
Methods 34 (2004) 373–389

www.elsevier.com/locate/ymeth
Crystallization data mining in structural genomics: using positive
and negative results to optimize protein crystallization screens

Rebecca Page and Raymond C. Stevens¤

Department of Molecular Biology, Joint Center for Structural Genomics, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, CA 92037, USA

Received 24 March 2004

Abstract

Recent eVorts to collect and mine crystallization data from structural genomics (SG) consortia have led to the identiWcation of
minimal screens and novel screening strategies that can be used to streamline the crystallization process. Two groups, the Joint Cen-
ter for Structural Genomics and the University of Toronto, carried out large-scale crystallization trials on diVerent sets of bacterial
targets (539, JCSG and 755, Toronto), using diVerent sample processing and crystallization methods, and then analyzed their results
to identify the smallest subset of conditions that would have crystallized the maximum number of protein targets. The JCSG Core
Screen contains 67 conditions (from 480) while the Toronto Minimal Screen contains 6 (from 48). While the exact conditions
included in the two screens do not overlap, the major precipitants of the conditions are similar and thus both screens can be used to
determine if a protein has a natural propensity to crystallize. In addition, studies from other groups including the University of
Queensland, the Mycobacterium tuberculosis SG group, the Southeast Collaboratory for SG, and the York Structural Biology Labo-
ratory indicate that alternative crystallization strategies may be more successful at identifying initial crystallization conditions than
typical sparse matrix screens. These minimal screens and alternative screening strategies are already being used to optimize the crys-
tallization processes within large SG eVorts. The diVerences between these results, however, demonstrate that additional studies
which examine the inXuence of protein biophysical properties and sample preparation methods on crystal formation must also be
carried out before more robust screens can be identiWed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

By implementing high-throughput and parallel tech-
nologies, numerous public and private structural genom-
ics (SG) eVorts have the potential to signiWcantly
accelerate the structure determination process, and in
turn, our understanding of protein function [1–4].1 These
eVorts have already resulted in the successful determina-
tion of hundreds of novel structures and led to the anno-
tations of proteins with previously unknown functions
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[5–13]. More importantly, these eVorts are also generat-
ing considerable amounts of systematically collected
positive and negative data for every step in the structure
determination process, from cloning to structure deter-
mination [14–18]. Since all samples are processed identi-
cally, trends in the processing methods and sample
characteristics that lead to structure determination suc-
cess or failure can be identiWed. These trends will not
only greatly facilitate our understanding of protein
behavior, but they can also be used to optimize existing
processing protocols to make the entire structure deter-
mination process more eYcient.

Crystallization remains the rate-limiting step in pro-
tein structure determination due to the extensive number
of variables that must be systematically altered for opti-
mal crystal formation (these variables are collectively
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known as ‘crystallization space'). Typical variables
which inXuence crystal formation include the concentra-
tion and nature of the protein (full length, truncations,
and mutations), methods for setting up crystallization
trials (vapor diVusion, dialysis, and nanocrystallization),
temperature, and the concentration and nature of the
chemical components in crystallization solutions (buVer,
additives, and precipitants) [19–26]. Over the last 20
years, numerous eVorts to make the search for initial
crystallization conditions more tractable have led to a
number of novel crystallization screens and screening
strategies [27–37]. The most widely used screen, the
sparse matrix screen, was developed by mining publicly
available data for conditions that led to crystallization
success [30,32]. SpeciWcally, crystallization conditions
that produced diVraction quality crystals were compiled
from the literature and the subset which sampled the
widest range of buVers and precipitants was identiWed
[32]. Since its initial release, this screen has been used by
hundreds of crystallographers to identify initial crystalli-
zation leads. More importantly, however, it illustrates
the utility of using comprehensive crystallization data
mining to streamline the crystallization process.

