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Abstract. The three-dimensional, atomic-resolution
protein structures produced by X-ray crystallography
over the past 50+ years have led to tremendous chemical
understanding of fundamental biochemical processes.
The pace of discovery in protein crystallography has in-
creased greatly with advances in molecular biology, crys-
tallization techniques, cryocrystallography, area detec-
tors, synchrotrons and computing. While the methods

used to produce single, well-ordered crystals have also
evolved over the years in response to increased under-
standing and advancing technology, crystallization strate-
gies continue to be rooted in trial-and-error approaches.
This review summarizes the current approaches in pro-
tein crystallization and surveys the first results to emerge
from the structural genomics efforts.
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Introduction

The three-dimensional, atomic-resolution protein struc-
tures produced by X-ray crystallography over the past 50+
years have led to tremendous insights into how fundamen-
tal biochemical processes are conducted at the chemical
level. These insights have been critical for practical appli-
cations such as structure-based drug design and the devel-
opment of enzymes for industrial processes. X-ray crys-
tallography has benefited enormously from advances in
molecular biology, cryocrystallography, area detectors,
synchrotrons and computing. These advances have low-
ered the requirements for crystal size, but single, well-or-
dered crystals are still required. The methods used to pro-
duce crystals have also evolved over the years as a result
of increased understanding and advancing technology, but
crystallization strategies continue to be rooted in trial-and-
error approaches refined over the past decades.

The fundamental task in protein crystallization has re-
mained the same over the years. The aim is to create a so-
lution supersaturated with protein that will produce sin-

gle, well-ordered crystals. More often than not, supersat-
urated solutions produce precipitate or phase separation
instead. There is no a priori theory for discerning which
solutions will produce crystals and which will produce
precipitate. So the crystallization process is separated
into two stages: screening and optimizing. Each stage is
conducted with a largely empirical approach. The screen-
ing process discovers lead crystallization conditions, or
‘hits’, which typically produce microcrystals, thin rods or
thin plates. Of the three phases of crystal growth, (nucle-
ation, growth and cessation of growth [1]), screening is
largely concerned with finding conditions that will sup-
port nucleation and some crystal growth. The crystalliza-
tion conditions are then optimized to produce a crystal
suitable for x-ray diffraction, i.e. large and well-ordered.
Before the widespread use of synchrotron radiation,
‘large’ meant crystals that were many hundreds of mi-
crons on edge. Today, however, ‘large’ may mean just tens
of microns on edge.

The specific strategies used to crystallize proteins have
evolved over the years. Many excellent accounts of the
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strategies and methods used in crystallization have been
written [2—8]. In the 1960s and 1970s, investigations
were largely confined to targets that were naturally abun-
dant. A standard approach to screening for crystallization
conditions was to methodically examine several different
precipitants as a function of pH [2]. In the 1980s, ad-
vances in molecular biology allowed the overexpression
of many proteins with low natural abundance. The ability
to make site-directed mutants provided a versatile way to
make alternative constructs for crystallization. In the
1990s, the Sparse Matrix approach for screening for crys-
tallization conditions was introduced [9]. With the advent
of the new millennium, the field of protein crystal growth
is about to undergo another large change. Structural ge-
nomics is fueling the development of new high-through-
put methods for crystallization, and it is generating large
amounts of systematic crystallization data that may lead
to more predication-based crystallization methods [10—
16].

The best crystallization strategy for a project depends
heavily on the crystallization throughput of the labora-
tory. It is useful to describe crystallization throughput in
terms of three levels. The low throughput laboratory con-
ducts almost all aspects of the project manually without
automated equipment. In particular, crystallization trials
are set up by hand. Historically, all laboratories were low
throughput. At the other extreme are high-throughput
structural genomics (HTGS) efforts. High throughput is
achieved by specialized equipment that automates most
aspects of the crystallization project. In between these
two extremes is the medium-throughput laboratory. It has
much less automation than HTGS, but it at least has a
commercially available system for setting up crystalliza-
tion trials. The same basic techniques are available to all
three levels of throughput, but the strategies change as a
function of throughput. A general theme in protein crys-
tallization is that there is no lack of approaches to try; the
trick is to judiciously select the approaches that are most
efficient for the project at hand. Greater throughput al-
lows more exhaustive exploration of the possibilities at
each step, whereas lower throughput requires more lim-
ited exploration.

This review summarizes the current approaches in pro-
tein crystallization and surveys the first results to emerge
from the structural genomics efforts. It is written primar-
ily from the perspective of a medium-throughput labora-
tory where crystallization trials can be set up by auto-
mated equipment. Low-throughput laboratories may be
best served by implementing a subset of the suggestions,
whereas high-throughput laboratories can exhaustively
pursue all of the strategies described here along with fur-
ther variations.

