978). A variant of this procedure employed in SnB is
to use the random-number generator to assign initial
coordinates to the atoms in the trial structures and
then to obtain initial phases from a structure-factor
calculation. In SHELXD (Schneider and Sheldrick,
2002), the percentage of successful trial structures is
increased by using better-than-random sets of start-
ing coordinates that are, in some way, consistent
with the Patterson function.
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9.3.2 Phase refinement

Once a set of initial phases has been chosen, it must
be refined against the set of structure invariants
whose values are presumed to be known. So far,
two optimization methods (tangent refinement and
parameter-shift reduction of the minimal function)
have proven useful for extracting phase information
from the structure invariants. The tangent formula
(Karle and Hauptman, 1956),

>k |[EKEH-K| sin(¢Kk + dPH-K)
>k |[EKEH-K| cos($K + PH-K)

can be used to compute the value of a phase, ¢y,
given a sufficient number of pairs (¢x, #—H—K)
of known phases. By treating each reflection in
turn as ¢p, an entire set of phases can be refined.
Although the tangent formula is a powerful tool
that has been widely used in direct-methods pro-
grams for 40years, it suffers from the disadvan-
tage that, in space groups without translational
symmetry, it is perfectly fulfilled by a false solu-
tion with all phases equal to zero, thereby giving
rise to the so-called ‘uranium-atom’ solution with

tan(ég) = 4)

one dominant peak in the corresponding Fourier
synthesis. This problem can be largely overcome
for small-molecule structures by including carefully
selected higher-order invariants (quartets) in a mod-
ified tangent formula (Schenk, 1974; Hauptman,
1974).

Constrained minimization of an objective func-
tion like the minimal function (Debaerdemaeker
and Woolfson, 1983; DeTitta et al., 1994)

I (A
Y K AHK [cos Prx — 1S |

R(®) = ®)

2_HK AHK

provides an alternative approach to phase refine-
ment or phase expansion. R(®) (also known as
RyIN) is a measure of the mean-square difference
between the values of the cosines of the triplets
(®HK) calculated using the current set of phases
and the expected probabilistic values of the same
quantities as given by the ratio of modified Bessel
functions, I1 (Aak)/Io(Agk)- The minimal function
is expected to have a constrained global minimum
when the phases are equal to their correct values
for some choice of origin and enantiomorph. An
algorithm known as parameter shift (Bhuiya and
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Stanley, 1963), has proved to be quite powerful
and efficient as an optimization method when used
to reduce the value of the minimal function. For
example, a typical phase-refinement stage consists
of three iterations or scans through the reflection
list, with each phase being shifted a maximum of
two times by 90° in either the positive or negative
direction during each iteration. The refined value
for each phase is selected, in turn, through a pro-
cess that involves evaluating the minimal function
using the original phase and each of its shifted val-
ues (Weeks et al., 1994). The phase value that results
in the lowest minimal-function value is chosen at
each step. Refined phases are used immediately in
the subsequent refinement of other phases.

9.3.3 Dual-space optimization

Conventional
implementing

reciprocal-space direct methods,
tangent-formula refinement in

computer programs such as MULTAN (Main et al.,
1980) and SHELXS (Sheldrick, 1990), can provide
solutions for structures containing less than 100-150
unique non-hydrogen atoms. With few exceptions,
however, phase refinement alone is not sufficient
to solve larger structures. In such cases, successful
applications require a dual-space optimization pro-
cedure that has come to be known as Shake-and-Bake
(Weeks et al 1994; Miller et al., 1993). Shake-and-
Bake is also a powerful method for smaller struc-
tures and substructures, effectively avoiding most
cases of false minima. The distinctive feature of
this procedure is the repeated and unconditional
alternation of reciprocal-space phase refinement
(Shaking) with a complementary real-space process
that seeks to improve phases by applying con-
straints (Baking). The Shake-and-Bake algorithm was
implemented first in SnB and then independently
in SHELXD. Although both reciprocal-space opti-
mization methods are available in both programs,

Generate |, 1 [Normalize
invariants data
3
Generate | Yes
trial o
4

7
Another No N Manual
trial? stop

Automated
stop

Figure 9.2 A flow chart for structure solution using the direct-methods algorithm, Shake-and-Bake. Steps 1 and 2 involve computation of the
normalized structure-factor magnitudes and generation of the triplet structure invariants, respectively. Step 3 is the start of the outer or trial
structure loop in which trial structures consisting of randomly positioned atoms are generated and tested. Step 4 is the inner or Shake-and-Bake
cycle which consists of a phase-refinement step involving either tangent-formula refinement or parameter-shift optimization of the minimal
function, a Fourier transform resulting in an electron-density map, selection of the largest peaks on the map, and an inverse Fourier transform to
generate new phases by means of a structure-factor calculation assuming these peaks to be atoms. The number of such cycles and the number of
peaks used in the structure-factor calculation depend on the number of atoms to be located (Table 9.4). Step 5 is the evaluation of the refined
trial structures based on the values of the figures of merit (see Section 9.4) to determine which trials, if any, are solutions. If solutions are being
recognized automatically (Step 6), the substructure determination is terminated as soon as the first solution is found. Otherwise,

processing continues (Step 7) until a predetermined number of trial structures are completed.



SnB uses the parameter-shift optimization of the
minimal function by default whereas SHELXD uses
the tangent formula. The complete direct-methods
phasing process using the Shake-and-Bake algorithm
is illustrated in flow-chart form in Fig. 9.2, and the
main parameters are summarized in Table 9.4.

9.3.4 Peak picking

Peak picking is a simple but powerful way of impos-
ing a real-space atomicity constraint. In each cycle of
the Shake-and-Bake procedure, the largest peaks are
used as an up-dated trial structure without regard to
chemical constraints other than a minimum allowed
distance between atoms (e.g. 1 A for full structures
and 3 A for substructures). By analogy to the com-
mon practice in macromolecular crystallography of
omitting part of a structure from a Fourier calcula-
tion in the hope of finding an improved position for
the deleted fragment, a variant of the peak picking
procedure in which approximately one-third of the
largest peaks are randomly omitted in each cycle can
also be used (Schneider and Sheldrick, 2002).

If markedly unequal atoms are present, appropri-
ate numbers of peaks (atoms) can be weighted by the
proper atomic numbers during transformation back
to reciprocal space in a subsequent structure-factor
calculation. Thus, a priori knowledge concerning the
chemical composition of the crystal is used, but no
knowledge of constitution is required or used during
peak selection. It is useful to think of peak picking
in this context as simply an extreme form of density
modification appropriate when the resolution of the
data is small compared to the distance separating

Table 9.4 Recommended values of the major Shake-and-Bake
parameters for substructure applications expressed in terms of N, the
expected number of heavy atoms or anomalous scatterers

Parameter Recommended value 1JC4 Value
Phases 30N 840
Triplet invariants 300N 8400
Peaks selected N 28
Cycles 2 N 56

The values used for the 1JC4 example are based on the sequence information
that there are seven methionines per chain and that the Matthews coefficient and
solvent fraction are consistent with four chains in the asymmetric unit; therefore,
N =28.
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the atoms. The imposition of physical constraints
counteracts the tendency of phase refinement to
propagate errors or produce overly consistent phase
sets. For example, the ability to eliminate chemi-
cally impossible peaks at special positions using a
symmetry-equivalent cut-off distance prevents the
occurrence of most false minima (Weeks and Miller,
1999).

9.4 Recognizing solutions

Since direct methods are implemented in the form
of multiple-trial procedures, it is essential to have
some means of distinguishing the refined trial struc-
tures that are solutions from those that are not. The
SnB program computes three figures of merit that
are useful for this purpose. These quantities are the
minimal function or Ry (Eq. 5) calculated directly
from the constrained phases corresponding to the
final peak positions for a trial structure, a crystallo-
graphic R value based on normalized magnitudes

lie, Rcryst = (ZllEoss| — IEcaLclD/Z1Eossl],
and a correlation coefficient,

cC= [Z wESpsEeALC ) W= ) WEDpg - ) W
‘ E%ALC] / {[Z wEGpg- ) W (Z WEZOBS)Z}
' [Z WEEALC - )W~ (Z wE%ALC)2i| }1/2 /

(6)

between |Egpg| and |Ecarc| where the weight w is
usually unity (Fujinaga and Read, 1987). The min-
imal function and the crystallographic R have rela-
tively small values for solutions, but the correlation
coefficient is relatively large.

The use of figures of merit to determine whether
solutions have been found and, if so, which tri-
als were successful can be illustrated with the
methylmalonyl-coA epimerase (1JC4) test data. A
manual BnP job for 100 trial structures was run using
the normalized anomalous difference magnitudes
(IEA|) for the peak wavelength data. A maximum
resolution cut-off of 3 A was applied, and only reflec-
tions with a signal-to-noise ratio (i.e. |[Ea|/o (|EA]))
greater than 3.0 were used. A histogram of the final
Ry values for the 100 trials is shown in Fig. 9.3. A
clear bimodal distribution of Ry values is a strong
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indication thata solution(s) exists. Confirmation that
this is true for Trial 5 in this example can be obtained
by inspecting a trace of its Ry value as a func-
tion of refinement cycle (Fig. 9.4). Solutions usually
show an abrupt decrease in value over a few cycles
followed by stability at the lower value. Further
confirmation can be obtained by looking for corrob-
oration from the other figures of merit as illustrated
in Table 9.5 where low Ry values are correlated
with low Rcryst values and high CC values.

For high-throughput operation, solutions need
to be recognized quickly and automatically, the

No. of trials

017 019 021 023 025 027 029 031

RMIN

Figure 9.3 A histogram of the final Ry values for 100 trial
structures for 1JC4 was made by dividing the range of the values
(0.168-0.316) into 15 intervals (buckets) and counting the number
of trials whose Ry values fell into each bucket. The 29 trials in the
two left buckets with the lowest Ry values are solutions, and the
trials in the buckets at the right are non-solutions.

(@)
047
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0.37

Ryvin
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Shake-and-bake cycle
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direct-methods-based substructure determination
process terminated once a solution has been found,
and protein phasing initiated. Since the ranges of
figure-of-merit values for solutions are not the same
for all structures and data sets, a careful analysis is
required to avoid false solutions and to minimize
the number of missed solutions. In automatic mode,
BnP looks for a trial having Rypn and Rcryst val-
ues significantly less than their respective means. In
this context, ‘significant’ means differing by more
than three standard deviations. The standard devi-
ations are computed based on the figure-of-merit
values for a minimum of five trials which have been
preliminarily classified as non-solutions because
their Rcryst values are greater than 0.32. As a
result, BnP always processes at least six trials. As
shown by the statistics in Table 9.6, Trial 5 in the
1JC4 example is a solution that can be recognized
automatically.

9.5 Choosing correct sites

For each job involving an N-site substructure, the
SnB component of BnP provides an output file of
1.5N peak positions for the best trial (based on its
final Ry value) sorted in descending order accord-
ing to the corresponding electron density. It is then
necessary to decide which, and how many, of these
peaks correspond to actual atoms. The first N peaks
have the highest probability of being correct, and in

Trial 6 (a non-solution)

0 10 20 30 40 50 60
Shake-and-bake cycle

Figure 9.4 Plots of the minimal-function value over 56 Shake-and-Bake cycles for (a) a solution and (b) a non-solution. Trial 5 illustrates the
characteristic features of a solution — a small initial decrease in Ry value followed by a plateau, a sharp decrease over a few cycles, and a
second plateau at a lower value. The first plateau may be shortened significantly if convergence to a solution occurs quickly.



Table 9.5 Figures of merit for Trials 1-10 in the 1JC4 example
sorted in increasing order according to the value of Ry

Trial RmiIN RcrysT cC

7 0.174 0.27 0.42
8 0.174 0.25 0.44
5 0.177 0.27 0.45
4 0.265 0.39 0.38
3 0.275 0.38 0.39
10 0.286 0.42 0.39
6 0.295 0.40 0.35
9 0.297 0.40 0.30
2 0.306 0.40 0.34
1 0.309 0.41 0.30

Trials 5, 7, and 8 are solutions. Note the pronounced differences in figure-of-
merit values between Trials 5 and 4.

Table 9.6 Statistics of solution recognition for Trial 5

RmiIN Reryst
(R) 0.290 0.39
o 0.019 0.011
((R=Rs) /o 5.85 11.05

The means and standard deviations were computed using Trials 1, 2, 3, 4,
and 6.
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some cases this simple guideline is adequate. Alter-
natively, a conservative approach is to accept the
0.8N to 0.9N top peaks.

Whether working in manual or automatic mode,
occupancy refinement against one of the isomor-
phous, anomalous, or dispersive difference data sets
isa good way to detect spurious sites. The occupancy
of such sites will typically fall to very low values,
and it has been found that, when refined against
peak-wavelength (largest /) anomalous differences,
an occupancy cut-off of 0.2 distinguishes true sites
from false sites and, in fact, most false sites refine to
occupancies less than 0.05. This refinement is very
rapid and has the advantage of being hand insensi-
tive. Thus, it need be carried out only once prior to
enantiomorph determination (see Section 9.6).

The results of occupancy refinement for Trial 5 in
the 1JC4 example are given in Table 9.7. Of the 25
highest peaks, 24 pass the occupancy cut-off (peak
20 is spurious), and these 24 peaks do indeed cor-
respond to correct Se sites. Although the sequence
of this protein suggests that there may be seven
SeMet residues in each of the four monomers in the
asymmetric unit (Table 9.1), the four amino termi-
nal SeMet residues are missing from the structure
deposited in the Protein Data Bank. Thus, even
though more sites were sought during substructure

Table 9.7 Refined occupancy (Occ) values for the 1.5N peaks from Trial 5 sorted in decreasing order according to their height on the

direct-methods electron density map

Peak Select? Occ | Peak Select? Occ Peak Select? Occ
1 Yes 1.00 15 Yes 0.63 29 No 0.08
2 Yes 0.88 16 Yes 0.80 30 No 0.08
3 Yes 0.91 17 Yes 0.71 31 No 0.03
4 Yes 0.94 18 Yes 0.70 32 No 0.08
5 Yes 0.65 19 Yes 0.57 33 No 0.10
6 Yes 0.99 20 No 0.01 34 No 0.05
7 Yes 0.77 21 Yes 0.55 35 No 0.01
8 Yes 0.56 22 Yes 0.53 36 No 0.06
9 Yes 0.72 23 Yes 0.52 37 No 0.11
10 Yes 0.54 24 Yes 0.52 38 No 0.03
" Yes 0.99 25 Yes 0.50 39 No 0.02
12 Yes 0.71 26 No 0.05 40 No 0.13
13 Yes 0.78 27 No 0.06 41 No 0.01
14 Yes 0.62 28 No 0.03 42 No 0.03

'Yes' indicates that the peak passes the cutoff of 0.2 and should be selected as an atom (Se site) for subsequent steps in the protein phasing procedure.
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phasing, the direct-methods procedures are robust,
and the occupancy refinement can detect success-
fully a large percentage of false sites.

Peaks consistently occurring in several indepen-
dent trial solutions are the most likely to correspond
to real atomic sites. Thus, while working under con-
ditions (such as the BnP manual mode) where more
than one solution may be present, additional infor-
mation regarding which sites are likely to be correct
can be obtained by comparing the peaks from dif-
ferent trials. The program NANTMRF (Smith, 2002),
which takes into account the fact that different solu-
tions may have different origins or enantiomorphs
and then finds the best overall match between two
sets of peak positions, is available within the BnP
package and makes it easy to do the comparison.
Table 9.8 shows the results of trial comparison for
the 1JC4 example. Recall that the figures of merit
(Table 9.5) indicate that Trials 7 and 8 are solutions

but Trial 6 is not. Thus, the results of the peak com-
parison agree with this conclusion and confirm the
site choices based on the occupancy refinement.

9.6 Determining the proper
enantiomorph

Even if anomalous dispersion data are involved in
the substructure determination process, it is the
magnitude of the anomalous differences that are
used, and the substructures of the biologically occur-
ring macromolecule and its enantiomer are both
consistent with the data. The probability that the
substructure obtained by direct methods can be
developed into a protein model with L-amino acids
and right-handed o helices is 50%. Therefore, before
proceeding further, other information must be used
to determine the correct hand.

Table 9.8 Comparison of the peak positions for 1JC4 Trial 5 to peaks for other trials

Trial 5 Trial 6 Trial 7 Trial 8

Peak Peak Distance Peak Distance Peak Distance
1 1 0.05 1 0.04
2 0.16 4 0.09
3 3 0.06 2 0.09
18 27 0.68 12 0.16 18 0.19
19 30 0.83 19 0.12 22 0.18
20

21 23 0.16 17 0.18
22 22 0.21 20 0.30
23 21 0.40 23 0.25
24 24 0.28 24 0.20
25 4 0.17 19 0.17
26

27

40 34 0.52

41 36 0.63
42

# Matches 2 25 25

(Distance) 0.75 0.19 0.17

Distances less than 1A to peaks on the other maps are indicated. Peaks 1-19 as well as peaks 21-25 of Trial 5 (a presumed solution) have matching peaks on both
Trials 7 and 8. There are no matches for peaks 28-39. The two ‘matches’ with Trial 6 as well as the matches with peaks 40 and 41 involve either weaker peaks or larger
distances and, therefore, are likely to be spurious. The large number of matches between Trials 5 and 7 and between Trials 5 and 8 indicate that the corresponding maps

are essentially identical. Peaks that match are the most likely to be Se sites.



In order to choose the enantiomorph, sets of
protein phases must be computed from the set of
heavy-atom sites found by direct methods and vali-
dated by occupancy refinement as well as the set of
sites related to the first set by inversion. Electron-
density maps must be generated for both sets of
phases and examined for the presence of biologically
correct stereochemistry. If no anomalous dispersion
data are available, this is the only option. However,
if anomalous scattering measurements are included
when the maps are computed, it is possible to use
other criteria to select the enantiomorph automati-
cally. For example, in BnP protein-solvent envelope
masks are created for each map using a protein-
solvent boundary determination algorithm (Wang,
1985), and then the standard deviations of the elec-
tron densities in the protein and solvent regions are
computed as well as the ratio o(protein)/o(solvent).
This ratio should be higher for the correct enan-
tiomorph since atomic sites and gaps between chains
within the protein region are expected to show large
variations whereas solvent regions should be rel-
atively flat with little variation. In practice, this
ratio is a robust discriminator even when challenged
deliberately by solutions having both missing and
false sites, and prior substructure or phase refine-
ment is not a requirement (Weeks ef al., 2002). The
results of applying this enantiomorph determina-
tion criterion to the 1JC4 example are shown in
Table 9.9. It should be noted that the standard devia-
tion ratio defined here is similar to, but not identical
to, criteria used in the programs SOLVE (Terwilliger
and Berendzen, 1999) and SHELXE (Sheldrick,
2002).

Table 9.9 Enantiomorph discrimination for protein maps based
on the Se sites for 1JC4 trial 5

Enantiomorph o(solvent) o(protein) o(pro)/o(sol)
Original 18.65 30.18 1.62
Alternate 23.08 27.14 1.18

The o values are a measure of the electron-density variation in the protein
and solvent regions, and the ratio of these numbers is a measure of the
‘contrast’ between the two regions. Since anomalous dispersion data were
used to phase the maps, the map for the correct hand will show greater
contrast. In this case, the original direct-methods sites give rise to greater
contrast thereby indicating that these sites do correspond to the correct
enantiomorph.

APPLICATIONOFDIRECTMETHODS 139

9.7 From substructure to protein

Once the proper enantiomorph has been found, the
substructure determination is complete, and the first
of the two stages of protein phasing — the one in
which direct methods plays a role — is finished. The
second stage involves substructure/protein phase
refinement, including the determination of optimum
values for scaling, positional, and thermal param-
eters as well as expected lack-of-closure estimates
and protein phases. Next, solvent flattening can be
used to bring about further phase improvement. In
automated programs such as BnP, these steps can be
combined with the preceding substructure determi-
nation, and the entire process run as a single job in
favourable cases. The resulting protein phases are
then available for export to graphics programs such
as O (Jones et al., 1991) for manual examination of
protein models or to programs such as ARPwARP
(Morris et al., 2003) and RESOLVE (Terwilliger, 2003)
for automated chain tracing.
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CHAPTER 10

Phase refinement through
density modification

Jan Pieter Abrahams, Jasper R. Plaisier, Steven Ness,

and Navraj S. Pannu

10.1 Introduction

It is impossible to directly measure phases of
diffracted X-rays. Since phases determine how the
measured diffraction intensities are to be recom-
bined into a three-dimensional electron density,
phase information is required to calculate an electron
density map of a crystal structure. In this chapter we
discuss how prior knowledge of the statistical distri-
bution of the electron density within a crystal can be
used to extract phase information. The information
can take various forms, for example:

Solvent flatness. On average, protein crystals con-
tain about 50% solvent, which on an atomic scale
usually adopts a random, non-periodic structure
within the crystal and hence is featureless within
the averaged unit cell. Therefore, if we know the
location of the solvent regions within a macro-
molecular crystal, we already know a consider-
able part of the electron density (i.e. the part that
is flat and featureless), and ‘flattening’ the elec-
tron density of the solvent region can improve the
density of our macromolecule of interest.