One of the Wrst large-scale eVorts to accumulate and
mine crystallization data was initiated over 15 years ago
and led to the creation of the Biological Macromolecular
Crystallization Database (BMCD; wwwbmcd.nist.gov:
8080/bmcd/bmcd.html), an extensive archive of the
experimental crystallization details of published protein
structures [38,39]. While an incredible resource, the util-
ity of the BMCD for unbiased data mining is limited.
First, only successful crystallization results are archived
in the BMCD and second, the expression and puriWca-
tion methods used to prepare and screen the protein
samples diVered signiWcantly among all entries. Since
then, other groups have attempted to more systemati-
cally survey crystallization conditions in commercially
available sparse matrix screens for both crystallization
success and failure [27,31,35,40]. While these surveys
have also provided useful information, the numbers of
conditions and proteins screened were small, limiting
their applicability.

SG consortia, which have implemented parallel, pipe-
line approaches for sample generation, crystallization
screening, and tracking, are uniquely positioned to pro-
vide these missing data. All samples are processed using
identical protocols and the data collected reXect thou-
sands of experiments, making conclusions, both positive
and negative, statistically relevant. Two groups, the Joint
Center for Structural Genomics (JCSG; www.jcsg.org)
and the University of Toronto (Toronto; www.thesgc.
com), have mined their crystallization data to identify
trends in crystallization success [33,34]. Both studies led
to the identiWcation of minimal screens, the smallest sets
of conditions that would have produced the maximum
number of proteins crystallized. In addition, a third
group, the Mycobacterium tuberculosis Structural
Genomics Consortium (TB; www.doe-mbi.ucla.edu/TB),
has used its results to identify crystallization compo-
nents, especially chemical additives, which maximize
crystallization success [41], while a fourth group, the
Southeast Collaboratory for Structural Genomics
(SEGSG; www.secsg.org), has compared the sparse
matrix screening strategy with the incomplete factorial
screening strategy to quantify the eYciency of both
screening methods [31]. Not only can these minimal
screens, additives, and alternative screening strategies be
implemented into SG pipelines to make the structure
determination process more eYcient, but these results
can now also be compared to highlight the experimental
parameters besides crystallization conditions which are
critical for protein crystal formation.

Here, we analyze the results of recent eVorts to mine
crystallization data for trends in crystallization success.
We review the initial eVorts to archive all successful crys-
tallization attempts (BMCD), the systematic eVorts to
compare commercially available sparse matrix screens,
and the large-scale eVorts to mine SG crystallization
data for trends in crystallization success and failure.
These studies are then compared, and similarities and
diVerences are discussed.

2. The Biological Macromolecule Crystallization Database:
Wrst eVorts to archive and mine crystallization data

BMCD was developed out of an eVort to archive all
successful crystallization experiments [38,39]. Its crea-
tion was motivated by the hypothesis that experimental
conditions that produced a diVraction quality crystal
once might be successful again in future crystallization
eVorts. First released in 1988, the BMCD now contains
crystallization data for 3547 distinct crystal entries from
2526 proteins and it is still growing every week. Each
crystal entry, most of which came from published
reports in the literature, includes detailed information
about the archived crystallization experiment, including
protein name, protein concentration, crystallization pre-
cipitant, pH, temperature, unit cell, and resolution,
among others. In some cases, up to 54 diVerent experi-
mental parameters have been recorded for a single entry.
As such, the BMCD is the most comprehensive database
for successful crystallization parameters publicly
available.

The existence of this database led to some of the
Wrst large-scale eVorts to mine crystallization data for
trends in crystallization success [38,39,42,43]. Within
the BMCD itself, the names and number of entries for
each macromolecule, prosthetic group, chemical addi-
tive, crystallization method, and condition archived
have been tabulated. For example, the compiled data
show that 3 of the 5 most frequently used methods for
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crystallization trials are variations of the vapor diVu-
sion method. Since the tables list all instances of a
given parameter, however, the less frequently used
methods, such as silica-gel-mediated sitting drops and
Xoating drops, are also listed. The Wve most frequent
entries in the BMCD for prosthetic groups, chemical
additives, and crystallization set-up methods are given
in Table 1.