Crystallization strategies

Target Selection and Constructs

There is usually considerable flexibility in choosing the
exact crystallization target. That flexibility should be
used to increase the odds for success. The ideal outcome
of the project may be to determine the structure of a pro-
tein from a particular organism complexed with a partic-
ular small molecule ligand or macromolecule. Many of
the biological questions motivating the crystallization
project, however, can usually be answered by determining
the structure of a modified form of the protein, of a pro-
tein from another species or of a different ligation state.
Each change to the sequence of the protein or its ligation
state generates a new crystallization target for screening.
Four different ways to modify a protein to generate a new
target for crystallization are to (i) add an N- or C-termi-
nal tag or fusion protein to the protein (ii) truncate the
molecule (iii) alter the sequence and (iv) chemically mod-
ify specific residues.

The affinity tags commonly engineered onto a target for
ease of purification provide one useful means of modify-
ing the crystallization target. Tags are used primarily to
aid purification, but they can also improve the level of ex-
pression and the solubility. Stevens lists 30 different tags
useful for purification [17]. They may be removed from
the target or left on for crystallization. It has generally
been believed that tags are either neutral or detrimental to
crystallization [17, 18].

Recent studies, however, suggest that the presence of tags
and the types of tags used should both be considered use-
ful variables in the crystallization. One study showed that
the 21-residue amino terminal tag from the Gateway sys-
tem was compatible with crystallization [19]: 13 of 25
(55%) proteins were crystallized with the tag. A second
study tested the effect of five short tags [Args, His,,
FLAG , Strep tag II and biotin acceptor peptide (BAP)]
attached to the C-terminus of maltodextrin-binding pro-
tein from Pyrococcus furiosus [20]. Under the wild-type
crystallization conditions, the His, and FLAG tags pro-
duced crystals of similar diffraction quality as wild type,
whereas the BAP tag produced slightly poorer diffraction
and the Args tag produced much worse diffraction. After
screening with Wizard I and II, and Hampton I and II,
however, the BAP variant produced a crystal form that
diffracted better than wild type. No crystals were ob-
tained of the Strep II variant in any condition. This study
suggests that the choice of affinity tag is as important as
the decision to retain the tag. A third study tested 49 pro-
teins with and without His, tags: 11 proteins crystallized
both with and without the tag, 9 crystallized only without
a tag and 7 crystallized only with a tag [21]. In conclu-
sion, many small affinity tags are compatible with crys-
tallization, and they sometimes enable crystallization.

In contrast to small affinity tags, fusion proteins appear to
be more problematic in crystallization. Fusion proteins
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consisting of the target protein joined through a linker re-
gion to a fusion protein such as glutathione S-transferase
(GST) or maltose binding protein (MBP) have been crys-
tallized [22—-26], but there are relatively few reports of
successful crystallization of fusion proteins [27]. The
high incidence of unpublished negative results suggests
that the crystallization of fusion proteins is difficult.

On the other hand, the removal of flexible regions of the
protein or whole domains is a very common approach.
Flexible regions can be identified by several methods.
Limited proteolysis by a battery of different proteases is
common. Low-resolution electron density maps [28] and
nuclear magnetic resonance (NMR) [29] have also been
used.

More precise changes can be made by site-directed muta-
genesis to reproduce the packing found in the crystal
structure of homologous proteins, to alter solubility, to al-
ter the surface properties of the target or to stabilize the
target.

One can attempt to engineer crystal contacts when the
crystal structure of a homologous protein or a low-reso-
lution structure of the target is available. To crystallize
human H-chain ferritin, a point mutation was introduced
to reproduce the Cd?"-mediated crystal packing contact
found in the L-chain ferritins from horse spleen and rat
liver [30]. A mutation that altered an intermolecular salt
bridge in canavalin trimers produced better diffracting
crystals [31]. Crystal packing through the formation of
intermolecular beta-sheets was promoted by altering the
sequence of solvent accessible B strands in model anti-
bodies [32, 33]. Crystal-packing mutations and their af-
fect on crystallizability were systematically examined for
Thermus thermophilus aspartyl-transfer RNA (tRNA)
synthetase [34]. When attempting to crystallize a com-
plex, crystal contact engineering can be attempted when
at least one of the members of the complex has a known
structure and there is a reasonable model of what surfaces
are buried in the complex, e.g. [35].

Several other types of mutations at surface sites have en-
abled crystallization. Candidate surface sites may be iden-
tified through homology modeling, structure prediction or
just the tendency of certain amino acids to be located on
the surface. Point mutations may be made to alter func-
tion, e.g. the elimination of autoproteolysis [36]. More
generally, mutations can be made to alter surface proper-
ties. Initial attempts to crystallize wild-type human
RhoGDI protein failed. To reduce the conformational en-
tropy of surface side chains, 13 lysine-to-alanine con-
structs were made, and the structure of four of the variants
determined [37]. Hydrophobic surface residues can be
mutated to polar residues to increase protein solubility.
The F185K mutation of the central core domain of human
immunodeficiency virus (HIV) integrase raised the solu-
bility from 1 mg/ml to over 40 mg/ml and enabled crys-
tallization [38]. Directed evolution has been used to gen-
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erate more soluble constructs [39]. Solvent accessible cys-
teine residues can be mutated to alanine to reduce the ten-
dency toward oxidation and aggregation [40]. On the other
hand, the introduction of an intramolecular disulfide
bridge in T4 lysozyme sped nucleation and crystal growth
[41]. Even broader ‘shotgun’ approaches to mutating
surface residues have been successful. For example,
most mutations of 11 residues on the surface of human
thymidylate synthase made the protein easier to crystallize
[42]. Many other examples of mutations used to crystal-
lized proteins have been reported [27, 36, 43, 44].
Relatively few examples of chemical modification have
been reported for crystallization. One of the most note-
worthy examples of a classical chemical modification for
crystallization is the S1 myosin head that required acety-
lated lysines for the structure determination [45]. Degly-
cosylation may also be regarded as a type of chemical
modification. Glycoproteins are commonly deglycosy-
lated in preparation for crystallization [46].