Non-crystallographic symmetry. Many protein crys-
tals contain multiple copies of one or more
molecules within the asymmetric unit. Often
the conformations of such chemically indistin-
guishable but crystallographically non-equivalent
molecules are sufficiently alike to treat them as
identical. In this case, we can improve the signal to
noise ratio of the electron density of our molecule
of interest by averaging the density of the multiple
copies in the asymmetric unit.

Electron density statistics. At high resolution we
know the shape of the electron density of an atom,
in which case we only need to know its exact
location to reconstruct the electron density in its
immediate vicinity. At lower resolution we can
impose an expected shape on the uni- or mul-
tivariate distributions of electron density within
the protein region in a procedure that is known as
histogram matching.

The problem is not so much in understand-
ing the restrictions these types of prior knowledge
impose on (suboptimal) electron density, but rather
in using these restraints in reciprocal space. In prac-
tice an iterative procedure is followed. First the
electron density of an initial model is calculated,
which is then modified to satisfy the expected,
previously determined restraints. From the mod-
ified map, the diffraction data are recalculated. The
resulting phases are combined with the measured
data and their associated phase probability distri-
butions. On this basis the currently most probable
phase set is calculated. The procedure is repeated
until convergence. Below, we briefly describe the
mathematical background of these procedures and
discuss some of their essential aspects. We pay
special attention to visual, geometric concepts, as
we believe them important for developing an in-
tuitive grasp for the process of density modification
in phase refinement. To this end, we illustrate the
concepts on a one-dimensional, centrosymmetric
map, as this allows us to depict phases simply by
their sign.

143
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10.2 Fourier transforms and the
phase problem

We want to know the electron density that is deter-
mined by the measured structure factor amplitudes
and their phases. The electron density at point x is
calculated by a Fourier summation:

2N
o(x) = %Z |F (R e —2imxhy D
j=0
In the above equation, p(x) is the electron density
at x, while V is the volume of the unit cell, 2N is
the number of relevant structure factors, and | F (hj)l
is the amplitude of the structure factor with Miller
indices hj = (hj, kj, lj) and a phase of ¢(hj)- Note that
2N is determined by the size of the unit cell and the
resolution.

Equation 1 is a discrete Fourier transform. It is dis-
crete rather than continuous because the crystalline
lattice allows us to sum over a limited set of indices,
rather than integrate over structure factor space. The
discrete Fourier transform is of fundamental impor-
tance in crystallography — it is the mathematical
relationship that allows us to convert structure fac-
tors (i.e. amplitudes and phases) into the electron
density of the crystal, and (through its inverse) to
convert periodic electron density into a discrete set
of structure factors.

Even though the Fourier transform in Eq. 1 is
discrete, p(x) is continuous, as it can be calculated
for any grid point x. Obviously one could calcu-
late Eq. 1 on an arbitrary fine grid, but in that case
the density at any grid point is correlated to that of
its neighbours through interpolation. Since Fourier
transforms neither create nor destroy information,
the maximum number of uncorrelated, independent
density grid points is limited to 2N, the number of
structure factors going into the summation of Eq. 1.
To conclude, if there are 2N structure factors, the
corresponding electron density map has 2N inde-
pendent grid points and there are 2N independent
equations of type 1 relating the former to the latter.

Intuitively, the correct application of restraints
and constraints to electron density should improve
the phases. To quantify this notion, it is useful,
though unconventional, to proceed as if we are
solving a system of non-linear equations. A solu-
tion of such a system requires at least as many

independent equations as there are unknowns. Let
us therefore count the number of unknowns: there
are 2N unknown electron densities at the indepen-
dent grid points and 2N unknown phases. These 4N
unknowns are inter-related by 2N Fourier summa-
tions, so the system is underdetermined. Its solution
clearly requires at least 2N additional equations.

However, in view of experimental errors, 2N addi-
tional equations are unlikely to be sufficient to solve
the phase problem. In practice, we can only expect a
statistically meaningful solution if we include many
more equations and identify the solution that agrees
most with all equations simultaneously. Further-
more, since Eq. 1 is non-linear in ¢(hj)/ we cannot
expect to find an analytic solution. Hence, we have to
make initial guesses for the unknowns and improve
from there.

Constraints effectively reduce the number of
unknowns while restraints add to the number of
equations in the system, without changing the num-
ber of unknowns. The effectiveness of a restraint is
partially determined by the number of independent
equations the restraint introduces in the minimiza-
tion. Also the discriminating potential of the individ-
ual terms between right and wrong models affects
the scale of the improvement. Clearly, a robust term
with a sharp minimum contributes much more to
phasing than a permissive term that hardly distin-
guishes a wrong model from a correct one. Below we
summarize the general form of the additional infor-
mation, constraints and restraints, which in practice
leads to a system of equations that is no longer
underdetermined.

10.3 Reciprocal space constraints
10.3.1 Friedel's law

In protein crystallography we assume that all elec-
tron density is real, and does not have an imaginary
component. In reciprocal space this observation is
known as Friedel’s law, which states that a struc-
ture factor F(h) and its Friedel mate F(—h) have
equal amplitudes, but opposite phases. The corre-
spondence of these two assumptions follows straight
from Fourier theory and, in consequence, explicitly
constraining all electron density to be real is entirely
equivalent to introducing Nadditional equalities of
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the following type:
¢(hj) = —d(=hy) V)
Straight substitution of these equalities into Eq. 1

reduces the magnitude of the problem; rather than
4N unknowns, we are left with 3N unknowns.

10.3.2 Differences between corresponding
|F(hj)|'s

In order to obtain initial phase estimates, crystallo-
graphers typically use either experimental phasing
techniques or molecular replacement. Obtaining ini-
tial phase estimates and their associated phase prob-
ability distributions are treated in other chapters of
this book, and for the remainder of this chapter
we assume that the initial phases and the associ-
ated phase probabilities have been calculated. These
phase probability distributions are conveniently
described by Hendrickson-Lattman coefficients.

P(o(hy))
_ KjeAj cos(¢(h})+B; sin(¢(h))+C; cos2(h)))+Dj sin(2(h;))
3)

Here, P(cl)(h]-)) is the probability function of a
phase c])(h]-), whilst A]-, Bj, C]-, and D]- are its
Hendrickson-Lattman coefficients and K]' is a nor-
malizing constant. Clearly, P (¢(hj)) cannot be inser-
ted straight into Eq. 1. However, it does provide
additional equations, one for each phase for which
A]-, B]-, C]-, or D]- are non-zero.

10.4 Real space restraints
10.4.1 Solvent flatness

In disordered solvent regions of the unit cell, the
density is featureless and flat. In practice, the loca-
tion and size of the solvent region are inferred from
an initial electron density map and the molecular
weight of the molecule. Since the average electron
density of the solvent usually is very similar to
that of the protein, automated procedures identify
the solvent mask by determining the regions which
have the smallest variation in electron density. If we
know which regions of the unit cell are featureless,
additional equations of the following type can be
inferred:

p(Xsolvent) = Psolvent 4

Here, Xqolvent is a real space coordinate within the
solvent region and pgplyent is the mean electron
density of the solvent.

The number of additional terms based on Eq. 4
is determined by the solvent fraction of the crys-
tal. If the solvent content is 50% (which is the
average for protein crystals), N independent, addi-
tional equations of type 4 are introduced. As these
equations can be substituted into the Fourier sum-
mations of Eq. 1, they effectively reduce the number
of unknowns by 2N times the solvent fraction —
provided they accurately distinguish disordered sol-
vent from protein.

10.4.2 Non-crystallographic symmetry (NCS)

If the electron density of one area of the asymmetric
unit is sufficiently similar to that of another (after a
translation and/or a rotation), additional equations
of the following type can be inferred:

p(xunique) = p(Txunique) ®)

Here, Xynique is a real space coordinate within a
region of density that is repeated elsewhere in the
asymmetric unit after a rotation and/or transla-
tion defined by the transformation T. Also these
equations can be substituted in the Fourier sum-
mation of Eq. 1, effectively further reducing the
number of unknowns in real space down to the num-
ber of independent grid points within the fraction of
unique density.

10.4.3 Electron density statistics

The overall distribution of randomly phased elec-
tron density is Gaussian, whereas a correctly phased
map is expected to have a non-Gaussian distribu-
tion at resolutions beyond about 2.5 A. An electron
density distribution is described by a histogram, in
which for each density value the likelihood is plotted
of finding such a value within the unit cell. The shape
of this histogram is determined by the resolution of
the map (at low resolution, extreme values are less
likely) and the chemical composition (heavy atoms
will cause more extreme histograms). Proteins share
characteristic electron density histograms, provided
they do not contain many heavy atoms or large,
disordered volumes. This implies that for a given
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structure a good guess of the correct histogram can
be obtained, resulting in the following equation:

H (p(xprotein))

— HObS % % |F(hj)|ei¢(hj)_2i“xprotein'hj
j=0
(6)
Here Xprotein is a real space coordinate within
the protein region, H(p(x)) is the expected, non-
Gaussian histogram of the electron density and
HOPS(p(x)) is the observed histogram of protein
density which may or may not have phase errors.
Equation 6 cannot be substituted into Eq. 1 and
therefore it does not further reduce the number
of unknowns. However, it does provide addi-
tional equations, their number being determined
by the number of independent grid points within
the unique protein region. Its effectiveness is deter-
mined by the difference between the theoretical
histogram of a protein at a given resolution, and that
of randomly phased data.

10.5 The practice of phase refinement:
Fourier cycling

In theory, density modification could produce per-
fect phases, if the Eqs 2 to 6 are sufficiently restric-
tive. Let us illustrate this by an example; assume
a crystal with 50% solvent and three-fold non-
crystallographic symmetry. There are 2N Fourier
summations (Eq. 1) with 4N unknowns. After sub-
stitution with Friedel’s Law (Eq. 2), only N phases
remain unknown, so now there are 3N unknowns in
total. For all phases we have experimental informa-
tion encoded in Hendrickson-Lattman coefficients
(Eq. 3), so we can add N equations to our set. As
we know the location of the solvent region we can
reduce the number of unknown densities at ind-
ependent grid points from 2N to N upon substi-
tuting with Eq. 4. Non-crystallographic symmetry
further reduces the number of unknown densities to
N /3 by substituting with Eq. 5. Histogram matching
can further reduce the search space of solutions and
improve convergence.

If there are more equations than unknowns, why
then can we not determine phases accurately with-
out building an atomic model? Well, the additional

equations of type 3 and 6 are of a statistical nature
and therefore may be less restrictive. Furthermore,
inaccuracies in determining the solvent mask and
the non-crystallographic symmetry operators and
masks will compromise the procedure. Neverthe-
less, the additional information imposed often leads
to substantial improvement.

Unfortunately, the relations between the electron
density, the restraints we have discussed here, and
the structure factors are non-linear. Thus, the only
strategy we can adopt is to use the approximate
phases we start out with and improve these iter-
atively. Even this is not straightforward, mainly
because Eq. 1 is expensive to compute. However,
there exists a powerful and straightforward proce-
dure that is used in virtually all phase refinement
programs: Fourier cycling.

In Fourier cycling, the approximate phases we
have available at the beginning of the process of
density modification are used to calculate an ini-
tial map. The real space restraints, solvent flatness,
non-crystallographic symmetry averaging, and his-
togram matching, are imposed on this initial density
map. After Fourier transformation, the structure fac-
tors obtained typically no longer obey the reciprocal
space constraints such as the measured amplitude
and the phase probability distribution. Therefore
existing reciprocal space restraints are recombined
with the phase probability distribution obtained
after back transformation of the restrained electron
density. These modified structure factors are used to
calculate a new map. This new map may, in turn,
no longer obey the real space restraints, so these are
reimposed. The procedure is repeated until it con-
verges on a density map satisfying the equations
available as well as is possible. In Fig. 10.1, a flow
chart of the process of Fourier cycling in shown.

Before we can understand why Fourier cycling
works, we have to deepen our understanding of
the Fourier transform. In particular, we need to
understand the effects of modifying density on the
structure factor amplitudes and phases. The math-
ematical tool that describes this is the convolution
operator.

Convolution is a commonly used mathematical
technique that takes as input two functions, say A(x)
and B(x). To convolute A(x) with B(x), first take the
function A(x) and place it at the origin of the second
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Figure 10.1 A flow chart demonstrating phase refinement in practice with the iterative recycling between real and reciprocal space.

function, then multiply the two functions. Now, do
this for each point in B, moving A to each point in B,
multiplying the functions, and adding all the prod-
uct functions. The result is the convolution of A with
B. See Fig. 10.2 for an example of the convolution
operator.

Mathematically, the convolution operator ® is
defined as follows:

o0
C(y)=(A®B)(y)= / Ay —xBx)3x  (7)
—0oQ

A useful property of the Fourier transform and
convolution is that the Fourier transform of the con-
volution of two functions is equal to the Fourier
transform of the two functions multiplied together.
Thus, since the convolution of two functions is
typically a time consuming process, this property,
together with the Fast Fourier Transform, is used to
significantly speed up the process of convolving two
functions.

In conclusion, when modifying the density in real
space is equivalent to a multiplication with another
map, in reciprocal space this results in the con-
volution of the Fourier transform of both maps (and
vice versa).

10.6 Phase recombination in
Fourier cycling

Clearly, for the procedure outlined in Fig. 10.1 to
work, we need to take care of several critical steps;
next to reasonable initial phase estimates required
to formulate the initial restraints, we need a statis-
tically valid procedure for the combination of the
phases obtained by back transformation of the real
space restrained map and the initial phase probabil-
ity distribution. This recombination step is discussed
below.

In general, estimates of high resolution phases
will be less accurate than the ones at low resolution.
The reason is that in the beginning of a structure
determination, it is easier to establish low resolution
contours than high resolution details. This is because
contours are hardly affected by errors at high res-
olution. On the other hand, the contrast of high
resolution features is severely affected by errors at
low resolution. Hence, in phase refinement we gen-
erally see the improvement progressing from low to
high resolution as we cycle through the procedure.
It makes sense to weight down structure factors
with erroneous phases. Therefore we need to intro-
duce a weighting scheme that typically has a higher
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Figure 10.2 The procedure of convolution, represented graphically.
(a) A one-dimensional centrosymmetric structure. (b) A Gaussian
distribution, which could potentially be an atomic shape function.
(c) The convolution of the function in (a) and (b).

weight or lower fall-off as the phase refinement
converges.

In practice, recombination of structure factors
involves first weighting of the phases of the modified
structure factors in a resolution dependent fashion,
according to their estimated accuracy or probability.
Every phase also has an experimental probability
(determined by experimental phasing techniques
and/or molecular replacement). The two distribu-
tions are combined by multiplication, and the new
phase is calculated from this combined probability
distribution. The measured associated structure fac-
tor amplitude is then scaled by the probability of the
phase, and we have our set of recombined structure
factors.

However, there is a problem with the phase rec-
ombination approach. Essentially we're combining

probability distributions: (1) real space restraints
give distributions for modified structure factors,
while (2) the phasing experiments give partially
independent phase probability distributions. Com-
bining distributions is easy: we just multiply them,
provided we know they are independent. However,
here consecutive distributions are clearly not inde-
pendent and treating them as independent would
inevitably lead to an undesirable bias towards the
very first map with which we started the Fourier
cycling. How do we deal with this situation? We
separate out the dependent component, and multiply
the independent components. In order to explain
how this is done in practice, we give a more
quantitative explanation of the reason why Fourier
cycling and phase recombination works, first for
solvent flattening and subsequently for NCS and
histogram matching.

10.7 Why does Fourier cycling improve
phases in solvent flattening?

Before we can flatten the solvent, we need to know
where it is. One of the implementations to obtain a
good approximation of the solvent mask computes
the variance of the electron density within a small
sphere throughout the entire unit cell. Regions in
the unit cell where a low variance is found then are
considered to be solvent, whereas a high variance
indicates protein. Most density modification pro-
grams use a binary solvent mask, with one value
representing the protein region and the other value
representing the solvent region. Some programs
have reported good results by extending this and
using real valued numbers between 0 and 1, where
the value of the grid point indicates the probability
of being in a protein region (Terwilliger, 2003).

Now return to Eq. 3, which describes the process
of solvent flattening. As a restraint, it can be written
down as follows:

Pmod (X) = pinit X)g(X) + psolventg (%) ®
where:

g(x) is a mask function which is equal to one in the
protein region and is zero in the solvent region.
R(x) is a mask function that is zero in the protein

region and one in the solvent region.
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(a)
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Figure 10.3 A graphical representation of solvent flattening in real
space. (a) represents a one- dimensional solvent mask, (b) is a
one-dimensional, unflattened electron density, and (c) is the resulting
flattened electron density map that imposes the solvent mask.

Pmod (X) is the modified electron density.
Pinit (X) is the initial electron density.
Psolvent is the mean density in the solvent region.

A graphical representation of solvent flattening in
real space is shown in Fig. 10.3. In Eq. 8, we multiply
the two functions pjpjt(x) and g(x) as we flatten the
density within the solvent region. However, multi-
plication in real space is equivalent to a convolution
in reciprocal space. Therefore, we can rewrite Eq. 8
as follows:

Fmod (h)= (Finit ® G)(h) + C(h) 9
Where:

Finodq(h) is the Fourier transform of the modified
density map, pmod (X)-

Finit (h) is the Fourier transform of the unmodified
density map, pjpjt (X).

G(h) is the Fourier transform of the protein mask,
often referred to as an interference function.

C(h) defines a small correction, mainly peaking at
the origin.

Applying a mask function in real space is equiv-
alent to combining many structure factors through
a convolution in reciprocal space. This results in an
improvement because the random error component
of the structure factors will average out, whereas
the true values of the structure factors will add up
systematically. Fig. 10.4 gives a graphical example
showing this phenomenon.

As is described in Abrahams (1997), plotting the
radial distribution of the intensity of the interfer-
ence function G(h), most of the intensity is around
the origin. Thus, when you convolute the struc-
ture factors F with the interference function G, each
structure factor will mainly be recombined with
structure factors that are close by.

However, this procedure is not entirely without
problems. Importantly, there is a term in the con-
volution given in Eq. 9 which cannot be neglected:
it is the value of the G(a) function at (h = 0). The
magnitude of this term determines how much of
the original (partially erroneous) map is unaffected
by the convolution. The modified map is actually a
scaled down version of the initial map, to which is
added a new map containing new information. Now
we have effectively identified the bias component: it
is defined by the magnitude of G(h) (or by the mean
value of g(x), as follows from Fourier theory). In
order to do a proper phase recombination, we have
to set G(0) to zero. Several ways of achieving this
have been developed: the reflection omit method
(Cowtan, 1996); the gamma-correction (Abrahams,
1997), which speeds up the procedure by an order
of magnitude; and the perturbation gamma method
(Cowtan, 1999), which generalizes the method to
any type of bias determination.

10.8 Fourier cycling and NCS averaging

One of the earliest ways of doing density modifi-
cation is non-crystallographic symmetry averaging.
Sometimes, different molecules in the asymmetric
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(a)

(b)

Figure 10.4 Vector diagram of the effect of convolution of many structure factors in reciprocal space. In (a) is shown the true structure factor
(thick arrow) and the initial, unmodified structure factor (thin arrow). In (b) the convolution operator applied to the initial structure factor
(thin arrow) results in a closer estimate (dashed arrow) of the true structure factor (thick arrow).

unit are related by rotation and/or translation oper-
ators that do not belong to the crystal symmetry.
Thus, when crystallographic symmetry operators
are used, they superimpose the entire crystal lattice
onto itself; non-crystallographic symmetry oper-
ators do not have this property.

Another way of looking at this is that non-
crystallographic symmetry operators cannot be used
to tile three-dimensional space, and thus are not of
the class of crystallographic symmetry operators.
Because these symmetry related molecules are not
related by crystallographic symmetry, extra sym-
metry is introduced in reciprocal space over and
above the symmetry of the Laue group. Bricogne
(1974) gives mathematical relationships necessary
to efficiently take advantage of this extra source of
information.

In many ways, NCS averaging is the easiest
density modification technique to intuitively under-
stand, especially if considered in real space. In the
process of NCS averaging, one simply takes all
the different NCS related molecules in the asym-
metric unit, superimposes them, and then replaces
their density with the average density. Because these

molecules are in a similar chemical environment,
and are of similar shapes, when we superimpose
them, regions of similar electron density reinforce
each other. We therefore increase the signal from
the protein, and as we overlay multiple proteins,
their signal increases additively. Likewise, the noise
decreases by 1 /n1/ 2, where n is the number of non-
crystallographic symmetry related molecules. This
property of signal amplification and noise reduc-
tion in NCS averaging is illustrated graphically in
Fig. 10.5.