More importantly, the public accessibility of this
database has enabled other groups to comprehensively
analyze these data to identify trends that correlate with
crystal formation. For example, the Wrst widely used
sparse matrix screens, screens made up of internally
unrelated conditions but ones heavily biased towards
those which have been successful in the past, were
developed by identifying the widest range of crystalli-
zation conditions which were very similar to known
and/or published conditions, including those contained
within the BMCD [30,32]. These data have also been
used to carry out detailed statistical analyses to iden-
tify the experimental parameters that correlate with the
successful crystallization of distinct protein families. In
both studies, the analyses led to the identiWcation of
conditions which preferentially crystallize distinct clas-
ses of macromolecules [42,43]. These results were then
incorporated into a computer program which allows
users to design screens speciWc to their molecule of
interest [42]. Many of these screens are still in active use
today.

Table 1
Data archived in the BMCD

Crystallization data for 3547 crystals of 2526 proteins are archived
in the BMCD and easily accessible via the web at wwwbmcd.
nist.gov:8080/bmcd/bmcd.html. Entries can be searched by macro-
molecule type, species, and crystallization conditions. Tables listing
the crystallization methods, prosthetic groups, and crystallization
condition chemical additives for all BMCD crystal entries are also
available. The Wve most frequent entries per parameter are listed
here.

BMCD 
parameter

No. of diVerent 
entries/parameter

Top 5 parameter entries

Crystallization 
methods

37 Vapor diVusion (hanging drop)
Vapor diVusion (plates/slides)
Batch method
Vapor diVusion
Microdialysis

Prosthetic 
groups

91 Heme
Zn (II)
Ca (II)
Glycosylated
Mg (II)

Chemical 
additives

383 Ammonium sulfate
Tris–HCl
Sodium chloride
2-Methyl-2,4-pentanediol
Sodium azide
The primary advantage of the BMCD is that it is a
publically available, comprehensive collection of crys-
tallization parameters that have produced crystals suit-
able for structure determination. However, this is also
its primary disadvantage because those conditions and
methods that failed prior to those used for successful
crystal formation are not recorded. If crystallization
screens and methods are to be truly optimized, these
negative data are essential. While data of this sort are
often maintained on a small-scale, they are only just
now beginning to be systematically collected for large
numbers of protein targets.

3. EVorts to compare and optimize sparse matrix
crystallization screens

The data archived in the BMCD led to the develop-
ment of numerous commercially available sparse matrix
screens. While these screens are widely used, the ability
of each of these conditions to promote crystal formation
for a wide range of targets has only recently begun to be
carefully characterized. SG groups are in a unique posi-
tion to carry out such analyses with large sets of identi-
cally processed targets. Other groups have also made
medium-scale attempts to systematically evaluate and
optimize these conditions for their ability to promote
crystal formation which are discussed below.

3.1. Queensland: comparison of three commercially
available sparse matrix screens

Wooh et al. (2003; Queensland) compared the crystal-
lization eYciency of 288 conditions of six commercially
available crystallization kits (CS: Crystal Screen and
Crystal Screen 2, Hampton Research; WS: Wizard
Screens 1 and 2, Emerald BioStructures; and PSS: Per-
sonal Structure Screens 1 and 2, Molecular Dimensions)
[40]. A total of 19 proteins were screened for crystal for-
mation against these conditions. While the protein sam-
ple size is small, numerous crystallographers including
SG groups use many of these screens for initial crystalli-
zation trials, so the results of this study are still relevant.
In addition, since a number of conditions overlap (94
conditions of the CS and PSS screens are identical or
nearly identical), this study provides data on the ability
of these conditions to reproducibly promote crystal for-
mation.

The experimental design was straightforward. Thir-
teen proteins were purchased and dissolved in protein
crystallization buVer (25 mM Tris (hydroxymethyl)ami-
nomethane hydrochloride [Tris], pH 7.0) at a concentra-
tion of 10 mg/ml, while the remaining six were puriWed
by the authors and equilibrated against protein speciWc
buVers at concentrations ranging from 8.6 to 27 mg/ml.
The vapor diVusion hanging drop crystallization trials,

wwwbmcd.nist.gov:8080/bmcd/bmcd.html
wwwbmcd.nist.gov:8080/bmcd/bmcd.html


376 R. Page, R.C. Stevens / Methods 34 (2004) 373–389
using 1 �l protein plus 1�l crystallization drops equili-
brated against 100 �l crystallization buVer, were set up
and plates were incubated at 16 °C. Drops were
inspected for crystal formation immediately after set-up
and 1 week later. All needles, plates and 3D crystals were
considered successful crystallizations.