Another way to vary the sequence is to crystallize or-
thologs — homologous proteins from different organisms.
This approach was first used in the crystallization of
myoglobin [47] and was key to the structure determina-
tion of the TATA-binding protein [48]. One HTGS project
found that the species of origin made a large difference in
the ability to crystallize particular proteins. The crystal-
lization success rate for 62 different proteins from Es-
cherichia coli and Thermotoga maritime were 26 and
32%, respectively [21]. But 90% of the proteins crystal-
lized were only crystallized from one of the two organ-
isms. The species of origin, then, should be considered a
productive variable.

If the protein forms a complex with another macromole-
cule, one can attempt to crystallize the protein complexed
with different constructs of its cognate partner. The early
work on A repressor demonstrated the usefulness of ex-
ploring different DNA oligomers for protein-DNA crys-
tallization [49]. Antibodies or Fab fragments have been
used to complex with target proteins [50, 51], as have
other high-affinity binding proteins [52]. The same vari-
ations that can be made to the protein target can also be
made to the cognate partner.

Target Preparation

Sample preparation is critical for obtaining crystals, but it
is not known a priori just how stringent the preparation
must be. The chemical and conformational purity of the
preparation is a critical factor affecting the ability to grow
crystals. The amount of resources (time, effort, funding)
devoted to sample preparation, however, must be bal-
anced against the resources used for crystallization
screening. As Rupp points out, ‘...the cheapest, fastest
and by far the most conclusive measure for crystallization
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still remains — crystallization screening’ [53]. An effec-
tive strategy is to conduct crystallization screens as soon
as possible. Analytical techniques such as gel elec-
trophoresis and dynamic light scattering can guide subse-
quent efforts to (i) improve the quality of the protein
preparation used in screening and (ii) optimize the crys-
tallization. These analytical techniques identify problems
known to interfere with crystallization and are used to fo-
cus extra efforts on specific problems as needed.

Several techniques are useful for assessing the chemical
purity of the target. SDS-polyacrylamide gel elec-
trophoresis (PAGE) is the easiest to perform, and it gives
a good indication of purity of the target compared with
heterogeneous contaminants. Many investigators will not
attempt to crystallize a protein unless the preparation is at
least 95% pure. SDS-PAGE is not, however, a good
method for identifying microheterogeneity. Isoelectric
focusing is a better indicator of the homogeneity of
charged side chains. Mass spectrometry is a powerful
method for assessing both heterogeneous contaminants
and microheterogeneity.

Conformational heterogeneity can inhibit crystallization
but it is rarely examined in detail because of the lack of
convenient, powerful methods. Native PAGE is one indi-
cator of conformational homogeneity, but its interpreta-
tion is not straightforward. In practice, conformational
heterogeneity tends to be assessed by other means such as
limited proteolytic digestion or NMR.

Aggregation of the target molecules usually indicates that
crystallization will be very difficult. Electron microscopy
has been used to measure aggregation prior to crystal-
lization [54]. But the most common technique is to use
light scattering. Dynamic light scattering measures the
tendency of the target molecules to be monodisperse,
complexed with a well-defined stoichiometry, or aggre-
gated with an ill-defined stoichiometry. One study found
that only 1 out of 12 (8 %) proteins with a multimodal size
distribution crystallized [55]. In contrast, 60 and 77 % of
those proteins with a broad or a narrow unimodal distrib-
ution, respectively, crystallized. A separate study of 25
target proteins found that none of the 13 that were crys-
tallized were aggregated [19]. Yet another estimate is that
about 30% of polydisperse or impure solutions will still
produce crystals [53]. While one cannot definitively say
how much aggregation is required to interfere with crys-
tallization, the trends clearly indicate that the more
monodisperse the preparation is, the more likely the mol-
ecule is to crystallize [56, 57].

When the target has a known function, functional assays
should also be used to characterize the protein. Properties
such as specific activity are valuable ways to assess pu-
rity. Crystallization is usually possible after a modest re-
duction in activity, but sometimes the inability to crystal-
lize the protein precedes any detectable reduction in ac-
tivity.

Crystallization strategies

If the protein target is to be complexed with a small mol-
ecule ligand or another macromolecule, there is an addi-
tional level of preparation involved. Complexes often
have very different solubility properties than the uncom-
plexed target. Each type of complex with the target pro-
tein should be regarded as a separate crystallization target
that must be prepared, purified and screened indepen-
dently.