In NCS-averaging, bias problems occur in Fourier
cycling that are similar to the ones we mentioned
in solvent flattening. For example, in two-fold
averaging the result within the protein region is
biased towards the initial map by 50%. Since we
calculated the average of the two molecules at
each grid point, half of the original density is
retained. Therefore, similar treatment of the bias
is required. Removing the bias results in swap-
ping of the densities in two-fold averaging, and
replacing the density of a molecule by the aver-
age of the others in high non-crystallographic
symmetries.
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Figure 10.5 Increase of the signal to noise ratio in
non-crystallographic symmetry averaging. In (a) is shown a
one-dimensional representation of the electron density of a
macromolecule. In (b), a graph of the noise that results from the
sources of errors in the crystallographic process, including
experimental phasing and measurement errors. In (c), the observed
density composed of the true electron density with the noise
component. In (d), the effect of non-crystallographic symmetry
improves the signal from the macromolecule while decreasing

the noise level, the dotted lines shows the level of bias.

10.9 Histogram matching

Proteins often fold into a compact, globular form,
composed of secondary elements such as beta
sheets and alpha helices. This regular collection

of building blocks leads to interesting similarities
between the electron density across protein folds
and families. These similarities can be exploited,
and can provide a path to improve poor electron
density.

Histogram matching is a technique that took its
cue from the field of image processing. In various
fields of study, one common problem is that of con-
trolling contrast and brightness of an image. One
such field is map making using aerial photography.
Due to the wide variety of conditions and ground
types, the aerial photographs are often badly cor-
rected for contrast and brightness. One way of fixing
this problem is that of histogram matching. In his-
togram matching, one does not look at the image
per se, but instead, the histogram of the intensity
values of each pixel, binning them into their appro-
priate histogram area.! After making a histogram of
your model, comparing it to a histogram of a known
good image and changing the model so that its his-
togram resembles the known image, the contrast
and brightness of the starting image are dramatically
improved.

As was mentioned before, solvent flattening helps
to improve the low contrast solvent region, whereas
histogram matching helps to improve the high con-
trast protein region. In addition, histogram match-
ing may be used for phase extension, where by
adding and phasing thin shells of data in recipro-
cal space, good phase estimates for structure factors
of previously unphased structure factors can be
obtained. One situation where this happens often
is when solving a structure by MIR. Often, the
diffraction pattern of a protein modified by isomor-
phous replacement will not diffract as far out into
reciprocal space as those of the native crystal. By
a judicious application of phase extension, phases
that could not be obtained from the MIR experi-
ment may be obtained by phase extension. In addi-
tion to the mainly textual description given above,
a simple one-dimensional illustration is shown
in Fig. 10.6.

In contrast to the situation in solvent flatten-
ing and non-crystallographic symmetry averag-
ing, in histogram matching, the theoretical gamma
correction performs less well than the perturba-
tion gamma. Cowtan (1999) shows that, in the
case of histogram matching, there is not a single,
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Figure 10.6 Histogram matching. In (a) are shown a histogram from a first map in phase refinement (dashed line) and a theoretical protein
histogram (solid line). In (b), the protein histogram (dashed line) and a sharp solvent histogram (solid line) are shown.

global gamma value because of non-linearities in
the histogram matching method. The problem is
underdetermined, leading to multiple solutions.
The perturbation gamma algorithm runs a single
histogram-matching cycle twice, once normally, and
once with a map with a small amount of noise
added to it. By comparing the correlation between
these, one can determine a gamma correction for any
subset of the data.

Note

1" A histogram plots frequency distributions of observed val-
ues. If observations within a certain interval occur frequently,
a histogram will plot a high value for this interval, irrespective
of where or when these observations occur. A histogram of the
values cast by a single perfect die is flat, whereas a histogram
for the total value cast by a pair of dice peaks at 7, where it is six
times higher than at values of 2 or 12. For frequency distribu-
tions of correlated observations, multidimensional histograms
may be useful.

Technical notes

Some of the popular density modification programs
implementing the real space restraints discussed
above are Solomon (Abrahams, 1997), DM (Cowtan,
1999), RESOLVE (Terwilliger, 2003), Pirate (Cow-
tan, http: /www.ysbl.york.ac.uk/~cowtan/pirate/
pirate.html) and SHELXE (Sheldrick, 2002).

Solomon. This was the first density modification
program to use solvent flipping, where density in
the solvent region is inverted or ‘flipped’ to enhance

density modification. Can be downloaded with the
CCP4, but a superior script implementation is found
in the SHARP suite.

Availability: http: /www.ccp4.ac.uk

http: /www.globalphasing.com

DM. One of the most popular density modifica-
tion programs, DM comes bundled with the CCP4
suite. It incorporates many different ideas in density
modification including histogram matching, NCS
averaging, multi-resolution modification, Sayre’s
equation and skeletonization.

Availability: http: / www.ccp4.ac.uk

RESOLVE. An easy to use density modification
program that uses statistical density modification,
which is an application of the general principles of
maximum likelihood to density modification. One
of its central algorithms is to iterate through every
reflection in turn, examining all of the possible
phases for the one that gives the most probable map.
This procedure determines the most statistically
valid hypothesis for every phase and is designed
to help reduce bias. The RESOLVE program is
also capable of performing model building and has
many other advanced tools for protein structure
solution.

Availability: http: /solve.lanl.gov

Pirate. A new statistically based density modifi-
cation program that uses sparseness/denseness and
order/disorder in a statistical framework to model
a new protein structure from ones that have been
previously determined.


http://www.ccp4.ac.uk
http://www.globalphasing.com
http://www.ccp4.ac.uk
http://www.ysbl.york.ac.uk/~cowtan/pirate/pirate.html
http://www.ysbl.york.ac.uk/~cowtan/pirate/pirate.html
http://solve.lanl.gov
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Availability: http: /www.ysbl.york.ac.uk/
~cowtan/pirate/pirate.html

http: /www.ccp4.ac.uk

SHELXE. Part of the SHELX suite of programs,
SHELXE uses a variety of novel algorithms to
help perform density modification. One of it’s pri-
mary algorithms is the ‘sphere-of-influence’ method,
where a 2.42 A sphere of 92 (or 272) points is sys-
tematically moved in real space through the starting
electron density map, regions of high variance are
assigned to be protein and regions of low variance
are assigned to be solvent.

Availability: http: / www.uni-ac.gwdg.de/
SHELX

10.10 Conclusions

In this chapter we have presented the concept of
density modification, where we take a priori infor-
mation about the structure of the macromolecule
we are studying to improve phase estimates. These

concepts of density modification for the improve-
ment of phases from crystallography have been
implemented in many different programs in the
past. Some of the popular density modification
programs implementing the real space restraints dis-
cussed above are SOLOMON (Abrahams, 1997),
DM (Cowtan, 1999), and RESOLVE (Terwilliger,
2003).
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CHAPTER 11

Getting a macromolecular
model: model building,
refinement, and validation

R. J. Morris, A. Perrakis, and V. S. Lamzin

11.1 Introduction

Determination and analysis of three-dimensional
(38D) structures is a cornerstone in modern molec-
ular biology. Macromolecular structure plays an
unchallenged role in the interpretation of biochem-
ical data and constitutes a main key that can open
the door to unravel mysteries of the function of
biological macromolecules. The vast majority and
a wide variety of chemical reactions and other pro-
cesses in living organisms is carried out by proteins.
They are typically specific, highly efficient and yet
very versatile. The formation, development, and
the sustenance of a living organism are governed
by the correct function of proteins, which in a
given environment is defined by their spatial struc-
ture. Therefore the investigation into macromolecu-
lar structures and the characteristics that determine
their function has been of particular interest over
the last decades, often giving rise to new and highly
detailed biological insights at the atomic level.

A large number of methods have been estab-
lished to address the gathering structural infor-
mation. Some are based on the biophysical prop-
erties of the studied molecules, others on their
chemical composition. A most important final step
is to properly relate the structural knowledge to
the inferred functionality. Currently, X-ray crys-
tallography is the predominant technique for 3D
structure determination, owing to its now practi-
cal simplicity, ease, and high level of automation
as compared to the formerly tedious and time

consuming measurements as well as computation-
ally and labour-intense interpretation.

Especially during the last two decades, crystal-
lography has developed into the primary tool for
the investigation of biological macromolecules. Sub-
ject to the strength of the X-ray diffraction produced
by fragile protein crystals and, therefore, the res-
olution of the crystallographic data, the method
allows visualization of the electron densities down
to the individual atoms and sometimes even fur-
ther — approaching a resolution at which subtle, but
biochemically most important, electronic differences
may be studied. This obviously had important con-
sequences in opening up an entire new wealth of
possibilities for the structural investigation of pro-
teins and the establishment of structure—function
relationships at truly atomic level of detail.

Protein molecules are generally large and are com-
posed of polypeptide chains of amino acids that
provide amazing conformational flexibility. This is
reflected not only in the way proteins are folded into
anappropriately arranged globular body with a ded-
icated purpose (function) but also in the way they
undergo conformational changes upon interactions
with other proteins or small molecules (ligands).
This conformational flexibility results in a challenge
in obtaining sufficiently ordered protein crystals
that, being placed into an X-ray beam, would be
able to provide diffraction data to sufficient res-
olution. An additional feature of protein crystals
that promotes this flexibility is that the molecules
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pack loosely into the crystalline lattice and are sur-
rounded by layers of solvent. Indeed, protein crys-
tals are approximately half liquid, with the fraction
of solvent varying from 25 to 85%. In extreme cases,
a protein crystal is not too dissimilar from a glass of
good wine.

Recent years have witnessed further progress in
the development of the underlying methodology for
the determination of 3D macromolecular structures.
A particular emphasis is given to high-throughput
methodologies as an integral part and one of the
specific goals of structural biology.

In this chapter, high-throughput automation
efforts being developed to meet the needs of
Structural Genomics initiatives will be cast in the
framework of an optimization problem. A general
overview will be given on optimization techniques
with a bias specifically towards the problem of
crystallographic refinement. This picture will be
extended as we brush over model building, pro-
gram flow control, decision-making, validation, and
automation. Finer details of different approaches
will be painted in a conclusive review of some
popular software packages and pipelines.

11.2 Basics of model building
and refinement

11.2.1 Introduction to optimization

Optimization is an important field of mathematics
with applications covering virtually all areas of sci-
ence, engineering, technology, transport, business,
etc. It is hardly surprising that much effort has been
invested in this area and that well-matured tech-
niques and methods exist for solving many kinds
of optimization problems. State-of-the-art optimiza-
tion packages are highly complex and fine-tuned
software masterpieces that often contain many inge-
nious ideas, robust heuristics, and decades of man-
power on the underlying research and work. To
run through the theoretical and algorithmic details
of these tools is clearly beyond the scope of this
chapter. Instead we walk through some basic ideas
and considerations.

Optimization is concerned with finding extrema
(minima and maxima) of functions (provided that
they have them). The function f(.) that should be

fx)

Local minimum

Global minimum

v

X

Figure 11.1 The basic problem of an optimization problem with a
one-dimensional function having more than one minimum. The slope
(gradient) can give useful information concerning which direction to
seek the minimum and which point to try next. Extrema are
characterized by a gradient of zero, so methods that rely solely

on this information will halt also in a local minimum.

optimized is called the objective function or cost func-
tion. In the general case, the objective function f(.)
will depend on several variables, x=(x;,...,xN).
The basic issue of an optimization problem is shown
in Fig. 11.1. The plot depicts a one-dimensional func-
tion f(x) and its dependency on the variable x = (x1).
Optimization theory aims to provide methods for
determining the values of the variables x such that
the objective function is either maximized or mini-
mized. The variables that optimize f(.) are known
as optimal values. An important practical shortcut
is to not necessarily obtain the optimal values of
the variables but to approach them to a satisfactory
accuracy (tolerance) within a reasonable amount of
computational time.

Without loss of generality, one can formulate all
optimization problems as minimization problems,
with the maximum for the function g(.) = —f(.) being
the minimum for the function f(.). By definition, f(.)
has a minimum at point xV = (x?, cee, x?\I) if, and only
if f(xO) < f(x) for all x over which the function is
defined. If the condition f(xo) < f(x) is valid only
within a small neighbourhood of xY, then f(x) is said
to have a local minimum in x’.

A crystallographic example of optimization would
be the minimization of a least-squares or a negative
log-likelihood residual as the objective function,
using fractional or orthogonal atomic coordinates
as the variables. The values of the variables
that optimize this objective function constitute the
final crystallographic model. However, due to the



complexity of the crystallographic objective func-
tion a macromolecular model never truly optimizes
the function, that is the global minimum is never
reached. Instead, the model - although typically
very good — is an approximation to what Nature
has gathered within the macromolecular sample.
This point should always be kept in mind and
would indeed still be valid even if the model did
represent the global minimum of the target func-
tion. This should become clearer further down
the text.

Optimization problems in crystallographic struc-
ture refinement are seldom convex, that is very
rarely characterized by a unimodal function f (x). Reg-
ularization of a two-atom model is an example of
such a unimodal function, Fig. 11.2a. In contrast,
Fig. 11.2b shows a profile of a function for modelling
an amino acid side chain — the peaks correspond
to the possible rotamers. In this case, the shape of
the function f(x) is called multimodal. Such functions
arise naturally in structural macromolecular opti-
mization problems and possess a highly complex
multiminima energy landscape that does not lend
itself favourably to standard robust optimization
techniques.

Typically one has a function at hand that may be
described by

fxX):A—> 9%

in which the domain A, the search space, is a subset
of Euclidean space %", often specified by a set of
constraints in the form of equalities or inequalities
that these solutions must satisfy thereby reducing
the effective dimensionality of the search space. Sol-
utions that satisfy all constraints are known as feasible
solutions in the sense that they are plausible under
given boundary conditions. Examples for feasible
solutions in macromolecular crystallography are cell
parameters that obey the space group restraints, or
bond distances that agree with known stereochem-
istry, or torsion angles that fall within an allowed
region in the Ramachandran plot (Ramakrishnan
and Ramachandran, 1965).

In many crystallographic problems, the choice of
the variables x is subject to constraints (boundary
conditions represented by equations). The problem
is then known as a constrained optimization prob-
lem. An example would be the refinement of a
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macromolecule with constraints on the bond lengths
and angles, or TLS (translation-libration-screw) or
NCS (non-crystallography symmetry) refinement
(e.g. Tronrud, 2004), where a protein model is split
into a number of rigid bodies within which the
atomic positions and displacement parameters are
constrained. Problems with no limitations on the
freedom of the variables are called unconstrained
optimization problems.

A special but very important topic is the tightness
of the boundary conditions. A (holonomic) constraint
is an absolutely tight condition (an equality — a pre-
cise setting or sharp probability density function
of values), which in effect reduces the number of
parameters to be refined. We may, however, wish to
formulate the problem where the condition is rel-
atively soft (an inequality — a range of plausible
values and a potentially broader probability func-
tion). For example, within the above mentioned
constrained refinement case we may want to allow
bond lengths to vary slightly within reasonable
chemical limits, or for the values of atomic displace-
ment parameters (also known as temperature factors)
not to jump too sharply from one atom to the next,
or to give a preference to one of the rotamers in
Fig. 11.2c if it falls into electron density. The degree
to which we would like in the latter example to
take the density height into account defines the
tightness of this additional condition. Such condi-
tions are called restraints. Mathematically, this does
not reduce the number of refined parameters but
instead increases the number of observations. It
now becomes apparent that a restrained optimiza-
tion problem may deal with observations, which
have different physical origin (e.g. measured X-ray
intensities combined with stereochemistry), differ-
ent metrics, and different degrees of variability. Thus
the term ‘total number of observations’ becomes
ambiguous and, if quoted, should be taken with a
pinch of salt, unless precisely defined.

Optimization problems and the computational
techniques to tackle them are often classified further
depending on the properties of these constraints,
the objective function, and the domain itself. Linear
Programming deals with cases in which the objec-
tive function f(x) is linear and the set A is spec-
ified through linear equalities and inequalities. If
the variables x can only acquire integer values,
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Figure 11.2 This figure shows the probability functions for two typical crystallographic examples. In (a) two atoms show a preference for a
certain bond distance, which is inversely related to an energy function of minimization target. This function is unimodal and the corresponding
optimization problem is easy to solve. In (b) four different rotamer positions are depicted. The probability distributions are derived from
knowledge-based potential of this side chain. This function is multimodal and requires a sufficiently wide sampling to solve as an optimization
problem. Even so, the ‘best’ result may not be correct. In (c) the electron density, shown in darker colour, is also taken into account that, when
correctly weighted, points clearly to the right solution. It would be misleading to state that this is a standard situation but is does show the
significance of taking all available data into account and weighting them appropriately.

such studies of linear problems are called Integer
Programming. Further generalization is covered by
Quadratic Programming that handles objective func-
tions with quadratic terms, but still with linear
constraints. If there is no requirement for linear-
ity and the variables are still integer, the problem
is considered to be one of Combinatorial Optimiza-
tion. Non-linear Programming is an even more general
topic and allows the objective function or the con-
straints or both to contain non-linear parts. Dynamic
Programming cuts the optimization problem into
smaller subproblems from which the global solution
is constructed. Many more classifications exist and
dedicated handbooks or software manuals should
be consulted for further information. The book on
statistical learning by Hastie et al. (2001) provides a
good basic introduction to many of these topics.
Most optimization procedures work in an iterative
manner. An initial guess is made at where the min-
imum may lie and various techniques are applied
to improve that estimate. This is generally achieved
by random to very sophisticated sampling methods.
If the objective function f(x) is differentiable then

its gradient

af (%)

Cox
(the first derivative vector of the function with
respect to the variables — slope) can be used effec-
tively to determine where to sample next. A simple
method that uses gradient information to find a local
minimum is gradient descent or the method of steepest
descent. If the second derivative of the function exists,
the Hessian (the second-order derivative matrix of
all combinations of variables) can be employed to
help the search and to classify stationary points. The
use of Hessian information significantly improves
the search and reduces the number of required steps
to reach the minimum. Here each step in the iter-
ative procedure is proportional to the gradient at
the current point. Given an appropriate step size
a (which can be problematic to determine) this
approach works very well, also in high-dimensional
space:

)
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A better alternative is often the conjugate gradi-
ent method. Newton’s method uses gradient and
Hessian information to compute the next point, in
effect approximating the objective function at each
point by a quadratic function and finding the min-
imum of this function. A drawback is that the
Hessian may not be easy to compute and even
more so the inversion thereof which is needed for
the step computation. The matrix inversion can
be an unstable and computationally very expen-
sive operation. In this context quasi-Newton, Gauss—
Newton and Levenberg—Marquardt methods and
especially the Broyden-Fletcher-Goldfarb-Shanno
method should be mentioned. The interested reader
is advised to consult specialized literature for fur-
ther details, or Tronrud (2004) for a crystallographic
overview. In particular the Numerical Recipes books
(Press et al., 2002) provide a good introduction to
many important approaches with implementation
details.

There are methods that deliberately avoid the
use of gradient and Hessian information. Such
approaches typically require many more iterations
but can nevertheless save overall on computation.
Some popular ones are the Simplex Method, Genetic
Algorithms, Simulated Annealing, Particle Swarm and
Ant Colony Optimization, and variants thereof.

Many open-source, freely available and commer-
cial packages exist for handling many kinds of prob-
lems; especially the statistics package R (Dalgaard,
2002) is recommended as a good starting point. It is
important to choose the best method for the problem
at hand, that is to match the optimization approach
to the nature of the function, the variables, and the
boundary conditions. There are many features to
consider in choosing the method. Is the function
linear, or not? Are the variables real or integer (or
binary)? Are derivatives available? Is it a global or
local optimization? What accuracy is required? Etc.

In macromolecular crystallography the optimiza-
tion problems are too complex so that hardly any
existing package could be used as a black box
without considerable development and specifica-
tion. Below we outline how some basic crystal-
lographic problems in refinement and modelling
are addressed starting from a foundation of pattern
recognition.
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11.2.2 A brief introduction to
pattern recognition

Many tasks in the crystallographic structure solution
process may be seen as pattern recognition prob-
lems, especially the areas of model building and
validation do little more than just pattern match-
ing. The objective of pattern recognition is to assign
objects, which are described by a collection of numer-
ical features (a feature vector), to the class to which
they correspond. For example, a feature vector
that assigns a quality ‘wine’ to different quality
classes may consist of features such as grape vari-
ety, year, location, colour, alcohol content, nose,
balance, acidity, sediment, container type (bottle or
tetrapak), etc. Some of these features can be very
useful in discriminating between the classes (such
as year and location in this example) while others
may not have such a high discriminative power (such
as alcohol content perhaps). Often features can be
combined to provide new features that contain a
similar power of discrimination (in this example,
all these features could be approximated by the
price tag).