Eighteen of nineteen proteins crystallized, with 9 pro-
teins crystallizing in 10 or more conditions and 2 crystal-
lizing in only one. The most successful screen for
promoting crystal formation was the PSS screen, with all
18 proteins crystallizing in at least one of the PSS condi-
tions. The other screens were less successful. The CS and
the WS screens both crystallized only 13 proteins. The
most successful condition was Hampton Crystal Screen
14, which crystallized 10 (53%) of the 19 proteins.

One of the most interesting results of this study was
the observation that most of the 94 identical (or nearly
identical) conditions between the CS and PSS screens
did not produce crystals for the same proteins. The
observed diVerences could be due to a number of factors,
such as normal Xuctuations in nucleation from one drop
to another, but could also be due to diVerences in the
conditions themselves, even though they are listed as
identical by the manufacturers. The authors showed that
in spite of having the same formulations, the measured
pH values between corresponding conditions in the two
screens often diVered from one another, with 22 condi-
tions diVering by at least 0.5 pH units and one condition
diVering by 5. These diVerences could be due to alterna-
tive preparation methods and/or screen storage and han-
dling. Premade conditions change over time in storage.
A study on the long-term stability of commercially avail-
able crystal screens showed that the same conditions
from two diVerent lots can diVer in pH by 0.5 units and
that the pH change observed within a condition over
time (6 weeks at 4 °C in this study) can change more than
0.5 pH units [44]. Thus, the diVerences in crystallization
behavior of ‘formulation identical' conditions observed
in this study, and other similar studies, could also be due
to diVerences in the conditions themselves.

3.2. YSBL: two simple, Xexible screens for the rational
crystallization of enzymes

While the number of commercially available screen-
ing conditions is continually growing, there is still no
guarantee that including these new conditions in an ini-
tial crystallization experiment will lead to a comparable
increase in initial crystallization leads. On the contrary,
it is likely that these conditions will just add additional
sample and reagent requirements, without necessarily
providing additional information about which condi-
tions will ultimately result in crystal formation. To
address this issue, Brzozowski and Walton (2001, YSBL)
developed two novel crystallization screens for the eYcient
crystallization of a distinct class of macromolecules,
enzymes [27]. The screens are simple and small. The
Clear Strategy Screen I (CSS-I) conditions contain vari-
ous combinations of polyethylene glycols (PEGs) and
salts, while the 24 Clear Strategy Screen II (CSS-II) con-
ditions contain salts, organics (such as ethanol,
jeVamine, and isopropanol), polyalcohols (such as
2-methyl-2,4-pentanediol, 1,2-butanediol) or additional
combinations of PEGs and salts. The advantage of these
screens is that the investigator can use information
about the protein target to guide the experimental
design. The user determines the pH of these screen con-
ditions, and the chemical components, such as salts, can
easily be replaced by ones that might be more appropri-
ate for the target under study. More importantly, the
results of one experiment can be easily interpreted to
rationally guide the design of a next round of crystalliza-
tion trials.

The authors showed that these screens were very suc-
cessful for the identiWcation of initial crystallization
leads, and moreover, were often successful when com-
mercially available sparse matrix screens were not [27].
SpeciWcally, CSS-I and CSS-II resulted in the successful
crystallization of at least 10 targets which could not be
crystallized by the conditions in the Hampton Crystal
Screen and Crystal Screen 2. While some proteins crys-
tallized in multiple PSS conditions (up to 24), others
crystallized in only one. In spite of this variation in crys-
tallization success, they all eventually led to the produc-
tion of crystals suitable for diVraction studies for each
target (Wnal crystals diVracted from 1.3 to 2.6 Å).
Although the average time required to obtain the diVrac-
tion quality target from the initial lead was not reported,
many of the crystals produced by these screens were
already of suYcient quality for diVraction studies and no
further optimization was required. Clearly, these screens,
which provide a more rational approach to crystalliza-
tion since the results of one screen can be used to
eYciently reWne the next round crystallization condi-
tions, can be used to eVectively identify initial crystalliza-
tion leads. Their current use is optimal for investigators
that have detailed knowledge of the protein of interest.
Their applicability to large-scale SG programs is some-
what limited since there is little to no functional infor-
mation known about many of the SG targets, making
tailoring of the screen to the target more diYcult. It is
expected, however, that the crystallization data being
produced by these SG eVorts will eventually lead to the
production of crystallization screens that are tailored to
speciWc classes of proteins based not only on function,
but on sequence as well.