Lastly, adequate storage conditions are important for en-
suring reproducibility. Different storage conditions
should be tested and validated as early as possible in the
project. Initially, the choice of storage conditions will be
guided by the results of the analytical methods described
above. Once crystallization conditions are found, how-
ever, the reproducibility of the crystallization should be
used to validate the method of storage. Storage tempera-
tures of —80 or —20 °C are most common. Rapid freezing
in liquid nitrogen with subsequent storage at —80°C is
probably the robust method in general.

Screening

There are a huge number of variables that can be explored
in a search for crystallization conditions. McPherson lists
36 factors as affecting crystallization [8]. Among the
physical factors are temperature, rate of equilibration, vi-
bration, and homogeneous or heterogeneous nucleants.
Chemical factors include precipitant type and concentra-
tion, pH, protein concentration, detergents and impurities.
Biochemical factors include purity, ligands, aggregation
state, posttranslational modification, proteolysis/hydroly-
sis, chemical modification, genetic modification and his-
tory. The challenge is to decide how much variation to ex-
plore within each factor: much, little, or none. Fortunately,
the experience of crystal growers over the last five
decades has produced effective heuristics.

It can be helpful to think of the screening strategy in
terms of a hierarchy of factors. The lowest level set may
be regarded as a specific set of commercial sparse matrix
screens at both 4 © and 22 °C. These screens will be per-
formed for all the target variants generated by the higher-
level factors. The second level may be regarded as the lig-
ation state of the protein. For example, an ATPase may be
crystallized without a ligand, with Mg**-ATP, or with
Mg**-ADP. The third level of factors may include the na-
ture of the protein construct and its preparation, e.g. plus
His tag and minus His tag. One starts by fixing as many
high-level factors as possible and conducting the screens.
If no hits are obtained, one can systematically vary fac-
tors working from lower levels to higher levels.
Foremost among the factors usually fixed is the technique
used to achieve supersaturation. Many techniques have
been used to grow crystals (table 1). In practice, vapor
diffusion using hanging drops or sitting drops and micro-
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Table 1. Crystallization Methods [8].

Bulk crystallization

Batch method in vials
Evaporation

Bulk dialysis

Concentration dialysis
Microdialysis

Liquid bridge

Free interface diffusion

Vapor diffusion (sitting drops)
Vapor diffusion (hanging drops)
Sequential extraction
pH-induced

Temperature induced
Crystallization by effector addition

batch under oil are the most popular screening tech-
niques. Three commercially available systems for auto-
matically dispensing crystallization experiments are the
Oryx 6/IMPAX 1-5 system (Douglas Instruments;
www.douglas.co.uk), the Gilson/Cyberlab workstations
(Cyberlab, www.gilson.com) and the Decode Biostruc-
tures RoboHTC (www.decode.com). The Gilson/Cyber-
lab workstations set up vapor diffusion crystallizations.
The Oryx6/IMPAX 1-5 system uses the microbatch under
oil technique. The vapor diffusion and microbatch under
oil techniques do not produce all of the same lead crys-
tallization conditions, but they produce similar numbers
of hits [58—60]. Each technique has its own variations,
such as equilibration rate [61, 62], and these factors are
usually fixed for screening.

Another factor that is usually held constant during
screening is the size of the drop. The size of the drop
limits the size of the crystal that can be grown. For a
10 mg ml! protein solution, protein-specific volume of
0.73 cm? g!, and a crystal that is 50 % protein, the con-
centration of protein in the crystal is about 70 times
higher than the concentration of protein in solution. A cu-
bic crystal 100 pm on a side, then, requires a drop size of
70 nl to provide the protein needed for growth (assuming
no protein remains in solution). In practice, a significant
amount of protein may remain in solution, and more than
one crystal usually forms. Drop sizes of 1-4 pl, there-
fore, are common.

Several factors are sampled at a few different values dur-
ing screening. Temperature is almost always sampled
near room temperature, e.g. 22 °C, and it is typically also
sampled at 4°C, i.e. in a cold room. If the protein binds
ligands, it will be tested in the presence and the absence
of the ligands. If it complexes with another macromole-
cule, it may be tested with and without its cognate part-
ners. If different constructs of the protein are available,
each will be tested separately.

Screening is usually conducted at one or just a few pro-
tein concentrations. Most commonly one screens with a
protein concentration about 10 mg ml-!. One may more
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rationally choose a protein concentration by choosing a
low concentration that can still be precipitated by reason-
able concentrations of representative precipitants such as
ammonium sulfate, PEG 4000 and ethanol [53]. Solubil-
ity screens [51] are commercially available (Hampton
Research, Molecular Dimensions) to provide an initial
impression of solubility, but to our knowledge the corre-
lations between results from these solubility screens and
the results from the commercially available Sparse Ma-
trix screens have not been published. Regardless of the
protein concentrations chosen, the screen is still sparsely
sampled with respect to protein concentration. Many of
the drops will remain clear or have large amounts of pre-
cipitate because the protein supersaturation was either too
low or too high. Such drops may give the false impression
that the chemical conditions used will not support crystal
growth. In practice, however, the logistics of testing many
different protein concentrations for each trial in the
screen prevents substantial follow-up on clear or heavily
precipitated drops.