Pattern recognition can be formulated as an opti-
mization problem that minimizes the risk of mak-
ing a wrong class assignment. Feature selection
can be formulated as an optimization problem that
aims at maximizing the discriminative power, often
subject to further constraints, such as minimizing
the dimensionality and therefore casting most of a
population’s variance on as fewer features as pos-
sible. Such combinations of features for the task of
classification are particularly well explored by newly
emerging computational techniques, such as neu-
ral networks (e.g. Bishop, 2002). They are generally
based on the principle of a multilayer perceptron.
Networks with already as few as three layers and
sigmoidal activation functions can approximate any
smooth mapping to an arbitrary accuracy (Lapedes
and Farber, 1988). An important feature of neural
networksis that they do not necessarily contain feed-
back loops and that their outputs can be calculated
as explicit functions of the inputs.

In order to achieve the goal of classification, a good
classifier is needed. Supervised learning is a popular
approach that may be used to train the classifier to
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discriminate between the classes using the features
from a training set. A training set is a set of objects
with already assigned classes. Supervised learning
therefore implies the availability of prior knowledge
for construction of the training set. It is explicitly
known what the result of the classification should
be. Concurrently, a test set is kept apart to validate
the classifier, while developing it, against data that
have not been used for this training. A validation set is
kept apart for the final testing of the developed algo-
rithms. In macromolecular crystallography having
available a large set of structures and their exper-
imental data, will provide an invaluable resource
for supervised learning but also for general algo-
rithm development. There is a wide collection of
classifiers (or classifier functions) that can be used for
supervised learning, depending on the nature of the
features: neural networks (i.e. a multilayer percep-
tron); likelihood-based methods (including linear
and quadratic discriminators); nearest neighbour
methods (i.e. a linear vector quantizer); and rule-
based classifiers (such as binary trees and support
vector machines). These methods are easily accessi-
ble for testing through publicly available software
(e.g. Lippmann et al., 1993). Any ensemble of clas-
sifiers can be linked to form a committee, where
each classifier has a ‘vote’ and, if enough classi-
fiers reach the same conclusion, this result is taken.
In many practical implementations it is preferred
that each classifier is given a smooth weight (rather
than a binary ‘voting’) so that the ‘votes” of all
committee ‘members’ are used to the extent of their
reliability.

As in the above example in which the ‘wine qual-
ity’ is a somewhat ill-defined concept subject to indi-
vidual taste, many classification schemes are often
heavily biased by the viewpoint of the researcher
(and this can influence the performance). Unsuper-
vised learning (e.g. Ritter et al., 1992) largely avoids
this bias but at the cost of often less powerful meth-
ods and the missing interpretation of the arising
classes, where often it is not obvious what these
classes represent.

Similar to optimization, the field of pattern recog-
nition is well developed with many high quality
textbooks (e.g. Theodoridis and Koutroumbas, 2006;
Duda et al.,, 2000) and some excellent and user-
friendly software packages.

11.2.3 Crystallographic model building

The aim of crystallographic model building is to con-
struct a model that explains the experimental data
under the condition that it should make physical and
chemical sense. To build a crystallographic macro-
molecular model the most crucial information is the
reconstructed electron density map. Interpretation of a
map consists of examining topological features of the
density and using knowledge of the chemical nature
of macromolecules to determine the atomic positions
and their connectivity. Before the development and
availability of automated software approaches this
was a cumbersome task that could easily take many
months and required experience in protein structure
and chemistry, and often a vivid imagination.

In order to construct an electron density map, into
which the macromolecular model should be built,
both the amplitudes and the phases of the diffracted
X-rays need to be known. Since only the ampli-
tudes are directly attainable in a diffraction exper-
iment, obtaining phases (solving the so-called phase
problem) plays a central role in crystallography.
The initial phase estimates, provided either by the
use of a homologous model — molecular replacement
(Turkenburg and Dodson, 1996) or by experimen-
tal techniques involving the use of heavy atoms
and synchrotron radiation, (M/S)IR(AS), (S/M)AD
(Ogata 1998), are often of rather poor quality and
result in inadequate electron density maps. The
model, which can be built into such maps may be
incomplete and even, in parts, incorrect. It may
therefore require rounds of extensive refinement
combined with model rebuilding. Visual examina-
tion of the electron density and manual adjustment
of the current model is a tedious, time demand-
ing, and subjective heavily step that relies on user
experience. It has been recently eased by automated
methods, and these and other related developments
are discussed below.

11.2.4 Crystallographic refinement

Macromolecular crystallographic refinement is an
example of a restrained optimization problem.
Standard refinement programs adjust the atomic
positions and, typically, also their atomic dis-
placement parameters of a given model with the



goal of maximizing the agreement between the mea-
sured experimental diffraction data and predicted
structure factors from the model. At the same time,
they optimize the agreement to a variety of a priori
available information, most commonly the stereo-
chemistry of the model. The objective function for
the refinement is a high-dimensional function. Its
dimensionality is equal to the number of refined
independent parameters and thus typically is in
the order of many thousands. The reader may be
referred to Tronrud (2004) for a discussion on crys-
tallographic model parametrization. The landscape
of this objective function in its multidimensional
space depends primarily on the atomic coordinates
of the model and is characterized by many minima.
An additional complexity arises from the crystallo-
graphic phase problem and the often initially poor
phase quality, which affect the completeness of the
model, where even challenging techniques, such as
conjugate-gradient, do not necessarily lead to the
global minimum.

Macromolecular diffraction data are rarely of
sufficient quality and quantity to allow construc-
tion of atomic models that would obey basic
stereochemistry just based on this optimization of
parameters to data. The observation-to-parameter
ratio is a key factor in optimization procedures.
For the optimization of a crystallographic model,
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experimental diffraction data extending to at least
atomic resolution (about 1.2 A) are necessary to pro-
vide a sufficient number of reflections and thus
a high enough observation-to-parameter ratio to
justify an atomic model. The dependence of the
observation-to-parameter ratio is exemplified in
Fig. 11.3. The number of diffracted X-ray reflections
for a complete data in P1 lattice can be computed as
2n

—V

N =
refl 343

where V is the volume of the asymmetric unit and
d is the resolution. Assuming the asymmetric unit
to contain only one ‘average’ atom, nitrogen, with
a molecular mass of 14 and the xyzB refinement
(four parameters per atom) it is straightforward to
compute the observation-to-parameter ratio for a
given value of the solvent content. From Fig. 11.3
it becomes evident that at atomic resolution the
optimization problem is well overdetermined and
one can easily afford even anisotropic treatment of
atomic displacement parameters, while at a resolu-
tion lower than about 2.7 A the number of observed
data becomes smaller than the number of parame-
ters. This problem of lack of data is (to an extent)
overcome by restraining (or less usually constrain-
ing) the model parameters to values determined
from small molecule structure solutions. Most of the
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Figure 11.3 The ratio of the number of reflections to the number of parameters in the XYZB crystallographic refinement of a protein
model as a function of the resolution of the data. The data are assumed to be complete and the solvent content to be 50%.
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refinement programs use stereochemical parameters
derived from the Engh and Huber (1991) dictionary.

Refinement is thus the optimization of the
model parameters to simultaneously fit both the
experimental diffraction observations and a set
of apriori known stereochemical information. It
should become clear from the formula above, that
solvent content crucially affects the observation-to-
parameter ratio. Since crystals that diffract to lower
resolution typically have higher solvent content,
refinement can often be carried out decently well
even at nominally low resolution.

The crystallographic R factor, defined as

b I
. 2nkt [Frgr — Frid
= b
2hki FRRT

is used to measure the fit between the model and
the observed data and to monitor the refinement
progress. In addition to the standard crystallo-
graphic R factor, the so-called free R value can
be used as a cross-validating indicator to monitor
the overall progress and to avoid fitting to noise
(Brunger, 1992). The free R factor is, in principle, the
same as the standard R value, but only for a small
subset of the data that are never used throughout
the refinement process and can therefore be taken
as an independent evaluation of quality of fit as the
model has not been influenced by this set of inten-
sities; a technique that falls in the general category
of bootstrapping methods for validation. Full cross-
validation by bootstrapping would require that all
data in turn are tested, that is a model is refined first

with, for example, 5% of data excluded for valida-
tion, the refinement repeated several times from the
beginning using different subsets of ‘free’ data. In
practice, however, this would not be efficient and
require huge CPU costs for thorough validation; a
singe ‘free’ set is in general sufficient for crystal-
lographic refinement and is typically employed in
structure determination.

The use of cross-validation should be widely
recommended for crystallographic model refine-
ment. Its simplicity to understand for the non-
expert and its power in discriminating models that
are consistent with the experimental data make it
indispensable. However, in modern crystallogra-
phy model refinement is often falsely seen as the

task to minimize the value of R free, instead of
correctly obtaining the model that best describes
the data. One may decide to run several model
refinement protocols in parallel and choose the
one with the lowest R free factor. However, it
is important to understand that from this point
onwards the free factor becomes biased to the chosen
protocol.

A misconception, which still occurs in the litera-
ture, is that a cross-validation could serve as a local
indicator rather than a global guide for the whole
structure determination protocol. Cross-validation
cannot be sufficiently sensitive to indicate as to
whether a particular side chain could be built into
one or another conformation.

In using cross-validation it is essential to avoid,
or at least minimize, bias to the free R factor itself.
In the era of emerging automated procedures for
modelling and refinement a frequent mistake is to
set aside a fraction of reflections for minimization
of the residual in reciprocal space and, at the same
time, to use all data for computation of electron den-
sity and model rebuilding. Since local adjustment of
the model in real space is equivalent to global phase
adjustment in reciprocal space, the free reflection set
becomes biased towards the current model and loses
its validation credibility.

From a totally different perspective, omitting
the free set of reflections from the experimental
observations effectively reduces the observation-to-
parameter ratio and can adversely affect the refine-
ment. Clearly, an optimization problem crucially
depends on the number of observations that are used
to find optimal values for the model parameters. If
done by a crystallographer, the result may depend
on the human creativity and skills combined with
wishful thinking. The danger of over-interpretation
in normally not a caveat of automated model build-
ing algorithms and cross-validation may not be
necessary since the growing polypeptide chains of
traced residues can themselves be seen as an inde-
pendent cross-validation criterion. Based on one
of the authors’ subjective experience (i.e. not fully
cross-validated) it can be advised that when an objec-
tive model building software package is used in par-
allel with maximum likelihood refinement, it may be
of advantage to not set aside the free set for valida-
tion but instead use all the data. This can diminish



the ‘rippling’ effect caused by Fourier transforms
with incomplete datasets, on top of depriving the
optimizer algorithm of the refinement program from
valuable diffraction data.

11.2.5 Model building and refinement are
both phase improvement procedures

ARP/wARP challenged the common separation of
model building and refinement by taking a more
general view of the underlying phase optimization
through coordinate manipulation and by allowing
the extension of the macromolecular model as part
of the whole process (Perrakis et al., 1999). This
placed structure solution on a more unified foun-
dation and encouraged automation in linking the
entire procedure.

Model building is an interpretation of the cur-
rently available electron density. Refinement is the
adjustment of the built model to fit better to the
experimental data. A crucial point here is that a
density map computed from the refined model is
generally better than the map obtained from the
same model before the refinement. This then allows
for an even better model to be built. Thus, refinement
is needed to improve the outcome of model build-
ing by generating a better electron density map and
model building is needed to provide a model in the
first place and to provide stereochemical restraints
for the subsequent refinement to proceed smoothly.
This viewpoint merges these two steps into one
model optimization process.

The ARP/WARP procedure is largely based on
the concept of describing the electron density with
a collection of free atoms, originally introduced for
phase extension by Isaacs and Agarwal (1985). The
main a priori knowledge in this case is the fact that
proteins consist of atoms, although this informa-
tion aloneis hardly sufficient. ARP/wARP, however,
takes this further — before linking the atoms, one
has to position them correctly, not necessarily into
peaks of the density but preserving at least the
first order stereochemical information — the inter-
atomic distances. Free atoms themselves account
for the electron density features without the need
to apply additional chemical knowledge or distance
restraints between them. The coordinates of the free
atoms are refined, updated where needed, and used
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by the ARP/wARP autobuilding module for con-
struction of a polypeptide chain that is in agreement
with the electron density. In the regions where it
is not possible to make sense of the electron den-
sity features in terms of a protein model, free atoms
are kept. This results in what is called a hybrid
model, a mixture of free atoms and fragments of
the protein structure. Much in the same way as in
the ‘traditional” X-ray structure solution, the hybrid
model undergoes a refinement procedure with the
highly successful maximum likelihood based refine-
ment program REFMAC5 (Murshudov et al., 1997)
in which the parameters of the model are adjusted
to best fit the experimental data and stereochemical
expectations. If the quality of the model is suffi-
ciently high, the phases improve overall and result
in an enhanced electron density into which a more
accurate and more complete model may be built
at the next cycle. ARP/wARP, like human crystal-
lographers, links model building and refinement
together into a unified process that iteratively pro-
ceeds towards a more complete macromolecular
model.

11.3 Software packages
11.3.1 An overview of refinement programs

Refinement is an optimization problem. Therefore
we choose to outline the current programs based
on how the optimization problem is formulated
(including the variables and the objective function)
and the method of choice for locating the min-
ima (the solution method). The parameterization
of a macromolecular model is a crucial step and
should reflect the amount of available data that
can be used to optimize the model parameters.
This fluid parameterization is typically replaced by
standard atomic coordinates (xyz), a displacement
parameter (B), and occupancy (occ) parameteriza-
tion in which the amount of data is accounted
for in the weights (tightness) of the stereochemical
restraints. Other parameterization approaches use
torsion angle, rigid body, and NCS constrained/
restrained (hard/soft) parameterization. Additional
parameters include those used for modelling the
bulk solvent. Within the free atoms framework, the
atom type itself enters as a parameter since such
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atoms are initially simply diffracting balls of density
without necessarily having a meaningful chemical
identity or connectivity.

One of the most popular refinement programs
is the state-of-the-art package Refmac (Murshudov
et al., 1997). Refmac uses atomic parameters (xyz,
B, occ) but also offers optimization of TLS and
anisotropic displacement parameters. The objective
function is a maximum likelihood derived residual
that is available for structure factor amplitudes but
can also include experimental phase information.
Refmac boasts a sparse-matrix approximation to the
normal matrix and also full matrix calculation. The
program is extremely fast, very robust, and is cap-
able of delivering excellent results over a wide range
of resolutions.

Another highly popular package is CNS (Brunger
et al., 1998). It offers a wide range of capabilities
common to other packages and also includes torsion
angle refinement, which is particularly powerful
and useful in the low resolution regime. CNS also
uses likelihood targets and the restraints are for-
mulated via energy functions and force fields. CNS
employs a conjugate-gradient based optimizer com-
bined with simulated annealing. XPLOR (Brunger,
1993) and its commercial reincarnations are based on
similar principles. The PHENIX (Adams et al., 2002)
package, which encompasses a dedicated refine-
ment module, follows some of the CNS ideas but
uses other, very advanced minimizers.

BUSTER/TNT (Bricogne and Irvin, 1996) is
another likelihood based refinement package that
excels especially in cases in which the model is
still severely incomplete (Blanc ef al., 2004; Tronrud
et al., 1987). It uses atomic parameters but also has
a novel solvent and missing model envelope func-
tion. The optimization method is a preconditioned
conjugate gradient as implemented in the TNT pack-
age (Tronrud et al., 1987) that had a faithful audience
in the pre-likelihood era.

SHELXL (Sheldrick and Schneider, 1997) is often
viewed as a refinement program for high-resolution
data only. Although it undoubtedly offers features
needed for that resolution regime (optimization of
anisotropic temperature factors, occupancy refine-
ment, full matrix least squares to obtain standard
deviations from the inverse Hessian matrix, flexi-
ble definitions for NCS, easiness to describe partially

overlapping occupancies, etc.), its power for lower
resolution should not be underestimated.

11.3.2 Automation in model building

To review all existing model building concepts
and programs is beyond the scope of this chapter.
Instead, a small, selected number of key ideas and
methods will be mentioned. The current software
packages have anyway much in common so pro-
grams that are not described here should neverthe-
less be comprehensible with minimal extrapolation.
Intuitively, the approaches generally try to mimic
what an experienced crystallographer would do.
Therefore, many of the methods follow the algo-
rithms originally employed in molecular-graphics
packages such as O (Jones et al., 1991) or QUANTA
(Accelrys Inc.) to aid the manual model building
process. All techniques that address automation
in macromolecular model building are, to a larger
or smaller extent, based on the pattern-recognition
aspect in the interpretation of crystallographic
electron density map.

Apopular method to represent an electron-density
distribution in a way that captures the connectiv-
ity of the map was skeletonization, proposed back in
1974 (Greer, 1974) but put into practice by Jones and
coworkers in the late 1980s (Jones and Thirup, 1986).
It is a simple and elegant way to reduce an often
cluttered 3D electron density map to a set of lines
that capture the essential chemistry (connectivity)
of the map. The method is an iterative procedure
that removes points from a grid representation of the
electron density map as long as this does not break
their connectivity. A small set of grid points remains
that can be used to produce a skeleton of the original
density. Despite more sophisticated developments,
skeletonization remains a powerful and commonly
employed method and is perhaps still the most
widely employed technique for computer-assisted
manual macromolecular model building in experi-
mental electron density maps. Related approaches
that make use of electron density extremes include
the core-tracing algorithm (Swanson, 1994) and
molecular scene analysis (Fortier et al., 1997).

The idea of ESSENS (Kleywegt and Jones, 1997) is
to recognize secondary structural templates around
each point in the map by an exhaustive search. This



was one of the first successful approaches to auto-
mate construction of new protein structures from
previously seen fragments, following the syntac-
tic concept of pattern recognition. FFFear (Cowtan,
1998) presented an elegant implementation of the
ESSENS idea in a fast Fourier framework that
allowed not only to speed-up program execution but
also the use of structure templates in a probabilistic
manner.

The software packages ARP/wARP (Lamzin and
Wilson, 1993; Perrakis et al., 1997, 1999, 2001; Lamzin
etal.,2001; Morris et al., 2002, 2003, 2004; Cohen et al.,
2004, Zwart et al., 2004), TEXTAL/CAPRA (Ioerger
etal., 1999; Holton et al., 2000; Ioerger and Sacchettini,
2002, 2003), MAID (Levitt, 2001), and RESOLVE
(Terwilliger, 2001, 2003a, 2003b, 2003c, 2004) aim to
deliver a complete macromolecular model starting
from an electron density map. RESOLVE is perhaps
one of the most advanced programs in terms of
implementingaproperstatistical pattern-recognition
system. A promising development of RESOLVE
involves the use of template matching of a number
of commonly observed density distributions to per-
form density modification. FFT-based methods are
employed to calculate derivatives of a log-likelihood
map, and structure factor statisticsare combined with
prior knowledge of density distributions to provide
scores, which are used to match templates to grid
points and their surrounding region to perform den-
sity modification. TEXTAL uses a high-dimensional
feature space consisting of rotationally invariant
properties derived from the electron density. These
include the average density and higher moments, the
variance over grid points, the moments of inertia and
spokes of density values (the three bonding tubes of
density that are to be expected around a Ca atom).
TEXTALcomputesthesefeaturevectorsand attempts
to recognize the closest density pattern from a large
database of precomputed patterns. After the density
features havebeen matched, the coordinates from the
database template are used to place atoms into den-
sity. The program MAID relies on skeletonization of
agiven electron density map to determine the path of
the main chain. The skeleton grid points then serve
as features in which secondary structural elements
patterns are sought, very much like the computer
graphics model building steps with a program such
as O. A stereochemically accurate atomic model is
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thenbuiltin these secondary structure regions whilst
taking care not to over-interpret them. Secondary
structural main-chain fragments of sufficient length
(15-20 residues) are slid along the sequence and the
best match to the side-chain density is used to assign
theresiduetype. Loopsarebuiltby extending thebuilt
main-chain fragments by sampling Ramachandran
space.

The ARP/wARP package follows the full path of
syntactic construction of a model starting from free
atoms, through candidate Ca atoms, peptide and
dipeptide units, chain fragments to sequence dock-
ing, and side-chain building. It was the first software
package to combine most steps of model building
with refinement in an iterative manner. The power
of ARP/wAREP lies precisely in this iterative nature
(Perrakis et al., 1999). Although iteration is offered
in other packages it is de facto less important and
less powerful due to the lack of the use of the free
atoms concept and the focus on a ‘snapshot’ inter-
pretation of the current density map. The concept
of ARP/wARP is different. When atoms are placed
in electron density only the fragments that could be
interpreted with confidence are built and refined as
part of the restrained atomic model. The parts that
were less certain are still allowed to move as free
atoms. Atoms that do not refine well can be removed
and density that is yet unaccounted for can be filled
with atoms at any point. In this way, not only the
atomic parameters but the atoms themselves and the
connectivity between them are made part of the opti-
mization that so encompasses both model building
and refinement.