4. Structural genomics eVorts to mine crystallization data

Recent SG eVorts have implemented high-throughput,
parallel technologies for the rapid pipeline production of
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protein samples for crystallization trials [15,18], ensuring
that the majority of samples are treated identically at
every stage of the pipeline. Since the results for each
sample are carefully tracked, these experiments are, for
the Wrst time providing positive and negative data for
thousands of crystallization experiments on hundreds of
protein targets. These results can now be mined for
trends that can be used to optimize the crystallization
screening process. Four SG consortia, the Joint Center
for Structural Genomics (JCSG), the University of
Toronto (Toronto), the TB Structural Genomics Con-
sortium (TB), and the Southeast Collaboratory for
Structural Genomics (SECSG) have made concerted
eVorts to mine their initial crystallization results to opti-
mize future crystallization screens and in turn streamline
the structure determination process [31,33,34,41]. The
results of each center are described below. These results
are then compared, both with one another and with the
results from the smaller-scale studies in the comparison
section that follows.

4.1. JCSG: identiWcation of the Core Screen, 67
conditions that crystallize 392 proteins

The JCSG used a crystallization strategy that sepa-
rated initial crystallization screening from optimization
[18]. It is a two-tiered strategy which is founded on the
hypothesis that proteins which crystallize readily, even
under suboptimal conditions (tier 1, screening), will do
so again during focused crystallization attempts (tier 2,
optimization). The tier 1 results are reviewed here as this
analysis led to the identiWcation of a minimal set of con-
ditions that crystallized more than 84% of the total pro-
teins crystallized in this study (the Core Screen; Table 2).

The Wrst genome selected for processing by the JCSG
was that of Thermotoga maritima. Every predicted
T. maritima ORF (1877) was processed through the
high-throughput parallel processing pipeline [18]. Of
these, 539 (29%) were successfully prepared for crystalli-
zation trials. Proteins were expressed and puriWed using a
single chromatography step (metal chelation; all targets
contained an N-terminal tag, MGSDKIHHHHHH, to
facilitate expression and puriWcation) for a Wnal purity
of 90–95%. Each protein was then buVer exchanged into
crystallization screening buVer (10 mM Tris, pH 7.9,
150 mM NaCl, and 0.25 mM Tris (2-carboxyethyl) phos-
phine hydrochloride [TCEP]), concentrated to »10 mg/
ml, and screened for crystallization against 480 commer-
cially available crystallization conditions2 at 20 °C using

2 Conditions compiled from 10 commercially available kits, includ-
ing Crystal Screen, Crystal Screen 2, Crystal Screen Cryo, PEG/Ion
Screen, Grid Screen Ammonium Sulfate, Grid Screen PEG 6000, Grid
Screen Peg/LiCl, Grid Screen MPD (Hampton Research, Riverside,
CA), Wizard I/II, Cryo I/II (Emerald Biostructures, Bainbridge Island,
WA).
the nanocrystallization sitting drop vapor diVusion
method [45] with 100 nl drops (50 nl protein plus 50 nl
crystallization solution; Fig. 1). This eVort resulted in
258,720 distinct crystallization experiments and has pro-
vided one of the most extensive, systematic datasets of
commonly used crystallization conditions against a wide
range of proteins to date [18].

Of the 539 T. maritima proteins screened, 465 (86%)
crystallized for a total of 5546 crystal hits, indicating
that most of the proteins had an inherent propensity to
crystallize. Notably, over half of these proteins crystal-
lized in 5 or more conditions, with 19 crystallizing in 50
or more conditions and one, TM0665, crystallizing in
over 230. The proteins crystallized sampled a wide range
of pI and MW values, similar to that observed for the
proteome as a whole [18], and there was no observed
correlation between protein pI and crystallization pH
[34].