The only factor that is extensively sampled is the chemi-
cal composition of the crystallization trial. The chemical
composition space for crystallization is enormous. 383
different compounds have been used in crystallizations
reported in the Biological Macromolecular Crystalliza-
tion Database [63, 64]. There are four general categories
of precipitants: (i) salts, (ii) volatile organic solvents,
(iii) polymers, and (iv) nonvolatile organic alcohols. Ex-
amples include ammonium sulfate, ethanol, polyethylene
glycol and MPD, respectively. So while the chemical
composition is varied extensively, only a very small sub-
set of the possible conditions is sampled.

How many conditions should be screened? One study
concluded that a reasonable lower limit estimate of the
crystallization success rate of most proteins is about 2%
[65]. Five independent screens of 48 random conditions
(for a total of 240 conditions) would provide a 99.2%
(1-0.982%) chance of obtaining a hit. For a protein with a
success rate of only 0.2%, the probability of obtaining a
hit would still be about a 40%. So the low- or medium-
throughput laboratory can expect a reasonable amount of
success by screening with five commercially available or
custom random screens. The high-throughput laboratory,
however, can easily perform more trials, and these are
sometimes crucial. The experience of one HTGS labora-
tory is that their screen of 1536 conditions often produces
50 or more lead conditions for a target. But there are also
several cases (out of 1300 proteins and nucleic acids)
where only one condition produced a crystal [66].

While more trials afford more opportunities for success,
the observation and analysis of the screens can be decep-
tively time consuming. For example, the screening facil-
ity operated by the Hauptman-Woodward Institute ac-
cepts crystallization samples from the scientific commu-
nity [66]. This facility uses a crystallization plate
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containing 1536 different crystallization experiments,
and it records seven images of each experiment: just prior
to adding target, just after adding target; 1 day, 3 days,
1 week, 2 weeks and 1 month after setup. At 5 s per im-
age, it requires 15 hours of uninterrupted viewing time to
examine all 10,752 images. Obviously, the viewing can-
not be done continuously, and the viewing must be spread
out over many days.

This chemical composition space can be sampled using
several commercially available screens (table 2). One
study of the relative efficacy of commercially available
Sparse Matrix type screens used a test set composed of 25
proteins [19]. The Stura Footprint Screen crystallized 8
proteins, the Crystal Screen plus Crystal Screen 2 crys-
tallized 6 proteins and the Wizard Screen (I and II) 3. An-
other study using 19 proteins compared ostensibly identi-
cal screens from Hampton Research and Molecular Di-
mensions [67]. 54 crystallizations were produced only by
the Hampton Research formulation, and 73 crystalliza-
tions produced only by the Molecular Dimensions for-
mulation. Only 38 of 165 crystallizations were produced
by both formulations. The formulations are, in fact, not
identical since Hampton Research uses HCl and NaOH to
adjust the pH of its solutions, whereas Molecular Dimen-
sions uses glacial acetic acid. Since acetic acid is volatile,
it is possible for the pH of the Molecular Dimensions® so-
lutions to increase with time. The same study also exam-
ined the efficacy of the Wizard I and II screens and con-
cluded that all three pairs of screens were effective and
that all three produced distinctly different results.
Alternatives to commercially available Sparse Matrix
screens are available. Crystool is a tool for creating one’s
own screen [65]. Alternative experimental designs for
sampling the crystallization space in a statistical manner
have also been described [68—70].

More methodical searches can be used instead of or in ad-
dition to Sparse Matrix approaches. The method used
most commonly prior to the introduction of the Sparse
Matrix methods was to examine the effect of pH and pre-
cipitant concentration systematically at a fixed tempera-

Table 2. Commercially available screens.

Crystallization strategies

ture. This approach is the idea behind some commercially
available ‘grid screens.’ It is very methodical, but it is also
slow and requires much material. The notion is that as the
precipitant concentration increases, trials will progress
from clear to crystal to precipitate. The operational ques-
tion is whether or not the crystalline phase is produced
between the clear and the precipitate phases. Successively
finer sampling is done in the pH-precipitant plane to es-
sentially trace out a quasi-solubility curve (fig. 1). There
are also screens intermediate between the methodical
grid screens and the Sparse Matrix. Such screens typi-
cally vary some variables systematically (e.g. pH) and
others somewhat randomly (e.g. a different choice of salt
type for each pH) [71].

Another alternative to Sparse Matrices is called Reverse
Screening [72]. In Reverse Screening one uses a priori
considerations to limit the choice of precipitants in the
search for conditions that produce large increases in su-
persaturation for small changes in precipitant concentra-
tion. Streak seeding or cross seeding is recommended to
separate the problem of crystal growth from the problem
of crystal nucleation [51]. Vapor diffusion is recom-
mended because of its concentrating effect.

Once a screen has been conducted, there are several ‘last-
resort’ manipulations that can be done to obtain a crystal
or more information about the solubility of the target.
Among these are moving the tray to another temperature
(e.g. from 22 to 4 °C), adding additives (e.g. f-octylglu-
coside) (this is more appropriate for vapor diffusion
where the drop is reconcentrated after the additive is
added), adding a volatile acid (acetic acid) or base (am-
monium hydroxide) to run a pH gradient [71], streak
seeding and adding silicone oil to paraffin oil to prompt
dehydration of the microbatch under oil [62].