For a detailed comparison of some popular
automated model building packages, see Badger
(2003). For an analysis of structural features and
their relationship to model building strategies, see
Morris (2004). Further details should be sought in
the original articles.

11.3.3 Automation in crystallographic structure
solution: decision-making systems

An emerging goal in the field of macromolecular
crystallography methods development is the overall
automation of the time-consuming steps in structure
solution. To a large extent, two software packages
exemplified that concept at the turn of the previous
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decade: SOLVE (Terwilliger and Berendzen, 1999)
for experimental phasing of the diffraction data and
ARP/wWARP (Perrakis et al., 1999) for model build-
ing and refinement. Over the last few years, a drive
from Structural Genomics initiatives has boosted a
variety of outstanding activities. Most notable is the
PHENIX project (Adams et al., 2002) that has recently
been released. Other automation attempts include a
series of the so-called software pipelines, for exam-
ple autoSHARP (Bricogne et al., 2002; de La Fortelle
and Bricogne, 1997), BnP (Weeks et al., 2005), Elves
(Holton and Alber, 2004), ACrS (Brunzelle et al.,
2003), CRANK (Nessetal.,2004), and AutoRickshaw
(Panjikar et al., 2005).

Commonly known in the Structural Genomics
jargon as software pipelines, these are systems that
combine a number of macromolecular crystallo-
graphic computer programs with several decision-
making steps linking the computational modules.
Pipelines can be a simple chain-type sequence of
steps or can involve internal loops at several lev-
els of complexity, exemplifying the inadequacy of
the term ‘pipeline’ to describe them. In the latter
case there could be many different paths through
which the structure determination evolves and these
paths can either be predefined or modified on the fly,
making that software rather complicated decisions
systems with significant amounts of pre-existing sci-
entific knowledge and new ideas incorporated in
them. Some of these automated decisions systems
rely mainly on one software package while others
are more comprehensive.

Below we briefly describe the crystallographic
software pipelines using AutoRickshaw as an exam-
ple, with its flexibility and the ability to decide on
the path to be taken dependent on the outcome of
a previous step. On one hand, AutoRickshaw has
features and general steps, which are also shared by
many other pipelines. On the other hand, AutoRick-
shaw is perhaps the first software pipeline which
aims not at the delivery of a fully built, refined, and
validated model but rather at fast evaluation of the
quality of the X-ray data in terms of interpretability
of the obtained electron density map.

AutoRickshaw considers crystal structure deter-
mination as a multistep process in which each step in
structure solution, from substructure determination
to model building and validation, requires certain

decisions to be made. These decisions involve choice
of the crystallographic program most suitable for
each task, together with optimal input parameters
for each of these programs. The important param-
eters include the space group of the crystal, the
number of molecules in the asymmetric unit, the
type of the heavy atom derivative, the extent of
derivatization, the diffraction limit of both the native
and the derivatized crystal and the quality of the col-
lected diffraction data. If the data collected in the
first experiment during, for example, MAD mea-
surements can be successfully interpreted, further
data collection can be halted (Dauter, 2002). The
choice of model building step within AutoRickshaw
depends on the maximum resolution of the X-ray
data. If it is lower than 2.6 A, ARP/wARP Version
6.1 or ESSENS are invoked to identify helices in the
electron density map. For higher resolution ARP/
WARRP is used for tracing polypeptide chains.

An important aspect in all pipelines is the evolu-
tion of the decision-making. As more data become
available, the structure determination paths can
be scrutinized thoroughly in order to increase the
efficiency of the overall workflow.

11.4 Model building and refinement
cookbook

Coming up with robust recipes for model building
and refinement is a challenging task. Automated
pipelines attempt to capture as many successful
approaches as possible but still fail in some cases.
If automation fails, the user has to understand the
fundamental logic behind the software and grasp,
at least qualitatively, the underlying mathematics,
and successfully identify potential problems before
making informed decisions. Seeking the advice of
an experienced expert crystallographer can rarely
be avoided. In this section we give some general
guidelines for situations that an average crystallo-
grapher can encounter. It must be emphasized that
each ’"case study’ should be treated critically, espe-
cially the resolution margins that characterize each
case and the reader may be advised to keep in mind
Fig. 11.3 and adjust the conclusions accordingly. It
should be noted, that in quoting the resolution lim-
its we will refer to the highest resolution of at least
one dataset, which typically (but not necessarily)



is the 'native’ dataset. Phase extension procedures
and cross-crystal averaging should allow to extend
phases to the highest available resolution in all but
some extreme cases. We start with emphasizing a
few important issues:

e Checking the data quality is strongly recom-
mended: inspection of the Wilson plot and data
reduction statistics is very useful in judging the
extent of the resolution to which the data can realis-
tically be used. Pathologically bad data, for example
those from a split crystal, twinned data, systemati-
cally incomplete data, low resolution overloads will
always make model building and refinement hard if
not impossible.

o If experimental phases are available, getting the
best out of them before embarking on model build-
ing is worth the effort and will definitely pay off.
Using software like SHARP (de La Fortelle and
Bricogne, 1997) which puts particular emphasis on
detail and proper statistical treatment can be highly
recommended.

e Automated procedures typically underperform
compared to a reasonably experienced crystallog-
rapher. If an automated package did not provide
a solution, thinking about the problem and adjust-
ing the strategy to the particularities of the case may
lead to a success. Even if an automated structure
solution package provided good initial phases but
automated model building failed, careful inspec-
tion and improvement of the phasing step can
help subsequent automated model building to work
better.

11.4.1 Model building and refinement starting
from experimental phases

In the following text we list very general case stud-
ies for native data extending to different resolutions.
The recommendations apply to software versions
that were available in mid-2006; it is likely that rapid
progress in software development will make auto-
mated model building considerably more powerful,
particularly at lower resolution. The suggestions
about refinement are sufficiently general but, again,
the features of software are likely to change in the
near future. The software packages referred to are
those which the authors have experience with; other
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software exists or may exist that offers similar or
more advanced features.

Very high resolution (above 1.4 A): Automated model
building with ARP/wWARP should work even
with relatively poor starting phases since the
free-atoms concept is particularly well suited
for high resolution maps. Due to the large
number of diffraction data at this resolution,
the observation-to-parameter ratio is sufficient
to allow detailed model parameterization and,
together with stereo-chemical restraints, is high
enough to correctly drive the optimizers. Refine-
ment should generally be carried out with
anisotropic ADPs using REFMAC or SHELXL.
The use of strong NCS restraints may only harm.
Double conformations of side chains and even
double conformations of main chain should be
detectable in the density and can be modelled.
Solvent networks (except overlapping networks
with partial occupancy) can very well be modelled
automatically.

High resolution (between 1.4 and 2.0 A): Automated
model building with ARP/wARP should work
with most phase sets. RESOLVE, which uses a
template-based rather than atom-based approach,
should also perform well but may be computa-
tionally more consuming. Refinement can best
be carried out with REFMAC or PHENIX using
isotropic ADPs since the amount of data is no
longer sufficient for an anisotropic description of
atomic displacement parameters. The use of TLS
(Winnetal., 2003) is highly recommended. A use of
NCS restraints should be critically evaluated and
in most cases the refinement can proceed without
them. Double conformations of side chains should
be visible and modelled. Ordered solvent can be
modelled automatically.

Medium-to-high resolution (between 2.0 and 2.4 A):
Automated model building with ARP/wARP or
RESOLVE should work for good phase sets that
produce clear maps easily interpretable by a
human. Such maps typically have average FOMs
after phasing well above 0.6, which after density
modification may rise up to 0.9 or higher. Refine-
ment should best be carried out with REFMAC or
PHENIX using isotropic ADPs. The use of TLS
can still be very advantageous. NCS restraints
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in this resolution range are still not absolutely
necessary but may be useful if indeed all copies
of each molecule are identical. Some double con-
formations of side chains can still be modelled
if clearly visible. Solvent atoms can be modelled
automatically but may require visual inspection.

Medium resolution (between 2.4 and 27 A):
Automated model building with RESOLVE or
ARP/wARP can work for good phase sets and in
many cases RESOLVE can provide more complete
models. However, feeding the RESOLVE model
as input to ARP/wARP can sometimes produce a
model, which is better that a model produced by
any of the two programs on their own. Procedures
that incorporate directly anomalous data to itera-
tive model building and refinement, as described
by, for example, Skubak et al. (2004) can be used
when available. Refinement can still best be car-
ried out with REFMAC or PHENIX using isotropic
ADPs. BUSTER can offer significant improve-
ments, especially with models that have missing
regions. Phase restraints can be useful in pro-
viding additional ‘observations’” and helping the
optimizer find a chemically plausible minimum.
The use of TLS can still be recommended and NCS
restraints are very likely to be useful. Solvent can
still be modelled automatically but may require
critical inspection.

Medium-to-low resolution (between 2.7 and 3.3 A):
Automated modelbuildingwithRESOLVEislikely
to give some partial models. BUCANNEER — a
novel software from the CCP4 suite — can also
be tried. In reality, most of the model will have
to be built manually using interactive graphics
software. Refinement with REFMAC, PHENIX, or
BUSTER usingisotropic ADPsshould performwell
inmost cases. However, refinement in CNS (which
should be also available in PHENIX by the time
this text reaches the press) using a torsion angle
parameterization (Rice and Brunger, 1994) should
be tried. This way of describing the freedom of the
molecular model requires a much smaller number
of parameters and should therefore improve the
performance of most optimizers. Phase restraints
are very likely to be useful and should definitely
be exploited, regardless of which parameteriza-
tion has been chosen. The use of TLS can still be
helpful. Macromolecules are viewed as collections

of rigid bodies subject to anisotropic motions and
TLS describes this with very little expense in terms
of additional parameters. From the optimizational
point of view a single TLS body is as "expensive’
for the minimizer as one alanine residue. NCS
restraints must be used in this resolution range if
available, unless the NCSrelated copies are clearly
different. A few well-ordered solvent molecules
could bemodelled and might even be better visible
than some side chains.

Low resolution (below 3.3 A): Automated model
building is unlikely to produce anything useful,
unless the experimental maps are of outstand-
ing quality. Refinement with CNS using a torsion
angle parameterization would be a first choice.
Phase restraints must be exploited. NCS restraints
must be used if available and, in fact, they will
offer the only realistic chance for the success-
ful refinement at low resolution. Although one
should always try hard to get the best possi-
ble model, inability to reduce the free R factor
below 35% will not necessarily imply a failure,
especially if the model is strongly supported
by high quality experimental electron density
and excellent stereochemistry as judged by the
Ramachandran plot.

11.4.2 Model building and refinement starting
from an available model

The discussion here is limited to model building;
advice on refinement can be found in the corre-
sponding paragraphs of the preceding section. A
more detailed overview is given in Perrakis et al.
(2001) and Carson (2006).

The rule of thumb is relatively simple: the higher
the resolution of the X-ray data, the poorer (less sim-
ilar, less complete) the starting model can be for the
model building to still succeed. With a resolution of
around 2.0 Aor higher ARP/wARP probably offers
the best chances for success. Initial models having
only 20% sequence identity (Weichenrieder et al.,
2004) or encompassing only 60% of the scattering
mass (Pichler et al., 2005) have proved sufficient to
provide an adequate starting point. When the res-
olution is lower than 2.0 Aor the model is less than
about two-thirds complete, automated model build-
ing should better be preceded by either statistical



density modification as implemented in RESOLVE,
’standard” density modification techniques (e.g.
Abrahams, 1997) or new approaches (e.g. PIRATE
from the CCP4 suite). RESOLVE and ARP/wARP
both have a good chance of bootstrapping a correct
model after density modification.

With poor models or lower resolution is may
be advantageous to compute model phases and
then treat them as "experimental” ones. Guidelines
described in the preceding section would then be
applicable.

11.5 Concluding remarks

While the automation of initial model building has
largely been alleviated (at least for good quality elec-
tron density maps and sufficient resolution of the
X-ray data), an increasing number of non-expert
crystallographer users do need a substantial amount
of time to complete and finalize the model. This
step that a few years back seemed to be of sec-
ondary importance is now becoming a bottleneck
and will be one of the targets of the new develop-
ments. Inherent components of this task are building
up poorly ordered regions, modelling alternate con-
formational networks of atoms, and the automated
construction of ligands and nucleic acids bound to
the macromolecule. This can only be efficiently real-
ized with the use of a sophisticated decision-making
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system that will judge the model completeness and
learn from the accumulated history. Although great
advances have been made in the field of crys-
tallographic model building and refinement, fur-
ther effort must be invested to turn this technique
into truly accessible and easy-to-use tool for biol-
ogists. The coming years will no doubt see a greater
involvement of researchers with different expertise
in achieving this goal.

A major challenge will be the refinement based on
multiple diffraction data sets. For example, a protein
with two models available at high resolution and a
complex structure determined at lower resolution,
one could envisage the simultaneous refinement of
all three structures. Areas that are unaffected by the
formation of the complex and short-range features
(i.e. bonds and angles that are likely to be invariant)
would benefit from the high resolution data, while
long-range features (relative placement of helices for
example) could be determined from the contribu-
tion of the low resolution data. Such developments
still await theoretical underpinning and implemen-
tations. Similar ideas can be used for the refinement
of the same protein in differently liganded states.

With the continuously increasing usage of X-ray
crystallography, the number of macromolecular
structures deposited in the PDB, Fig. 11.4, their size,
and complexity are rapidly growing. Particularly
stunning is the increase in the volume (and the
content) of the crystallographic asymmetric unit.
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Figure 11.4 (a) The boost in the number of crystal structures released by the PDB. (b) The growing complexity of the structures is indicated
by the increase in the average volume of the crystallographic asymmetric unit.
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Its average value, recently jumped over 400,000 A3
(1500 amino acid residues for the 50% solvent con-
tent) may be affected by fewer giant structures
such as the one for avian birnavirus (Coulibaly
et al., 2005) with 38 MDa content in the asymmetric
unit. Although the unrefined model of this structure
consists of approximately positioned Ca atoms into
a7 A density map, it does serve as an excellent
example of the potential of macromolecular crystal-
lography for challenging projects. It is important,
that the data for these and even more complicated
structures are obtained using state-of-the-art tech-
nologies and that the derived models present an as
accurate and complete interpretation as possible.
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CHAPTER 12

High-throughput crystallographic
data collection at synchrotrons

Stephen R. Wasserman, David W. Smith, Kevin L. D'Amico,
John W. Koss, Laura L. Morisco, and Stephen K. Burley

12.1 Introduction

The discussion in Chapter 5 on in-house data collec-
tion methods highlighted the effect that advances in
current technology have had on laboratory protein
crystallography. There have been parallel develop-
ments in macromolecular crystallography utilizing
modern synchrotron X-ray sources. The success
of these efforts, combined with the recent scien-
tific emphasis on genomics and proteomics, has
yielded a thriving structural biology community that
routinely uses these tunable, high-intensity X-ray
sources for crystallographic experiments.

The development of X-ray synchrotrons over the
last four decades and their use for X-ray analyses
have been detailed elsewhere (Mills, 2002). Syn-
chrotron sources offer several advantages for the
acquisition of diffraction data from protein crystals.
They provide extremely intense beams, with photon
fluxes that are many orders of magnitude greater
than those available from rotating anode sources.
Current, third-generation synchrotrons make use
of insertion devices, that is devices inserted into
the main synchrotron ring, to produce very small,
highly directional X-ray beams. Winick has provided
a qualitative description of the insertion devices,
called undulators and wigglers, which are used to
generate these X-ray beams (Winick, 1987). Particu-
larly when undulators are used, the X-ray beam is
highly collimated, delivering all of the photons into
a small area.

Having such bright, intense X-ray beams enables
examination of very small protein crystals. Samples

between 30 and 100 microns in their longest dimen-
sion are routinely used to determine the desired
protein structure. Given the often prodigious effort
required to grow larger crystals, synchrotron beam-
lines have proven cost effective when compared with
in-house sources, despite their initial construction
cost of US$5 to $10 million per beamline.

Unlike home X-ray sources, which are limited to
a few specific wavelengths corresponding to the Kq
radiation from elements such as copper, molybde-
num, and chromium, synchrotrons provide access
to a continuous range of X-ray energies. During the
1980s, it was recognized that matching the energy
of the X-ray photon to the absorption edge of an
atom within the protein crystal offers the possibil-
ity of extracting, from a single protein crystal, all the
phase information required for the structure deter-
mination (Hendrickson, 1991). Successful replace-
ment of methionine residues within a protein with
selenomethionine results in a crystal that is struc-
turally isomorphous to the crystal from the native
protein and contains an element, selenium, ideal for
direct determination of experimental X-ray phases.
A discussion of anomalous dispersion methods can
be found in Chapters 8 and 9.

These technical developments stimulated a dra-
matic growth in the number of beamlines available
for protein crystallography. There are currently at
least 22 synchrotrons worldwide supporting stud-
ies of the crystalline forms of proteins, with a
further three under construction. In 2006, the num-
ber of beamlines used for protein crystallography
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exceeded 110, with at least 45 in the United States
alone. This number has grown more than five-fold
since 1990 (Helliwell, 1990).

Rapid collection of diffraction data depends on
access to such powerful X-ray sources. This chapter
describes how high-quality, high-throughput data
collection can be achieved. We use SGX-CAT, the
SGX Collaborative Access Team beamline, located at
the Advanced Photon Source of Argonne National
Laboratory, as an example to illustrate the con-
cepts behind the design of, and the hardware used
at, synchrotron beamlines. Many of these features
are found, individually or in combination, at other
beamlines. Data collection at synchrotron sources
produces enormous quantities of data. We, there-
fore, also discuss the information technology infras-
tructure and software that is necessary for effective
data management.

High-throughput data collection requires seam-
less interoperation of various hardware compo-
nents. In addition, user-supplied descriptions of
protein crystals must be directly linked with the
diffraction data. Such linkages can be achieved effi-
ciently with computer databases. A database that
tracks production of the protein samples, crystal-
lization, and diffraction from the resultant crystals
serves as the glue that holds the entire gene-to-
structure process together. In this chapter, we
first discuss data collection processes and hard-
ware. We then illustrate how a well-constructed
database ensures information flow through the steps
of data acquisition. With such a database, syn-
chrotron beamline measurements can be directly
and efficiently integrated into the process of protein
crystallographic structure determination.

The approaches to data acquisition summarized in
this chapter apply to both the de novo determination
of protein structures and, as is routine in drug dis-
covery, examination of protein-ligand cocrystals.
Each type of experiment benefits from the advan-
tages of modern synchrotron X-ray sources. Recently
in pharmaceutical development there has been an
emphasis on discovering lead compounds through
structure-guided molecular elaboration that begins
with small chemical fragments (Jhoti, 2004). Because
of the large number of cocrystals to be examined
in this approach, often exceeding several hun-
dred, rapid access to high-quality diffraction data

is required. This requirement and those of the cur-
rent efforts in structural proteomics place a premium
on highly automated evaluation of crystals, data
collection, and data processing.

12.2 Access to synchrotrons

Crystallographers have traditionally travelled to
synchrotrons for data collection. However, this
approach is not generally compatible with high-
throughput data collection. For example, signifi-
cant time is often expended merely in transporting
technical staff to the synchrotron facility.

Two related alternatives for ‘mail-in” use of syn-
chrotrons have arisen. Several facilities permit users
to send crystals to the synchrotron beamline, where
local staff load them onto a robot that places the
crystals into the X-ray beam (see Section 12.3.3).
The user then operates the beamline remotely, dur-
ing a specific period allocated for their experiments.
Considerable effort has been expended by vari-
ous synchrotron facilities to provide robust, secure
internet connections between the beamline and the
end user.

Even greater efficiencies can be achieved when the
entire process of data collection is delegated to the
staff of the beamline and the automated facilities
they operate. This latter approach is used exclu-
sively at SGX-CAT. All decisions on data collection
protocols are made by the local staff aided by facil-
ity software systems. Such reliance on professional
experts for data collection was anticipated nearly a
decade ago (Sweet, 1998).

12.3 Beamline hardware
12.3.1 X-ray optics

Synchrotron X-ray sources include both bending
magnets and insertion devices. For protein crystal-
lography, an undulator insertion device is preferred
because it provides greater intensity at a specific
wavelength and has lower beam divergence. This
latter property results in smaller X-ray reflections.
The configuration of X-ray optical elements at the
SGX-CAT undulator beamline is shown in Fig. 12.1.
Generally, beamline components are housed in lead-
walled enclosures or hutches. In Fig. 12.1, the first
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Figure 12.1 SGX-CAT beamline schematic. The components of the beamline include: (1(not shown), 8) photon shutters; (2, 4) beam transport
tubes; (3, 5) collimators and vacuum pumps; (6) beam-defining slits; (7) monochromator; (9, 10) focusing and harmonic rejection mirrors;

and (12) CCD detector, supporting base, and sample robot.

enclosure contains optics for selection of the desired
X-ray energy. Usually this enclosure includes the
components to focus the beam into a small area to
maximize brightness. However, at SGX-CAT these
components are in the second hutch, which also
houses the equipment necessary to mount crystals
and perform the actual X-ray diffraction experiment.
Shutters control access of the X-ray photons to each
enclosure.

The selection of the X-ray wavelength or energy
is achieved with a monochromator. At SGX-CAT,
this component is a double-crystal device from
Kohzu Precision Co. that contains two small dia-
mond crystals (111, 2d = ~4.1188 A). Many protein
crystallography beamlines use Si crystals (111, 2d
~6.2712 A). Silicon crystals provide greater photon
fluxes than diamond crystals at a given energy.
However, they do so at the expense of energy res-
olution and do not provide access to the shorter
X-ray wavelengths available from diamond-based
devices. Because of the high levels of heat deposited
into monochromator crystals by modern undula-
tor beamlines, they must be cooled. Otherwise the
crystals tend to expand or contract, thereby subtly
changing the wavelength of the transmitted X-rays.
In order to minimize the effects of monochroma-
tor crystal heating, silicon must be maintained at
liquid nitrogen temperatures. For diamond, a low-
maintenance water-cooling system that keeps the
crystals at ~25°C sulffices.

X-ray energies are selected by rotating the crystal
pair relative to the incoming beam. The wavelength
delivered by a given crystal at a specific reflection
angle (20) is given by Bragg’s Law (Eq. 1).

ni = 2d sin6 ¢))

For high-throughput data collection, control of
the X-ray wavelength must be rapid and repro-
ducible. Current state-of-the-art monochromators
have mechanical precisions on the order of 0.0001
angular degrees.

Undulator insertion devices generate multiple
harmonics of their fundamental X-ray wavelength
at intensities comparable to that of the fundamen-
tal. The unwanted wavelengths are usually removed
or ‘rejected’ using X-ray mirrors. A shallow angle
between the incoming beam and the mirror is cho-
senso that the desired X-ray wavelength is efficiently
reflected, while most of the harmonics are absorbed.
In order to preserve the intensity of the reflected
X-ray beam, such mirrors are polished to near
atomic smoothness. Typically, X-ray mirrors have
more than one surface coating, so that harmonic
control can be exercised over the widest possible
range of X-ray wavelengths. If only one surface type
were available, harmonicrejection at higher energies
could involve a significant deflection of the beam
and require a reconfiguration of the downstream
components of the beamline. The problem of har-
monics is greatest with insertion devices at the most
modern synchrotron sources. With earlier first and
second-generation synchrotrons, the operating ener-
gies of the rings were too low to generate significant
harmonic content in the X-ray beam. Any harmon-
ics could usually be eliminated by setting one of the
crystals in the monochromator slightly non-parallel
to the other.

At SGX-CAT, the inherent size of the X-ray beam
at the position of the sample, if left unfocussed,
would be approximately 1500 pm x 700 pm. A beam
of this size would greatly exceed the cross-sections of
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typical crystalline protein samples, thereby wast-
ing most of the photons emerging from the undu-
lator X-ray source. Therefore, the X-ray beam is
focused to match the size of the crystal. On undu-
lator beamlines, focusing is usually achieved either
through sagittal focusing, using specially designed
monochromator crystals, or with the aid of a pair
of bendable mirrors. In a typical Kirkpatrick-Baez
focusing system (Kirkpatrick and Baez, 1948) two
mirrors are used to compress the beam, one in the
vertical dimension and the other in the horizontal.
At SGX-CAT, such mirrors yield an X-ray beam that
is approximately 70 pm x 80 pm at the sample.

12.3.2 Detectors

Chapter 5 described the types of detectors available
for in-house data collection. In-house diffraction
experiments generally rely on image-plate or CCD
detectors, whereas virtually all modern protein crys-
tallography synchrotron beamlines use only CCD
detectors (Fig. 12.2). Although image-plates provide
a greater dynamic range, the time required for data
read out is too long relative to the synchrotron expo-
sure time. For example, readout for a Rigaku/MSC
RAXIS IVtT is 50 to 100 sec, with a minimum total
cycle time of 3min, including reset of the image
plate (Fujisawa et al., 2003). The fastest CCD detec-
tors have a readout time of less than 2 sec, which is
comparable to typical exposure times used at third-
generation synchrotrons (0.4 to 12 sec). The speed of
these detectors, combined with the short exposures
available at the synchrotron, results in very rapid
data collection. With current technology, a dataset
containing 180 diffraction images can be recorded
easily in less than 9 min.

CCD detectors use a phosphor to convert the
incoming X-ray to visible light, which is in turn
detected by the CCD chip. During this conversion
process, the apparent size of an X-ray reflection
increases, a phenomenon known as the point-spread
factor. Typically, this change in reflection size does
not present a significant challenge. In extreme cases
(i.e. large unit cell dimensions or a very short sam-
ple to detector distance), however, it can lead to
overlaps between adjacent reflections. When over-
laps do occur, diffraction data can be recorded

using smaller sample oscillations/rotations at the
expense of recording more diffraction images over
a greater period of time. We have found that this
approach may not always eliminate the problem of
overlaps. In addition, such fine slicing introduces
a non-trivial complication to subsequent data pro-
cessing. Use of smaller oscillation/rotation ranges
reduces the number of reflections that are fully
recorded on a single diffraction image, which makes
it more difficult to scale together data from different
images. At SGX-CAT, it has proven more effective
to maintain as large an oscillation range as pos-
sible and increase the sample-to-detector distance.
This approach increases the distance between reflec-
tions on the face of the CCD detector. The sizes
of the reflections remains essentially unchanged
because of the collimated X-ray beam produced by
the undulator insertion device.

A new generation of pixel-array detectors is cur-
rently under development for use in protein crys-
tallography (Bronnimann et al., 2004, 2006). These
detectors exhibit minimal point-spread factors. In
addition, their extremely rapid readout, <10 msec,
permits diffraction data to be acquired on a near
continuous basis.

12.3.3 Crystal handling

Acquisition of the diffraction images is only one part
of the data collection process. Cryogenically pre-
served crystals have to be placed in the X-ray beam,
while being maintained at liquid nitrogen temper-
atures. There has been a considerable effort in the
development of robotic systems to transfer crystals
from a storage dewar to the goniostat for data col-
lection. Custom systems have been developed at
various synchrotrons for this purpose (Cohen et al.,
2002; Snell et al., 2004; Jacquamet et al., 2004; Pohl
et al., 2004; Karain ef al., 2002; Ueno et al., 2004). This
variety of robots reflects the fact that each beamline
tends to be of unique design. As automated sam-
ple changing becomes more established, it is likely
that beamline robotics will reflect a greater degree
of standardization. Three commercial systems are
now available from Rigaku (Abad-Zapatero, 2005)
(based on an earlier design from Abbott Labo-
ratories (Muchmore et al,, 2000)), Bruker, and
MAR Research.
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Figure 12.2 SGX-CAT data acquisition station. The CCD detector and cryogenic sample handling robot appear in the foreground. The pump
to deliver the liquid nitrogen that removes ice from the sample is located at the rear right.

Sample changing robots (Fig. 12.2) consist of two
parts. The first is a mechanism for moving the crys-
tal from the storage dewar to the data collection
position. In most systems standard, multiaxis indus-
trial robots are used, the MAR CryoSample Changer
(MARCSC) being a notable exception. The MAR
device is also unique in that the samples are kept
within liquid nitrogen during the transition from
storage to sample position. The second component
of the sample changer is the liquid nitrogen storage
dewar itself. The capacity of this dewar determines
the maximum number of samples that can be exam-
ined automatically. Current capacities range from 19
(MARCSC) to 288 (Stanford Automounting System)
samples. Auxiliary robots can be used to increase
sample capacity. For example, SGX-CAT is currently
developing a system that increases the capacity of
the MAR CSC by six-fold.

Automated positioning of samples relies on
compatibility between the robot and the hard-
ware used for crystal mounting. In 2004, the
SPINE (Structural Proteomics in Europe) consortium
(www.spineurope.org) established a standard spec-
ification for sample holders. This specification is

compatible with all three commercial sample chang-
ers and with most beamline- and facility-specific
systems. The SPINE protocols, which are based on
a mounting system originated by MAR Research,
include use of a two-dimensional (2D) bar code
within the mounting hardware (Fig. 12.3). When
barcode readers are included within the automation
hardware, barcodes can be used to identify the crys-
tal and unambiguously link the physical sample to
its record in the database (see Section 12.9).

12.3.4 Crystal mounting and positioning

The SPINE protocols also specify the interaction
between the robotic hardware and the sample hard-
ware. Specifically, the sample must be located
22mm above the base that attaches the crystal
to the robot. Precisely how samples are mounted
on the base itself, however, is at the discretion of
the user.

The usual method for mounting crystals is to
suspend them, surrounded by a drop of cryopro-
tectant, within a loop of nylon attached to a pin.
The pin is, in turn, attached to a magnetic base
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Figure 12.3 SGX-CAT barcode reader station. The 2D barcodes on the base of each crystal mount are read on the
left. The scanner on the right reads the unique 1D barcodes on the vials used to ship the crystals. (NB: During operations, crystals

are maintained in liquid nitrogen throughout this process.)

bearing the 2D barcode. An alternative method
has been developed recently, which uses microfab-
ricated mounts created from polyimides such as
Kapton (Thorne et al., 2003). These mounts have
greater rigidity than that of nylon loops, facilitating
precise placement of the sample across a perfora-
tion in the crystal mount. As with nylon loops,
different microfabricated mounts are available to
match the hole in the mount with the size of the
crystal. Unlike nylon loops, the manufacturing pro-
cess for these new mounts guarantees uniformity of
dimensions, which can be important during auto-
matic positioning of protein crystals in the X-ray
beam (see below). These polyimide mounts include
registration or fiducial ‘cross hairs’, which visual
recognition systems can use to automatically place
crystals precisely in the X-ray beam.

Despite this obvious advantage, micromounts
have the drawback of requiring that the amount
of cryoprotectant be minimized to ensure reliable
recognition of the fiducial marks. While this require-
ment presents little problem when preparing a small
number of crystals, it can necessitate many extra
hours of labour when dealing with large numbers
of samples. Therefore, because of the high volume
of crystals generated at SGX headquarters in San
Diego, we continue to use nylon loops for mounting
of crystals.

Once a crystal has been mounted, it must be
placed in the X-ray beam. Most modern goniostats
are motorized, permitting this process to be exe-
cuted remotely or, for high-throughput data collec-
tion, automatically. At third-generation synchrotron
sources, highly focused X-ray beams and small
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crystals (i.e. <50pum in diameter) make sample
positioning akin to threading a needle. For larger
sized beams, such as those found with home sources
or at older synchrotrons, or crystals with greater
dimensions, this process can be considerably easier.

With appropriate crystal lighting and video-based
visualization optics, it is usually possible for an end
user to locate the crystal within the nylon loop and
position it in the X-ray beam. At present, automa-
tion of this process does entail some compromise.
With current technology, it is considerably easier to
identify the centre of a quasicircular nylon loop than
to recognize a protein crystal, particularly because
individual crystals can vary greatly in both shape
and size. Centring based on detection of the loop,
however, will place the crystalline sample in the
X-ray beam only if the diameter of the loop is com-
mensurate with that of the crystal or the beam. This
centring method, therefore, requires upstream con-
trol of how crystals are mounted, ensuring that the
loop and the crystal are matched in size and that the
crystalis placed at or near the centre of the loop. Illu-
mination of the loop and visualization optics have a
significant impact on automated recognition of the
crystal mount. The lighting strategy must provide
sufficient contrast between the loop and the back-
ground of the video image and minimize glare from
the surfaces of cryogenically frozen samples. Sub-
optimal lighting can obscure the boundaries of the
loop and compromise the effectiveness of automated
detection algorithms.

For high-throughput data collection, sample cen-
tring via loop detection is currently the method of
choice for placing crystals in the X-ray beam. Alter-
native methods rely on the direct detection of the
crystal itself by monitoring the intensity of either
X-ray diffraction from the crystal or X-ray fluores-
cence from an element in the crystal that is not
present in the cryoprotectant (Pohl et al., 2004). Both
of these approaches have drawbacks. First, some of
the limited X-ray lifetime of the crystal (Section 12.6)
must be committed to detection instead of data col-
lection. Second, the loop itself has to be placed close
to the X-ray beam prior to crystal detection, followed
by step-wise translation of the crystal through the
beam, thereby increasing the time required to centre
the sample.

Non-X-ray signatures from crystals can also be
used for detection/centring. Ultraviolet fluores-
cence from the aromatic residues in the polypeptide
chain can indicate the position of the crystal within
the mount. Recent work has utilized high inten-
sity UV lasers for fluorescence excitation (Vernede
et al., 2006). Differential transmission and reflection
of infrared radiation from the crystal, relative to that
of the loop and the surrounding cryoprotectant, has
also been used to detect crystals within nylon loops
(Snell et al., 2005). The success of this latter tech-
nique at a synchrotron beamline is not yet at the
level achieved in the developmental laboratory. One
of these methods may ultimately become a stan-
dard means for detecting protein crystals directly.
Currently, however, control of the location of the
crystal within a commensurate loop prior to cryo-
genic preservation in liquid nitrogen, followed by
positioning of the loop, represents the most reli-
able method for rapid, accurate placement of protein
crystals in X-ray beams at synchrotron sources.

12.3.5 Removal of surface ice

It is common for liquid nitrogen frozen protein crys-
tals to acquire a patina of ice on the surface of
the cryoprotectant. Diffraction of X-rays from even
small ice crystals can mask reflections from the pro-
tein crystal. In addition, the presence of excessive
amounts of ice can obscure the true position of the
nylon loop, thereby resulting in the failure to place
the crystalin the X-ray beam. Itis, therefore, essential
to remove ice crystals prior to diffraction analysis.

Traditionally, crystallographers have manually
removed ice by either pouring a small amount of lig-
uid nitrogen over the crystal or by gently abrading
the surface with an implement such as a single paint
brush bristle. The Stanford Auto-mounting System
provides for removal of a sample from the goniostat
and rapid ‘washing’ within a bath of liquid nitrogen
to eliminate ice (Cohen et al., 2005).

SGX-CAT uses a unique system based on a small
liquid nitrogen pump for a similar purpose. The
pump controls delivery of a gentle stream of liquid
nitrogen that is directed onto the surface of the sam-
ple after it has been positioned within the gaseous
cryostream by the sample-changing robot. A phase
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separator is used to ensure that only cold liquid
strikes the sample. Washing with liquid nitrogen is
used routinely at SGX-CAT during automated data
collection, because the presence or absence of ice
cannot be known in advance. The process is per-
formed in parallel with other manipulations of the
sample, so that the time added to the mounting and
positioning of a protein crystal is less than 30 sec.

Constant use of this liquid nitrogen delivery sys-
tem requires control of the environment within the
X-ray enclosure to eliminate condensation of water
on the phase separator located above the crystal
sample. If this water were to reach the sample, the
crystal would experience a temporary increase in
temperature that can result in loss of crystallinity.
Dehumidification of the hutch eliminates this poten-
tial problem. Removal of ambient humidity has the
added benefit of reducing the formation of ice on
all components that use liquid nitrogen, particularly
the dewars used to store crystals before and after
X-ray analysis.

12.4 Evaluation of crystal quality

A fully automated protein crystallography beam-
line at a third-generation synchrotron source can
screen several hundred crystals daily. Automatic
evaluation of the diffraction images to ascertain
crystal quality is, therefore, a critical step for high-
throughput data acquisition. Evaluation of each
image requires software that mimics the traditional
visual assessment of crystal quality.

Automaticdiffraction analysisis available through
the Diffraction Image Screening Tool and Library
(DISTL) (Zhang et al., 2006). DISTL incorporates
automatic indexing and identification of extraneous
features such as ice rings, and provides an estimate
of the resolution of the diffraction data. Neural net-
works have also been tested for the evaluation of
crystal quality (Berntson et al., 2003).

Given the nascent nature of these software tools,
SGX developed its own method to evaluate or
score the diffraction quality. The SGX system
is based on two established software programs,
d*TREK (Pflugrath, 1999) and Mosflm (Leslie, 1992).
These programs index diffraction images to deter-
mine the appropriate Laue group. In addition,
they provide an analysis of the properties of the

observed reflections, including the intensity of spots
(I/0), their shape, the percentage of the detected
spots that satisfy the indexing process and, once
indexed, how well the spots refine within the chosen
point/space group. Such analyses yields a numer-
ical score that permits direct comparison between
crystals within a set. The estimated diffraction res-
olution of the crystal is also determined, from
which the optimal sample-to-detector distance is
calculated.

Software at SGX-CAT readily distinguishes crys-
tals of good quality from those that diffract poorly
or display artefacts which compromise the data.
Somewhat surprisingly, we have found that the use
of automatic scoring also improves the selection of
crystals for data collection. Figure 12.4a presents an
example of a crystal that most members of the struc-
tural biology community would reject for data col-
lection. However, our evaluation system suggested
that this crystal was likely to yield a useable dataset.
The electron density map of the active site, auto-
matically generated from diffraction data recorded
from the same crystal, is shown in Fig. 12.4b. Utiliza-
tion of the scoring system has significantly improved
data collection efficiency at SGX, because the entire
process can be conducted without staff oversight. In
addition, crystals that previously would have been
rejected upon visual inspection are routinely used
for structural studies of protein-ligand complexes.
This benefit of our system has the added advantage
of reducing the amount of time devoted to crystal-
lization, thereby improving throughput in structure-
based drug discovery. Our scoring system also mon-
itors the number of overloaded reflections, which
permits identification of samples for which X-ray
beam attenuation and/or exposure time reduction
may be required.

Within our crystal quality evaluation process, data
collection strategy is determined. Because of the
extended times for data collection with in-house
and earlier-generation synchrotron sources, opti-
mization of data acquisition remains a significant
consideration (Chapter 5). At third-generation syn-
chrotron sources, experience has shown that brute
force data collection (180 or 360 degrees, depend-
ing on the Laue group) with standardized, short
exposure times usually suffices. In most cases, sam-
ple integrity can be maintained throughout the
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Figure 12.4 SGX-CAT automated scoring. (a) Diffraction from a crystal of a protein kinase/ligand complex. Automated crystal scoring
suggested that a dataset should be acquired from this sample. Standard visual inspection would almost certainly reject such a crystal.

(b) Experimental electron density map of the same crystal generated automatically from diffraction data without human intervention. The
presence of a ligand in the active site is readily apparent. The resulting structure was used by the SGX structure-based drug discovery team

to guide further optimization of ligand affinity.

collection. In rare instances of unacceptable sam-
ple degradation, manually optimized data collection
is invoked.

Automated crystal quality evaluation permits
rapid, objective assessment of each crystal, deter-
mining whether or not it is worthy of data collection.
In addition, quantitative comparisons among dupli-
cate crystals improves throughput by focusing data
collection on only the best crystals. To automate our
selection process, a link between replicate crystals
must exist within the software control system. At
SGX, this link is made via the database (Section 12.9).
This combination of software linkage and automatic
scoring has had a significant impact on data col-
lection throughput. Currently, approximately 70%
of the samples examined at SGX-CAT are evalu-
ated without manual examination of the diffraction
images, either during screening or data collection.
We expect this proportion to increase as further
software enhancements are made.

12.5 Selection of X-ray wavelength

A key advantage of synchrotron sources is their abil-
ity to provide X-rays over a wide range of energies
or wavelengths. When using synchrotron radiation,

unlike a home source, the energy that best serves the
diffraction experiment must be selected.

If the diffraction experiment does not require a
particular wavelength, such as for structure deter-
minations with molecular replacement (Chapter 7),
convenient choices for the wavelength are 1A or
0.9793 A, the wavelength corresponding to the K
absorption edge of selenium. Such X-ray wave-
lengths are readily available at most synchrotron
beamlines.

Measurements that rely on anomalous scatter-
ing, however, are usually most successful when
the X-ray energy matches that of the absorption
edge of the anomalous element. Because of concerns
that the chemical environment of the anomalous
atoms affects the precise location of the absorp-
tion edge (Smith and Thompson, 1998), it has been
customary to measure the absorption spectrum of
the anomalous element within the protein crys-
tal itself. In doing so, the crystal is exposed to
X-rays prior to the diffraction experiment, which can
damage the crystal. However, many of the effects
of atomic environment and oxidation state on
the precise location of an absorption edge are
well-understood (Koningsberger and Prins, 1988).
Knowledge from the field of X-ray Absorption Near
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Edge Spectroscopy (XANES) can be used to esti-
mate the expected absorption energy of the anoma-
lous atoms. For example, SGX has determined the
energy that corresponds to the maximum absorp-
tion of X-rays by pure selenomethionine. This value
is used for all experiments that utilize selenome-
thionine to determine the required phases. With this
approach, the limited X-ray lifetime of protein crys-
tals can be devoted to determination of diffraction. In
addition to preserving crystals, this approach max-
imizes the time devoted to data-collection in high-
throughput mode.