Optimization

Optimizing a lead crystallization condition obtained from
a screen, i.e. a ‘hit’, is more straightforward than making

Type Name No. of Company URL Ref.
conditions

Sparse Matrix Crystal Screen 50 Hampton Research http://www.hamptonresearch.com/) [9]

Sparse Matrix Crystal Screen 2 48 Hampton Research http://www.hamptonresearch.com/) [89]

Sparse Matrix Structure Screen 1 50 Molecular Dimensions  http://www.moleculardimensions.com/

Sparse Matrix Structure Screen 2 50 Molecular Dimensions  http://www.moleculardimensions.com/

Sparse Matrix Wizard | 48 Emerald BioStructures ~ www.decode.com/emeraldbiostructures

Sparse Matrix Wizard 11 48 Emerald BioStructures ~ www.decode.com/emeraldbiostructures

Semisystematic ~ Clear Strategy Screen 24 Molecular Dimensions  http://www.moleculardimensions.com/ [90]

Semisystematic ~ Clear Strategy Screen II 24 Molecular Dimensions  http://www.moleculardimensions.com/ [90]

Semisystematic ~ JBScreen 240 Jena Bioscience http://www.jenabioscience.com

Semisystematic ~ PEG/Ion Screen 48 Hampton Research http://www.hamptonresearch.com/

Semisystematic Stura Footprint 48 Molecular Dimensions  http://www.moleculardimensions.com/ [51]
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Figure 1. The classic pH-precipitant screening strategy. The first
round of conditions comprise a course grid (circles) that produce ei-
ther clear drops (open symbols), crystals (triangle) or precipitate
(filled symbols). The interval between pHs is typically 0.5 or 1.0 pH
units. The interval between precipitant concentrations depends on
the precipitant but is typically 0.5—-1.0 M for salts and 5—10% for
PEGs and organics. The second round (squares) more finely sam-
ples the precipitant concentrations between the first round clear and
precipitate conditions. Additional rounds with finer precipitant con-
centration sampling may be done. In this example, crystallization
conditions were located during the second round.

the wide range of decisions before the screening, but there
are still many different approaches used by different inves-
tigators. Most, if not all, techniques have their origins in
mathematical optimization methods that involve quantifi-
able functions. Some crystallization optimization methods
accordingly quantify the results of the crystallization ex-
periments in order to generate the next round of conditions
to test, e.g. [73]. Other approaches, however, evaluate the
results qualitatively and only use mathematical formalisms
to generate new conditions in a methodical manner, e.g.
[74]. In either case, one can view the optimization as an it-
erative procedure. At each step there is the current opti-
mum and a new set of conditions to test. Oftentimes, one
will branch out and pursue several distinct optima, each as
a separate optimization problem. As progress is made, one
switches from judging the quality based on visual proper-
ties (e. g. size, lack of epitaxial growth) to X-ray diffraction
quality (e.g. resolution, mosaicity).

One simple approach for generating the next round of
conditions to test is to systematically vary each parame-
ter while keeping the others constant. We call this a star
search in our laboratory because trying to sketch many
one-dimensional searches through a common origin on
paper results in a starlike figure (fig. 2). For example,
imagine that the crystallization conditions in table 3 pro-
duced small crystals when 10 mg ml~! protein solution
was added 1:1 to the reservoir in a sitting drop experiment
incubated at 22 °C. This lead condition is the origin for 6
one-dimensional searches. Each one-dimensional search
consists of five conditions: the origin, two conditions be-
low the origin, and two conditions above. In our experi-
ence, having five points along a dimension is more useful
for assessing trends than three points, especially at the be-
ginning of the optimization.
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D,
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Figure 2. A star search in three dimensions. Conditions to be tested
(open circles) are based on the origin condition (filled circle) and
change only one parameter at a time. Five conditions, including the
origin, are examined along each dimension.

The first star search provides several types of informa-
tion. First, it may produce an improved crystallization
condition. Second, it shows how sensitive the crystalliza-
tion in each dimension. Those dimensions that had little
or no effect may be omitted in the next several star
searches. Third, the first star search may suggest that the
step sizes in a particular dimension be increased or de-
creased.

Assuming that there is at least one improved crystalliza-
tion condition in the first star search, there are two ways
to select the new origin for the second star search. The
conservative approach is to simply use the best condition
obtained from the first star search. The aggressive ap-
proach is to extrapolate from the improvements seen in
two or more dimensions to a condition not previously
tested. For example in table 3, if the first star search pro-
duced larger crystals in both the 140 mM sodium citrate
and 25 % MPD conditions, the new origin could be taken
to be 140 mM sodium citrate and 25 % MPD. When opt-
ing for this aggressive approach, it is prudent to add one
condition from the first star search to serve as a positive
control. (With the conservative approach, the origin of
the second star search is a positive control because it re-
peats a condition from the first round.) The generation of
subsequent star searches can proceed in the same manner
as generating the second from the first.