It should be noted that the absolute energy cal-
ibrations of beamlines vary. Determining the peak
position of an element within a protein relative to a
known standard (such as the metallic form of that
element) can save time in future structural experi-
ments. Accurate determination of absorption edge
energies for various metals has been reported by
Kraft et al. (1996).

12.6 Selection of exposure duration

The exposure time used for each diffraction image
represents a compromise between maximizing the
intensity of the diffraction signal and minimizing
crystal degradation during data collection. Nave
and Garman have provided a brief review of the
current investigations on the sources of radiation
damage (Nave and Garman, 2005). Henderson esti-
mated that the limiting X-ray dose for a protein
crystal is approximately 2 x 107 Grays (Gray = J/kg)
(Henderson, 1990). Recent results suggest thata dose
50% higher than Henderson’s estimate can be tol-
erated by most protein crystals (Owen et al., 2006).
The program RADDOSE can be used to estimate the
maximum time that a crystal should remain in the
X-ray beam (Murray ef al., 2004, 2005). Such calcu-
lations rely on knowledge of both the characteristics
of the beamline and the estimated composition of
the unit cell. In addition, recent studies suggest that
there are significant variations in the X-ray dose that
can be tolerated by the selenium in selenomethio-
nine when determining diffraction phases through
anomalous dispersion (Holton, 2007).

While it is possible to optimize exposure con-
ditions for crystals individually, high-throughput
efforts require an alternative approach. At SGX-CAT,

which uses an undulator as its X-ray source, stan-
dard exposure times are used for most samples. At
the selenium K edge, we typically use ~1 sec for each
1 degree oscillation. At the bromine K edge, where
the X-ray intensity from the first harmonic of the
undulator is approximately 40% of that at the Se
edge, the exposure time is doubled. When smaller
or larger oscillations are used, exposure times are
adjusted proportionately. These values are appro-
priate for datasets that include data from an angular
wedge up to 180 degrees. For anomalous dispersion
experiments, the amount of data collected generally
increases by a factor of two. In these cases, exposure
times are typically reduced by a third, to preserve
sample integrity throughout the duration of data
collection. Experience at SGX-CAT has shown that
this approach minimizes radiation damage while
ensuring adequate diffraction intensity.

Crystals with very strong diffraction may have an
unacceptably high number of saturated reflections.
Asnoted above, such crystals are identified automat-
ically during the crystal evaluation process, based
on the average number of overloaded reflections on
the screening images. For such crystals, the exposure
time is reduced. If a further decrease in the illumi-
nation of the sample is required, the intensity of the
incoming beam is adjusted.

12.7 Sample tracking

When large numbers of crystals are examined at syn-
chrotron beamlines, unambiguous identification of
the samples is critical. The SPINE standard includes
a unique barcode on the magnetic base for that pur-
pose. However, the SPINE protocol also assumes
that the bases will be reused. Hence, these 2D
barcodes alone do not permit unique identification
of a given crystal.

SGX uses two bar codes to track samples. The first
identifier is the 2D bar code on the pin bases, which
are used multiple times to mount individual crys-
tals. The second identifier, a 1D bar code, is placed on
the vials in which crystals are shipped to the beam-
line. This barcode is unique to the crystal and, unlike
the base, is not reused. The device used to read the
barcodes is shown in Fig. 12.3. This system requires
that the 1D barcode, which links the physical crystal
with its description in the database, constitutes part
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of the database record for that crystal. At the time
that crystals are loaded into the sample-changing
robot carousel, the 2D barcode is also read into the
database. This two bar code system provides redun-
dancy in sample identification. And, since the 2D bar
code is part of the mounting hardware and its value
is stored in the diffraction image file, this identifier
is always associated with the crystal.

12.8 Diffraction data processing

Any high-throughput system for protein crystal-
lography requires efficient processes for converting
measured diffraction images into experimental elec-
tron density maps and structures. Chapters 6 to 11
and 13 cover the various approaches to data analysis
in considerable depth.

Several systems have been developed for auto-
matic protein structure determination via X-ray
crystallography, including software packages such
as PHENIX (Adams et al., 2002), ELVES (Holton
and Alber, 2004), Auto-Rickshaw (Panjikar et al.,
2005), and ACrS (Brunzelle et al., 2003). These pack-
ages utilize existing individual programs to pro-
cess the diffraction images and data. Additional
programs and scripts analyse interim results, and
shepherd the output from one program to another.
The modularity of these systems permits rapid
incorporation of enhancements in crystallographic
software.

Data processing occurs in two stages. Initially,
diffraction images are reduced to a tabulation of
reflection indices and intensities or, after trunca-
tion, structure factors. The second stage involves
conversion of the observed structure factors into an
experimental electron density map. The choice of
how to execute the latter step depends on the method
used to determine the phase for each reflection.
The software packages enumerated above generally
focus on exploitation of anomalous signals to over-
come the phase problem for a protein of unknown
structure.

Structure-based drug discovery involves determi-
nation of many cocrystal structures with different
ligands bound to the same target protein. In such
cases, where the structure of the protein is well
known, automated structure determination proce-
dures rely on molecular replacement to supply the

necessary phases, followed by fitting of the lig-
and into the appropriate electron density feature
within the map. The Astex AutoSolve® program
and the SGX target to lead platform have both
adopted this approach. When anomalous signals
are used, such as in the SGX FAST (Fragments
of Active Structures) fragment-based lead discov-
ery process, they help to differentiate between lig-
ands and to provide information on the orientation
of the ligand within the target protein. A sum-
mary of the SGX automated data processing system
is provided in the high-throughput example in
Section 12.11.

12.9 Information technology
infrastructure

Modern high-throughput data collection permits
examination of a large number of samples and
generates enormous quantities of diffraction data.
With a CCD detector, data collection rates are typ-
ically 1 to 5MB/sec, although higher rates, up to
24 MB/sec, are currently possible at third genera-
tion synchrotrons (Bakaikoa, 2006). The pixel array
detectors currently available provide data at rates of
2 to 12 MB/sec. (Hiilsen et al., 2006).

Because of these collection rates, high-throughput
synchrotron operations are as much an issue of sam-
ple and data management as of data collection. For
this reason, SGX-CAT operations were included in
the information management systems for the struc-
tural biology platform at SGX at the time of beamline
commissioning. These data systems directly link
beamline operations to SGX efforts in drug discovery
and structural proteomics.

The SGX Laboratory Information Management
System (LIMS) is based on an Oracle database plat-
form. As an enterprise level relational database,
Oracle is robust and can be expanded to meet any
future needs. The expense to implement and main-
tain the database and to create the tools to retrieve
the data stored within, including an administrator
dedicated to managing the system, can be signifi-
cant. At SGX, use of the LIMS to monitor all of our
scientific activities reduces the incremental cost to
the beamline to an acceptable level.

The SGX database tracks every aspect of the prep-
aration of crystalline samples, including gene
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cloning, gene expression/solubility testing, protein
purification, crystallization, cocrystallization with
small molecule ligands, cryopreservation, crystal
evaluation, diffraction data collection, data reduc-
tion, and structure determination and validation.
Since samples are shipped to SGX-CAT from SGX
headquarters in San Diego, locations of the samples
on canes and within the shipping dewars are also
stored within the database. Other information, such
as the assignment of barcodes to a particular project,
is also readily retrievable. As of January 2007, the
volume of data maintained within our database was
approximately 60 GB, of which approximately two-
thirds were graphics images, such as spectra or
electron density maps. The SGX database currently
consists of over 300 tables, approximately 2000 indi-
vidual columns (fields), and more than 200 triggers
and procedures to update related sections of the
database when required.

SGX-CAT maintains a direct T1 network connec-
tion from the Advanced Photon Source in Illinois
to SGX San Diego. Database inquiries are handled
over this link. Interactions with the database occur in
three ways. An extensive web-based system is used
for data entry and retrieval. For crystals generated
by external users of the beamline, upload of an elec-
tronic spreadsheet transfers the required crystal data
attributes to the SGX LIMS. For automated opera-
tions, such as crystal screening and data collection,
custom scripts place the computed results directly
into the database.

Since the SGX LIMS contains virtually all informa-
tion on the provenance and results from a particular
sample, the data therein are available to track the
progress of individual crystals at the beamline. The
interface supporting this functionality is shown in
Fig. 12.5. This web page is automatically updated
every 15 min, providing near real-time assessment of
sample progression at SGX-CAT. The display moni-
tors the status of up to 380 crystals, providing access
to more than 40 fields of data and the diffraction
screening images for each crystal. This LIMS tool
uses the results of automated crystal evaluation to
select the best crystal within a group of replicate sam-
ples for data collection and monitors whether both
data collection and data processing activities have
completed successfully. As this interface handles
most of the routine decisions that would normally

be made by a crystallographer, we have greatly
enhanced throughput in data collection operations
at SGX-CAT.

12.10 Beamline monitoring and
maintenance

Synchrotron beamlines are a complex hybrid of
hardware and software. Although current designs
have achieved a level of robustness inconceivable
a decade ago, tight process control is essential. For
example, at SGX-CAT the position of the beam is
controlled to within 0.5 pradians (0.000028°). This
tolerance corresponds to keeping the X-ray beam
centroid within a 25 pum diameter circle at a loca-
tion 50m from the undulator source. This perfor-
mance, reflecting the combined capabilities of the
synchrotron and the beamline, is impressive to say
the least.

At SGX-CAT, beam alignment is accomplished
automatically. A two-stage process first maximizes
the intensity of the beam exiting the monochromator.
Combined motions of the robot and the monochro-
mator are then used to place the X-ray beam directly
at the sample position. In addition, critical compo-
nents, including the operational parameters of the
cryostream, the sample robot, and the X-ray inten-
sity monitor are continually assessed. If any drift
out of their allowed tolerance is detected, a beam-
line staff member is automatically notified through
a paging system. Necessary adjustments can then be
performed, in many cases via remote internet access
to the beamline control system.

Continual vigilance and routine maintenance is
required to ensure this level of performance. While
ongoing maintenance is not difficult, it is a critical to
ensuring optimal beamline performance. Thus, data
collection and beamline control by a dedicated, pro-
fessional staff appears decidedly preferable to that
by occasional users.

12.11 High-throughput data collection:
an example

We have in this chapter summarized various aspects
of data collection at a synchrotron beamline. In this
section, the operations of SGX-CAT are presented to
illustrate these concepts in action.
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Figure 12.5 SGX-CAT crystal status display. The webpage summarizes the status of up to 380 crystals using information extracted from the SGX

LIMS. Each row represents a carousel of 19 crystals, each square in the row corresponding to a specific sample. Every square provides both an
overlay and a dynamic link to further information on each crystal, including the screening images. The web page is updated every 15 min.

Arrival: Samples arrive at SGX-CAT in dry ship-
ping dewars, which are filled with liquid nitro-
gen upon delivery. Descriptions of the crystals
have been entered into the SGX LIMS prior
to arrival.

Loading of crystals: Crystal samples are arranged into
carousel loads that are tracked in the database.
Each load can have up to 19 samples, the capac-
ity of the MAR sample changer. Samples from
different sources can be grouped together on a
single carousel, because the LIMS, rather than
physical proximity, tracks related crystals. The
crystals comprising each load are placed in a
carousel. Loading at the beamline, rather than
at the home laboratory, ensures identification of
defective samples early in the process. A beam-
line staff member uses the barcode reading station
(Fig. 12.3) to associate the 1D barcode located on

the outside of the vial and the 2D barcode from the
base with sample information already resident in
our LIMS. Validation is performed on the barcodes
to verify that sample properties are indeed present
in the database. After validation, records describ-
ing theload represented by this particular carousel
are created within the database. Each load has a
unique identification number. The database also
tracks the identity of the physical carousel in
use. Finally, the carousel is placed in a liquid
nitrogen dewar for storage until screening or data
collection.

Screening: The carousel containing the crystals to

be screened is removed from the storage dewar
and placed into the dewar of the MarCSC sample-
changing robot. A protocol file that contains the
screening parameters for each crystal is gener-
ated automatically by extracting the necessary
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information from the database. These data are
then provided to the program, marccd, which
operates the sample changing robot and the detec-
tor system. This data file also includes proto-
col commands for turning the liquid nitrogen
wash on and off, archiving of data, and initia-
tion of the crystal quality evaluation system. The
entire carousel load is then screened automati-
cally. For each crystal, the nylon mounting loop
is automatically centred, after which four screen-
ing diffraction images are recorded at orientations
with ¢ = 0°, 45°, 90°, and 135°. Once these
images have been acquired, the crystal scoring
system then analyses the images, determining
diffraction quality and establishing whether or
not that crystal diffracts to the desired resolu-
tion limit. All of the parameters generated from
this evaluation process are stored permanently in
the database for future use. Once quality scoring
has been completed for all of crystals within a
given set of replicate samples, the best crystal is
marked automatically for collection on the status
web page.

Collection: Collection of datasets is executed in much
the same way as screening. In order to maximize
the use of beam time while minimizing manual
effort, new carousels of crystals are created that
contain only crystals deemed suitable for data col-
lection. At this stage, the crystals are identified
through the 2D barcodes located on the base of
the pin. Sample mounting, liquid nitrogen wash-
ing, and automated centring are performed dur-
ing data collection as during screening. Optimal
sample-to-detector distance for each sample s cal-
culated from the estimated resolution limit and the
X-ray wavelength. Protocol files for data collec-
tion also include the oscillation size and number
of diffraction images specified in the database,
both of which are determined automatically from
knowledge of the sample Laue point group.

Data processing: Immediately upon completion of the
acquisition of a diffraction dataset, data process-
ing is launched as part of the process for changing
to the next sample. At SGX-CAT, data are indexed
and integrated using either Mosflm or d*TREK.
Scaling of the integrated data is performed using
Scala from CCP4 (Collaborative Computational
Project, 1994). Scaled intensities are converted to

structure factors by Truncate (also from CCP4).
Processing for each dataset is assigned to one of
nine servers located at the beamline. Reduced
data are sent over the T1 line to SGX San Diego,
where further processing occurs on a Linux cluster
containing 296 processors.

Most of the data collected at SGX-CAT represent
cocrystal of ligands with proteins of known struc-
ture. Cocrystal structures are determined via molec-
ular replacement. EPMR (Kissinger et al., 1999),
MOLREP (Vagin and Teplyakov, 1997), or Phaser
(Read, 2001) are used to find the best molecular
replacement solution. Refinement of the structure
and docking of bound ligands is accomplished using
RefMac5 (Murshudov et al., 1997) or CNX (Briinger,
1992).

Alternative scripts are available for de novo struc-
ture determination. Initial processing usually uses
the Laue class determined during crystal evalua-
tion. The phasing method depends on the type of
experiment used to generate the data. In the case
of a MAD/SAD dataset, ShakeNBake (Hauptman,
1997) or SHELXD (Schneider and Sheldrick, 2002) is
used to determine the locations of anomalous scat-
terers. MLPHARE (Otwinowski, 1991) (heavy atom
parameter refinement and phasing) and SOLOMON
(Abrahams and Leslie, 1996) or DM (Cowtan,
1994) (phase improvement using solvent flatten-
ing/flipping) are used to generate and improve the
phases based on the anomalous signal present in the
data. Once the phases have been refined to conver-
gence, ARP/wARP (Lamzin and Wilson, 1993) is
used to build the model, followed by visual inspec-
tion and rebuilding with Xfit (McRee, 1999) or COOT
(Emsley and Cowtan, 2004), and further refinement
with RefMac5. When only relatively low resolution
data (2.5-3.5 A) are available, MAID (Levitt, 2001)
is used instead of ARP/WARP to build the initial
atomic model.

Validation: Once a structure has been determined,
it is validated using a custom structure valida-
tion system (Badger and Hendle, 2002) to detect
local errors. The system is based on PROCHECK
(Morrisetal., 1992), WHATCHECK (Vriend, 1990),
SFCHECK (Vaguine et al., 1999), and PHISTATS
and OVERLAPMAP (from CCP4).
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12.12 Conclusion

High throughput data collection at third-generation
synchrotron sources using automated systems pro-
duces enormous amounts of high-quality data. In
2006, ~9900 crystals were examined at SGX-CAT
and ~4400 diffraction datasets were recorded. The
previous year of operations saw similar produc-
tivity. Automation has reduced the average time
required to screen a crystal from 13 min to less than
4min, including all of the manipulations required
to position the sample within the X-ray beam. This
productivity is possible because of the close integra-
tion of the beamline activities with the SGX LIMS,
which permits expert systems to manage most data
collection without human intervention. In addition
to serving the needs of SGX internal structure-based
drug discovery programs, SGX-CAT provides ‘mail-
in” beamline access for several major pharmaceu-
tical and biotechnology companies. The SGX-CAT
paradigm also permits full-service support of a Gen-
eral User Program (www.sgxcat.com) that serves the
needs of not-for-profit users, including one of the
large scale production centres for the NIH-funded
Protein Structure Initiative (Wwww.nysgxrc.org).

SGX-CAT represents a state-of-the-art example of
the concepts in high-throughput data collection pre-
sented in this chapter. Because of the high level of
automation, the beamline functions exclusively as a
‘mail-in” protein crystallographic facility, its activi-
ties supported by a dedicated professional staff of
minimal size. The overarching goal of SGX-CAT
operations is maintenance of the highest quality
data while maximizing sample throughput. Criti-
cal enhancements to our data collection processes,
in particular exploitation of the powerful SGX LIMS
system and automatic crystal scoring and process-
ing, have contributed greatly to the achievement of
this goal.
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CHAPTER 13

Electron density fitting and
structure validation

Mike Carson

13.1 Introduction

The Human Genome Project went three-dimensional
in late 2000. ‘Structural genomics” efforts will deter-
mine the structures of thousands of new proteins
over the next decade. These initiatives seek to
streamline and automate every experimental and
computational aspect of the structural determina-
tion pipeline, with most of the steps involved cov-
ered in previous chapters of this volume. At the end
of the pipeline, an atomic model is built and itera-
tively refined to best fit the observed data. The final
atomic model, after careful analysis, is deposited
in the Protein Data Bank, or PDB (Berman ef al.,
2000). About 25,000 unique protein sequences are
currently in the PDB. High-throughput and con-
ventional methods will dramatically increase this
number and it is crucial that these new struc-
tures be of the highest quality (Chandonia and
Brenner, 2006).

This chapter will address software systems to
interactively fit molecular models to electron den-
sity maps and to analyse the resulting models. This
chapter is heavily biased toward proteins, but the
programs can also build nucleic acid models. First a
brief review of molecular modelling and graphics is
presented. Next, the best current and freely available
programs are discussed with respect to their perfor-
mance on common tasks. Finally, some views on the
future of such software are given.

13.2 Initial molecular models

Small molecule crystal structures solved through
direct methods yield very accurate atomic positions

at much higher resolution than is typical for pro-
teins. Currently about 200,000 error-free organic
compounds with conventional R factors less than
0.05 are available through the Cambridge Structural
Database (CSD) (Allen et al., 1979). These data have
been mined for conformational analysis, hydrogen
bonding directionality, non-bonded packing inter-
action, and more, as recently reviewed (Allen and
Motherwell, 2002). The CSD provides an invalu-
able source of coordinate geometry for inhibitors
and cofactors, which should be trusted more than
the energy minimized output of any modelling
program.

A common feature of modelling and refinement
programs is a dictionary of ideal residues derived
from the results of small-molecule crystallography.
Ideal bond lengths and angles for the amino acid
and nucleic acid building blocks of macromolecules
have been gathered from the CSD (Engh and Huber,
1991). The atomic bond and angle parameters are
tightly constrained for macromolecular refinement
and may be regarded as fixed, with the only degrees
of freedom coming from torsional rotation about
single bonds.

The favoured dihedral angles for protein main
chains were derived from energy considerations
of steric clashes in peptides giving the well
known Ramachandran plot (Ramachandran and
Sasisekharan, 1968). These phi/psi combinations
characterize the elements of secondary structure.
Accurate main chain models can be constructed from
‘spare parts’, that is short pieces of helices, sheets,
turns, and random coils taken from highly refined
structures, provided a series of C-alpha positions
can be established from the electron density map
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(Jones and Thirup, 1986). Rotamers, the favoured
dihedral angles for protein side chains, were first
observed from an analysis of well-refined protein
structures with no dihedral restraints (Ponder and
Richards, 1987).

13.3 Initial fitting to density

In their classic paper (Brandén and Jones, 1990) the
late Carl-Ivar Brandén and Alwyn Jones observed
that fitting the linear protein sequence into an imper-
fect electron density map was a process ‘between
objectivity and subjectivity’. They observed the con-
ventional R factor was not as reliable an indicator as
previously thought as several published structures
were incorrect. Three validation techniques have
practically eliminated grossly incorrect structures,
where the sequence is misfolded into the density:
the definition of the real-space R factor by Jones’
group (Jones ef al., 1991) with a per residue com-
parison between observed and calculated density;
the threading and three-dimensional (3D) sequence
profiling methods developed by Eisenberg’s group
(Bowie et al., 1991; Liithy et al., 1992); and the use
of statistical cross-validation with the development
of the free R value by Briinger (Briinger, 1992) to
prevent over-fitting of the data.

A nearly complete initial structure roughly fit
to the electron density may be available through
homology modelling and molecular replacement, as
discussed by Delarue in Chapter 7 of this volume.
A relatively new technique is the automatic inter-
pretation of crystallographic electron density maps
with construction and refinement of preliminary
models. The ARP/wARP software suite is recom-
mended (www.embl-hamburg.de/ARP) (Perrakis
et al., 1999). A main chain model or a more complete
model with side chains may be output provided
data around 2 A is available. Attempts to use arti-
ficial intelligence have periodically been applied
to automate map fitting (Feigenbaum et al., 1977;
Glasgow et al., 1993). A promising new method
using Al techniques has been developed to work opt-
imally with maps around 2.8 A resolution (Ioerger
and Sacchettini, 2003). These methods are covered
by Morris, Perrakis, and Lamzin in Chapter 11 of
this volume.

13.4 Map fitting and refinement

One of the most difficult steps in X-ray crystallog-
raphy is map interpretation. A major problem is
correctly connecting secondary structure elements.
This topic has been discussed in detail by several
authors (Richardson and Richardson, 1985; McRee,
1993; Kleywegt and Jones, 1997). Most crystallogra-
phers are fortunate enough to learn map fitting from
an experienced mentor. It is critical to have the most
accurate data and phase information possible. The
original experimental map should always be kept
for references. A major concern in the later stages of
refinement is model bias which is usually addressed
by calculating omit maps (Bhat and Cohen,
1984) or simulated annealing omit maps (Hodel
etal., 1992).

One of the first protein refinement programs
rotated torsion angles against real-space density gra-
dients (Diamond, 1971). This is the idea used by
most automatic and interactive building programs.
The current CNS version performs reciprocal-
space torsion angle refinement (Rice and Briinger,
1994). There is debate over the best refinement
program — many favour REFMAC (Murshudov
et al., 1997). Refinement is discussed in Chapter 11
of this volume.

13.5 Validation of structures

The process of structure solution is iterative: model
building, refinement, and analysis until one is sat-
isfied with the model. Each lab. or researcher uses
their favourite programs and protocols and may
arrive at a model via different paths. Grossly incor-
rect structures are detected as discussed in the
previous section. The validation criteria of atomic
models from crystallography is fairly standard-
ized, as reviewed by Gerard Kleywegt (Kleywegt,
2000). The PDB’s automated deposition system
uses Janet Thornton’s PROCHECK (Laskowski
et al., 1993) as the validation module, checking
all bonds, angles, dihedrals, and close contacts
and providing a summary report. The SFCHECK
(Vaguine et al., 1999) program validates the structure
factors.

Dihedrals are not generally constrained to
expected values in refinement programs. Any
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outlier is highly suspect, even though the den-
sity fit is decent. For example, a valine side chain
may require ‘flipping’ by a 180 degree rotation.
WHATCHECK (Hooft et al., 1996) (www.cmbi.kun.
nl/gv/whatcheck), the validation module of Gert
Vriend’s molecular modelling program WHATIF
(Vriend, 1990), is preferred locally to carry out
conformational analyses. Its flagging of question-
able rotamers may not be as good as PROCHECK,
but it offers many important additional checks.
Stretches of residues are analysed for packing and
via a database comparisons. This can identify
bad stretches that actually have reasonable dihe-
dral angles, or carbonyls that need to be flipped.
The hydrogen bonding pattern analysis reveals any
unsatisfied main-chain hydrogen bonds, and Asn,
GlIn, and His side chains that should be flipped. An
example is shown in Fig. 13.1.

The problem of validation has been of long-term
interest to the author. Ribbons (Carson, 1997) was
presented as a visual ‘sanity check’ of a struc-
ture, mapping properties of crystallographic interest
to the ribbon drawing (Carson and Bugg, 1988).
Residues were colour-coded by main-chain and

(a)

144 Asn

side-chain dihedral sensibility, agreement with the
electron density map, and potential energy. The
real-space R-factor (RSR) (Jones et al., 1991) is a
particularly powerful tool for detecting stretches of
residues that are out of register. The temperature fac-
tor, or B-factor, can be a sink for absorbing errors.
Any residues with values over 40 may be closer
to fantasy than reality. In a study designed to find
errors in a molecular replacement model (Carson
et al., 1994), RSR, B-factors, convergence of refine-
ment, dihedral fit to the database, and geometric
strain were found to predict error. In perhaps a tau-
tology, the most important factors were the RSR and
B-factors. The contribution of the X-ray data is the
most important — the structure cannot be judged by
geometry alone.

The emerging field of structural genomics will
generate thousands of new protein models through
crystallography, each of which must be carefully
checked computationally and visually. The handling
and curation of this atomic structural data represents
achallenging problem in bioinformatics. The human
pattern recognition ability and human intuition
is indispensable in validating atomic models and

144 Asn

Figure 13.1 Correction of a structure by side-chain flipping. The original structure after CNS refinement is shown in (a) and after the
recommended correction of WHATCHECK in (b). Carbon atoms are grey, oxygens white, and nitrogens black. Asn 144 and Glu 145 are the labelled
adjacent residues in a helix, shown as a ribbon. After a 180 degree rotation about the chi-2 dihedral of Asn 144, the side chain amide nitrogen is
now in position to hydrogen bond, shown as the labelled dashed line, to the carboxylate of Glu 145. Image rendered by ribbons.


www.cmbi.kun.nl/gv/whatcheck
www.cmbi.kun.nl/gv/whatcheck

194 MACROMOLECULARCRYSTALLOGRAPHY

despite technological advances, covered in Chapter
11, methods are still very labour intensive.

13.6 Model building and molecular
graphics

Structural genomics has been made possible by
many concurrent advances in technology besides
those in molecular biology. In particular, advances in
computing power and algorithms go hand-in-hand
with advances in crystallography. Software to per-
form most crystallographic tasks, in particular the
CCP4 suite of programs (Collaborative Computa-
tional Project, 1994) and the CNS package (Briinger
etal., 1998), is freely available from academic groups.
Avery important aspect of crystallographic comput-
ing is the role of computer graphics.

13.6.1 A brief history of molecular graphics

Physical models have enjoyed a long and success-
ful history in chemistry. Watson and Crick used
cardboard cutouts of the DNA bases and observed
the similarity in shape between an AT and a GC
base pair. This insight led them eventually to the
double helix structure of DNA and a molecular
mechanism for genetics in 1953. Physical models
were vital in the first 3D structural determination
of a protein in 1958, using X-ray crystallography
(Kendrew et al., 1958). Their myoglobin structure
was modelled by brass Tinkertoy-like (or a Meccano-
like) representations for the atoms and bonds, sup-
ported by thousands of vertical rods. At a scale
of 5¢cm/A, the model occupied roughly a cube of
nearly 2 m per side.

Interactive molecular graphics was pioneered by
Leventhal in the 1960s (Levinthal, 1966). Several
research groups in the late 1970s and early 1980s
began efforts to replace the physical models used by
crystallographers with computer graphics. In 1978,
the first protein structure was solved with com-
puter graphics using the GRIP system developed
by Fred Brooks’ computer science group at UNC
(Tsernoglou et al., 1977). An IBM mainframe per-
formed the electron density map calculations while
a DEC minicomputer drove the custom graphics ter-
minal. All drawing consisted of white lines on a

black background. The system displayed the elec-
tron density as a mesh of vectors and the molecular
model as a stick figure that could be interactively
manipulated to fit the density and ‘regularized’
(Hermans and McQueen, 1974) to maintain proper
geometry. Most importantly, the adjusted coordi-
nates could be easily saved to disk for another round
of the iterative process of map calculation and model
adjustment. The first widely used software of this
type was FRODO, developed by the crystallogra-
pher Alwyn Jones (Jones, 1981) after this proof of
concept.

The majority of current display representations
and interactive techniques for computer-assisted
molecular design were developed in the 1980s
(Olson and Goodsell, 1992). The colour Evans and
Sutherland PS300, a calligraphic vector-drawing
device driven by a DEC VAX minicomputer, became
the standard platform for macromolecular crystallo-
graphers and molecular modellers. A major draw-
back of these specialized display devices was a price
over $50,000. Many of the techniques developed
in universities were incorporated by newly-formed
companies into commercial software for general
molecular modelling.

UNIX workstations began to make inroads toward
the end of the 1980s, dominating in the 1990s.
Machines created by Silicon Graphics (SGI) became
the preferred tool of the crystallographic and mod-
elling communities. These workstations integrated
a powerful general-purpose computer and a custom
chip optimized for graphical display on a raster CRT
monitor. While less expensive than a VAX/PS300,
these workstations remained a costly investment.
The emerging standards based on the X window
system led to a system for ‘push-button crystal-
lography’ by the crystallographer Duncan McRee
(McRee, 1992).

At the same time, the power and capabilities
of standard PCs increased dramatically. The
Richardsons (Richardson and Richardson, 1992) at
Duke University developed molecular graphics pro-
grams to run on the Macintosh. In a dramatic
development, the World Wide Web emerged. Roger
Sayle created RasMol as part of his PhD disserta-
tion at Oxford, and made the source code freely
available on the web. This program allowed raster
display of molecules on UNIX or PCs. The RasMol



ELECTRONDENSITY FITTINGAND STRUCTURE VALIDATION 195

code was converted by Molecular Design Limited
into Chime (CHemical mIME), a widely used plug-
in for molecular display on web browsers. VRML
(Virtual Reality Modeling Language) was proposed
as the standard for 3D presentation and interaction
on the web.

13.6.2 Current state of molecular graphics

Several high-quality commercial molecular mod-
elling software systems include crystallographic
modules. Tripos offers solutions integrating chem-
istry and informatics targeting drug discovery
(www.tripos.com). Accelrys provides software for
pharmaceutical, chemical, and materials research
(www.accelrys.com). These are certainly worth look-
ing intoif the budget will allow. The latter developed
‘Quanta,” an older SGI product favoured by many of
our local crystallographers.

Most crystallographic labs have made the tran-
sition from SGI workstations to commodity PCs
running Linux. Most software shared among crys-
tallographers has been converted. The conversion
was relatively painless thanks to de facto standards,
such as UNIX, the X windows system, and the
OpenGL graphics API A fully loaded Linux PC with
a good graphics card and hardware stereo provides
an excellent crystallographic workstation for under
$3000. While the Linux/PC is likely to be domi-
nant over the decade, a serious rival may be Apple
PCs running OSX. Many programs are also available
under Windows. Outstanding molecular graphics
software for these machines is freely available to
academic groups over the web.

13.7 Accessing software for electron
density fitting and structure validation

This chapter will critique four software packages
that are freely available to academics. No review
of commercial software will be given. Each of the
four packages will run under most flavours of UNIX,
including Linux and Mac OSX, and most under Win-
dows as well. Some require a license. Each is easily
accessible over the web:

O (Kleywegt and Jones, 1997), the successor
to FRODO, fits molecular models to maps. It is

available through Jones’ lab in Upsalla (xray.bmc.
uu.se/~alwyn). A simple licensing procedure gives
access to the binary version for Linux, and delivers
a special access code specific for the PC on which
it is run. The instructions make installation trivial.
Version 9.07 is discussed here.

XtalView (McRee, 1999) is a complete system for
solving a macromolecular crystal structure, with
modules from isomorphous replacement through
building the molecular model. Developed by
Duncan McRee, it is now available through the
San Diego Supercomputer Center (www.sdsc.edu/
CCMS/Packages/XTALVIEW). Only the binary
executable was acquired, but the source codeisavail-
able with a separate license. An installation script is
edited to set local directories and the environment.
The model building facilities of version 4.0 of the
xfit" module are discussed here.

Coot (Emsley and Cowtan, 2004), the crystallo-
graphic object-oriented toolkit, is the CCP4 mod-
ule for model building, model completion, and
validation. It is available from the home page
of Paul Emsley (www.ysbl.york.ac.uk/~emsley/
coot/). Anyone may download and use the package
under the GNU GPL license. A new windows PC
version was easily installed. The map fitting tools of
Coot version 0.031 were tested.

MolProbity (Lovell ef al., 2003) is an interactive
macromolecular structure validation and visualiza-
tion tool from the Richardsons’ laboratory (molpro-
bity.biochem.duke.edu). The program may be run
interactively using a Java-enabled web browser, or
downloaded to your PC. The latest version was run
over the web.

13.7.1 File formats

The PDB format, for better or worse, is the standard
for macromolecular coordinate files. The handling
of residues with alternate conformations and the
‘chain id” versus ‘segment id’ distinction may cause
small problems. Density map formats are much
less standardized. Fortunately, the ‘mapman’ pro-
gram from Uppsala can convert between many, but
not all, types of maps. To convert to the ‘fsfour’
format (which can be read, but not written by
MAPMAN) for XtalView, the ‘ecns2fsfour” available
from San Diego is recommended. Coot uses the
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CCP4 ‘MTZ’ format for maps. A key advance in
map representation beyond the conventional iso-
surface contours was extraction of ‘ridge lines’ or
a ‘skeleton’ (Greer, 1974, 1985). This provides a
pseudoatom structure with ‘atoms’ at local den-
sity peaks, connected through maximum density.
Each program has its own format for this data
structure.

13.7.2 Key software features

O is driven by a command line interface, and
the ability to create user-defined macros. A general
introduction, several short tutorials on specialized
subjects, and a description of all possible com-
mands are presented in html from the homepage.
The most notable feature of O is the ability to build
macromolecular models from scratch into a density
map. The secondary structure templates make use
of database fragments plus interactive real space
refinement. It also allows analysis and easy mod-
ification of the structure, such as peptide oxygen
flips. Another interesting aspect of O is inclusion
of interaction via video game controllers. They note
‘O has a bewildering number of tasks that may be
used to make a Ca trace’. The p2map directory dis-
tributed with the program contains a step-by-step
tutorial for fitting experimental density. Many useful
O-accessories are available from the Uppsala Soft-
ware Factory (xray.bmc.uu.se/usf). In particular, the
OOPS program (Kleywegt and Jones, 1996) identi-
fies potential errors and steps through them for user
correction.

Xfit v4.0 is a large and complex program driven
by 18 X-based GUI windows. A 30-plus-page manual
isincluded. Notable features include model fitting to
electron density, the simultaneous real-space fitting
while maintaining accurate geometry, a built-in FFT
to calculate omit maps on the fly, the ability to print
the screen as PostScript, and a scripting language.
XtalView offers a complete package for crystallogra-
phy. Some locally use it only to locate heavy atoms
and for phasing. The ‘xfit" package recommends
running without map files, rather generating them
on demand from an ascii h,k,1,Fo,fom,phi file. They
report that the shake option with sigma-A maps is
about as good as it gets at removing model phase

bias. One can identify errors, such as in a Ramachan-
dran plot, generating a clickable list to position the
user at the offending residue for analysis.

Coot isdrivenby standard pulldown menus from
a menubar. A short tutorial and longer user’s man-
ual are available in PDF format. All the standard
features of the other map fitting programs are avail-
able. Commands may be scripted in the Python
language. The most attractive feature is the intu-
itiveness of the interface. The validation features are
well integrated. For example, a density fit bar graph
may be displayed in a separate window. Clicking on
the graph automatically centres on the questionable
residue.

MolProbity runson ajava-enabled browser from
the well-documented homepage. The notable fea-
ture is web-based identification and viewing of
potential problems in the model. Hydrogen atoms
are added to assist in the contact analysis. Poor
phi/psi angles are flagged only. Poor rotatamers are
flagged but cannot be fixed interactively on line, but
tools are provided to do this for both O and XtalView.
Potential Asn, Gln, and His flips are visualized, and
user-selected residues will be flipped. Bad contacts
are visualized with colour-coded dots, plus a pri-
oritized list. It does an excellent job of finding Thr
residues that should be flipped.

13.7.3 Experimental assessment of software
within the laboratory

Two common crystallographic tasks were exam-
ined: creation of a new structure and completing a
refinement. The data are as follows: (1) A complete
medium resolution structure after several rounds of
refinement has a new round of maps calculated and
is analysed. A range of residues in a turn and several
leucine rotamers are deemed questionable. These
were examined and corrected. (2) The sequence rep-
resenting a novel fold with no known homolog was
crystallized and solved (Li et al.,, 2002) from an
ISAS (iterative single wavelength anomalous sig-
nal) map (Wang, 1985) based only on native sulphur
atoms with data to 1.8 A. The majority of the main
chain was automatically traced with arp/warp.
For this test, the sequence (C. elegans Sequencing
Consortium, 1998), the predicted secondary struc-
ture (Rost, 1996), the refined sulphur sites (Furey
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and Swaminathan, 1997), and an automated attempt
at solution created by the TEXTAL (Ioerger and
Sacchettini, 2003) server (http://textal.tamu.edu)
was examined and corrected.

The results of the experimentation with the data
and tasks above are based strictly on ‘feel’. I found
Coot to be by far the best map fitting program, gen-
erally being able to perform the task at hand without
reading the manual. In my opinion, the interface to O
presents a serious problem. Others in the lab. claim
that once familiarity is gained that it is just right.
MolProbity has the best aesthetics and gives a good
final check. A disclaimer: the author last actively fit
models over a decade ago, and was quite happy with
a variant of FRODO.

Mlustrations of two examples are included.
Figure 13.2 captures the Java display inside a web
browser running a MolProbity session. Figure 13.3
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shows before and after screen shots captured while
performing map fitting with Coot. These figures
cannot do the respective software systems jus-
tice. The figures are in black and white — the
programs use colour to convey vital information.
The figures are static — the programs are inter-
active. It is hoped this chapter will encourage
the gentle reader to run the software — it’s easy,
it’s fun!

13.8 Future of crystallographic
software

The graphics history section highlights the rapid
change in computer hardware. Current platforms
will certainly also become obsolete. Grid computing
over the internet will probably become prevalent.

KiNG - 2BV9_AH-multi.kin.gz

* 2BV9_AHa

] mainchain

¥ Calphas

] sidechain
viH's

alta

alth

wilw contact
small verlap
bad overlap
H-bonds
McMc contacts
ScSc contacts

Animate
ql i»
Pick conter Show text

¥ Markers Shows hierarciy

tinyy | small | default | large | huge

Figure 13.2 Screen shot of MolProbity. The image was captured from a Java-enabled web browser, and converted to greyscale. Of course, colour
and interactivity are vital to this application. The image shows a stick figure atomic model, including all hydrogens, in side-by-side stereo. Steric
clashes are shown by dots (red in the original). The highest concentration of dots in the lower centre is due to a water—side chain clash. Just above
the water is a serine residue that has been flagged (orange in the original) as an unlikely rotamer. One of its hydrogens connected to the CB atom
clash with a neighbouring carbonyl. A separate window presents a colour-coded table of the properties of all residues.
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Figure 13.3 Screen shot of density fitting with Coot. The images were captures from the screen of the Windows PC version and converted to
greyscale. Of course, colour and interactivity are vital to this application. The images show the electron density map as a mesh of thin, grey lines. The
atomic model is rendered as thick lines. The original model is shown in (a), with the 22" label added by an external program to draw the readers
attention to the questionable residue that does not fit into the density. From the 'Calculate’ option shown on the menu bar, the first item,
"Model/Fit/Refine’, was selected. This invokes the submenu of choices shown overlaid on the right edge of (a). The corrected model is shown

in (b), with the phenylalanine ring now completely inside the density. This is the near instantaneous result of clicking ‘Auto Fit Rotamer’,

the seventh item on the submenu.

The future in high-powered graphics is no longer sci-
entific workstations, but computer games. However,
their internals are now jealously guarded secrets.

Most crystallographic programs arose in academic
labs from the vision of their author and the help of
a small number of collaborators. The authors main-
tain various levels of access to their source code. The
‘open source’ model is an alternative. According to
the Open Source Initiative (www.opensource.org):
‘The basic idea behind open source is very sim-
ple: When programmers can read, redistribute,
and modify the source code for a piece of soft-
ware, the software evolves. People improve it,
people adapt it, people fix bugs. And this can hap-
pen at a speed that, if one is used to the slow
pace of conventional software development, seems
astonishing ...’

Our structural genomics bioinformatics group
(sgce.cbse.uab.edu) used only well-known, open-
source programs: the Linux operating system; the
Apache web server; a PostgreSQL database; and the
Python programming language. PyMOL (source-
forge.net/ projects/pymol) is an open source molec-
ular graphics project. The