When the star search approach above no longer generates
improved conditions, there are two modifications that can
be made. One is to vary two parameters simultaneously in
a ‘diagonal star search’. In the example, step increases in
the sodium citrate concentration may be accompanied by
step decreases in MPD concentration. The diagonal star
searches increases the search pattern within a set of di-
mensions.
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Table 3. Crystallization example.

Crystallization strategies

Dimension Lead condition First star search Alternative dimensions

Protein 10 mg/ml 6, 8,12, 14 mg/ml + His, tag

Sodium citrate 100 mM 60, 80, 120, 140 mM potassium citrate, sodium chloride
Sodium HEPES (pK, 7.47) 100 mM 60, 80, 120, 140 mM PIPES (pK, 6.76), BICINE (pK, 8.26)
pH 7.5 7.1,7.3,7.7,7.9 -

2-methyl-2,4-pentanediol 30% 20, 25, 35,40% PEG 400

Temperature 22°C 18, 20, 24, 26°C -

The other modification is to test new dimensions. The
number of dimensions can be increased by considering
other compounds as alternatives to the species used in the
Sparse Matrix condition (table 3). The number of dimen-
sions can also be increased by changing other factors in
the crystallization such as the rate of equilibration,
changing to hanging drop or dialysis, crystallization in
microgravity [75], and including additives like DTT or §-
octylglucoside. The speed of crystal growth is another di-
mension. The conventional wisdom has been that it is bet-
ter to grow crystals slowly (over the course of several
days) than fast (overnight). The results of nanoliter crys-
tallizations, however, suggest that it is sometimes prefer-
able to crystallize very rapidly (in hours) [76]. One ad-
vantage of speed is that oxidation and other degradative
processes will be minimized.

An alternative to the star search approach is the successive
grid search approach [77]. In this approach, a grid of con-
ditions on a plane are tested simultaneously (fig. 3). The
grid size around the best conditions is decreased in each
successive round. The successive grid search is more thor-
ough than the star search, but it requires more material.
Other alternatives to the star search are based on factorial
methods. The Central Composite method probes along
the axis of each dimension and at each vertex of an N-di-
mensional hypercube (fig. 4). The Box-Behnken method
probes the N-dimensional space by testing all combina-
tions of changing two parameters from the origin value
(fig. 5). These two designs have been implemented in
concert with crystallization hardware [74].

A
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Figure 3. The successive grid search. Two dimensional grids are
used in each round rather than the one-dimensional line search of
the classic pH-precipitant search. Symbols have the same meaning
as in figure 1.

If several hits are obtained from the initial screening of
several Sparse Matrices, the Sparse Matrix philosophy
can be used to generate a new, secondary Sparse Matrix
[78]. The conditions of the hits from the first round of
Sparse Matrices can be entered in a spreadsheet with sep-
arate fields for precipitant concentration, precipitant
type, additive concentration, additive type, pH and buffer.
Additional rows are added that expand the concentration
ranges sampled for each precipitant, additive and pH.
Rows are added for similar compounds. For example, if
crystallization occurred in ammonium sulfate, add
sodium sulfate and ammonium chloride. If PEG 8000
was the precipitant, add PEG 6000 and PEG 10000. The
columns are then shuffled using the sort function on an
auxiliary column that contains random numbers. The re-
sult is a Sparse Matrix over the input sample space.

An entirely different dimension available to optimization
is the use of seeding [79, 80]. Seeding decouples nucle-
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Figure 4. The central composite design. This design contains three
types of points based on a step size for each dimension: (i) the ori-
gin, (ii) positive and negative single steps along each dimension,
and (iii) all combinations of taking one step (positive or negative) in
each dimension. In terms of a hypercube, these points correspond
to the center, the face centers and the vertices, respectively.
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Figure 5. The Box-Behnken design. This design uses a step size for
each dimension and contains two types of points: the origin and all
combinations of steps (positive or negative) taken in two separate
dimensions.

ation from crystal growth. Crystal growth can occur un-
der conditions of much lower supersaturations, and supe-
rior crystals are often formed. Three types of seeding are
macroseeding, microseeding and streak seeding. Macro-
seeding uses crystals that can be identified in a micro-
scope and are typically 5—50 pm in size. Only one seed
is introduced into the new crystallization drop. Mi-
croseeds are too small to be seen in a microscope. They
may be generated in many ways [81]. One method is to
crush a crystal, centrifuge the solution to eliminate large
fragments and then serially dilute the supernatant in a sta-
bilizing solution. Small volumes of the diluted seeds are
added to new crystallization drops. A method similar to
microseeding has been developed by using vapor diffu-
sion to equilibrate a drop against a high concentration
reservoir for a limited time to induce nucleation before
switching to a lower concentration reservoir for crystal
growth [82]. Streak seeding [79] using an animal hair is
the fastest seeding method, but is less reproducible. The
hair is touched or stroked over a crystal in its mother
liquor and then drawn through a fresh drop containing
protein. The hair picks up crystallization nuclei from the
crystal and deposits them in the new solution.

Streak seeding can also be used to obtain additional ‘hits’
and to identify crystalline precipitate. Some investigators
obtain new hits by using crystals obtained from initial
screens to streak-seed all the drops that remained clear,
e.g. [80]. Streak seeding can also be used to distinguish
amorphous precipitate from microcrystalline precipitate
[83]. Microcrystalline precipitate will produce small crys-
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tals when used to streak-seed a fresh drop, whereas amor-
phous precipitate will only produce more precipitate.

Future developments

Crystallization strategies are expected to undergo sub-
stantial refinement as the results of HTGS projects and
their technologies become available. Many of the current
strategies have benefited from the Biological Macromole-
cule Crystallization Database (http://wwwbmcd.nist.
gov:8080/bmcd/bmed.html) [64, 84]. As of June 2003, the
BMCD included 3547 crystal entries from 2526 biologi-
cal macromolecules for which diffraction-quality crystals
have been obtained. These include proteins, protein-pro-
tein complexes nucleic acid, nucleic acid-nucleic acid
complexes, protein-nucleic acid complexes and viruses.
The HTGS crystallization databases contain much more
than recipes for specific crystals. They contain negative as
well as positive results, and basic properties of the crys-
tallization targets. The HTGS targets, however, are only a
subset of the targets of interest to structural biologists. The
HTGS projects typically exclude complexes and mem-
brane proteins. For example, the Protein Structure Factory
in Berlin restricts its list of target proteins according to the
criteria [18]: small (500 amino acids or fewer), water-sol-
uble (no predicted transmembrane helices, coiled-coil or
‘extended low-complexity sequences’) proteins that are
monomeric or homo-oligomeric are chosen. So while the
HTGS results will be very informative, their range of ap-
plicability may be limited.

General trends are beginning to emerge from the HTGS
efforts. It is difficult to make exacting comparisons be-
tween the results obtained by different consortia, because
each consortium uses different techniques. For example,
the overall efficiency of obtaining lead crystallization
conditions in HTSG efforts ranges from 3 to 30% de-
pending on the consortium [27, 59]. Nonetheless, some
trends hold across the different consortia.

One consistent observation is that the individual condi-
tions contained in the commercially available screens dif-
fer greatly in their effectiveness. In one study, 432 7. her-
motoga maritime proteins were crystallized in a 480-con-
dition screen. 94% of those proteins could have been
crystallized by just using 192 of the best conditions [85].
Another study evaluated Hampton Research Crystal
Screen | against 755 different proteins from six different
bacterial organisms [86]. 45% of the proteins produced
crystals. Only 24 conditions from Screen 1 were neces-
sary to produce 94% of the ‘hits’ and the use of just six
conditions from Screen 1 would still produce 60 % of the
hits. A third study reported the effectiveness of 11 sparse
matrix and grid screens available through Hampton Re-
search and Emerald Biosystems [87]. Three Hampton
PEG screens (PEG Ion, PEG/LiCl and PEG 6K) pro-



534 C. E. Kundrot

duced 20—100% more hits than individual sparse matrix
screens. The conclusion, though, was that here is no
magic bullet screen available and that one must try sev-
eral screens. A fourth study has listed the frequency with
which reagents have been used in 203 successful random
crystallization experiments, and the frequency of the
reagents varies widely [60]. One expects these results to
be the basis of a next generation of screens.

Many other issues should be addressed by the future analy-
sis of the HTGS data. Can crystallization conditions be
predicted by some combination of physical properties?
How does the organism used for overexpression affect the
choice of crystallization conditions screened? How does
crystal quality or the ability to get crystals depend on pu-
rity as judged by SDS-PAGE, native-PAGE, isoelectric fo-
cusing PAGE, mass spectrophotometry, dynamic light
scattering and so on? Are the identities of the cations and
anions important? Are there crystallization conditions that
repeatedly produce poorly diffracting crystals or, con-
versely, that usually produce highly diffracting crystals?
One of the most sought after developments from the
HTGS data would be the ability to predict crystallization
conditions based on the target‘s physical properties. An
approach to rationally predicting the crystallization con-
ditions or the types of crystallization conditions con-
ducive for a particular (type of) protein have not yet
emerged [66]. But one high-throughput crystallization ef-
fort has reported some success in using a neural network
or Chernov algorithm to predict crystallization conditions
based on a small sampling of crystallization space [88].
Such predictors may provide the foundation to extending
predictive crystallization to other types of proteins, to nu-
cleic acids and to viruses.

Conclusion

There is no shortage of tools available for crystallization
of a new protein. The challenge is to judiciously choose
the approaches appropriate for the target and feasible
with the resources at hand. The medium-throughput lab-
oratory may be best served by preparing several different
targets by making different genetic constructs and/or by
preparing different ligation states. Each target should be
screened through at least five 48-condition Sparse Matrix
screens at 4 and 22 °C. If crystals are not obtained or if
optimization of the lead crystallization conditions does
not produce diffraction-quality crystals, analytical tech-
niques such as mass spectrometry and dynamic light scat-
tering should be used to identify likely problem areas.
Resolution of the problems may require creating new
constructs or modifying the preparation of the target. Re-
sults emerging from structural genomics may soon help
move crystallization from less of a trial-and-error ap-
proach to a more directed method.

Crystallization strategies
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