The conditions used for the crystallization trials were
also very successful for promoting crystal formation.
Four hundred and seventy-two (98%) of the 480 condi-
tions produced crystals for at least one protein, with 37
conditions producing crystals for 25 or more proteins
and one, Core Screen #08 (Table 2), producing crystals
for more than 40. Notably, however, the 10 most eVec-
tive conditions, which account for only 2% of the origi-
nal conditions used, produced crystals for 196 (42%)
diVerent proteins while the best 108 conditions (23%)
produced crystals for all 465. Thus, many of the 480 con-
ditions used for these trials signiWcantly oversampled
distinct regions of crystallization space and could be
eliminated without impacting the Wnal number of dis-
tinct proteins crystallized.

To identify the redundant conditions, an iterative
selection algorithm, Min_Cov, was used to identify the
minimum set of conditions that would have produced
crystals for the entire set of crystallized proteins (mini-
mal screens) [34]. Min_Cov identiWed 472 minimal
screens, one for each condition which successfully crys-
tallized a protein; 415 of these minimal screens were
unique. The 67 conditions present in every minimal
screen were then identiWed as those conditions most
essential for promoting crystal formation for the most
diverse set of proteins. These conditions are collectively
referred to as the Core Screen [34]3 and include represen-
tatives from all Wve primary precipitant classes, includ-
ing high MW PEGs (31 of the original 171 conditions),
low MW PEGs (8 of 67), ammonium sulfate/salts (10 of
106), polyalcohols (11 of 83), and remaining organics (7
of 53), although high MW PEG conditions are still the

3 Because each condition in the Core Screen was present in all 472
identiWed minimal screens, they are all equally important for the crys-
tallization of the most diverse set of protein targets in this study and
thus their numbered position in the Core Screen Table is arbitrary. See
Table 2.
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Table 2
Expanded Core Screen identiWed by the JCSG [34]
Condition Screena Freqb

1 50% (w/v) PEG 400, 0.2 M Li2SO4, 0.1 M acetate, pH 5.1 W1cryo #47 415
2 20% (w/v) PEG 3000, 0.1 M citrate, pH 5.5 W1 #06 415
3 20% (w/v) PEG 3350, 0.2 M diammonium hydrogen citrate, pH 5.0 PEG/ion #48 415
4 30% (v/v) MPD, 0.02 M CaCl2, 0.1 M NaOAc, pH 4.6 H1 #01 415
5 20% (w/v) PEG 3350, 0.2 M magnesium formate, pH 5.9 PEG/ion #20 415
6 20% (w/v) PEG 1000, 0.2 M Li2SO4, phosphate-citrate, pH 4.2 W1 #39 415
7 20% (w/v) PEG 8000, 0.1 M CHES, pH 9.5 W1 #01 415
8 20% (w/v) PEG 3350, 0.2 M ammonium formate, pH 6.6 PEG/ion #23 415
9 20% (w/v) PEG 3350, 0.2 M ammonium chloride, pH 6.3 PEG/ion #09 415

10 20% (w/v) PEG 3350, 0.2 M potassium formate, pH 7.3 PEG/ion #22 415
11 50% MPD, 0.2 M (NH4)H2PO4, 0.1 M Tris, pH 8.5 H2 #43 415
12 20% (w/v) PEG 3350, 0.2 M potassium nitrate, pH 6.9 PEG/ion #18 415
13 0.8 M (NH4)2SO4, 0.1 M citric acid, pH 4.0 AmSO4 #01 415
14 20% (w/v) PEG 3350, 0.2 M sodium thiocyanate, pH 6.9 PEG/ion #13 415
15 20% (w/v) PEG 6000, 0.1 M bicine, pH 9.0 P6K #18 415
16 10% (w/v) PEG 8000, 8% ethylene glycol, 0.1 M HEPES, pH 7.5 H2 #37 415
17 40% (v/v) MPD, 5% (w/v) PEG 8000, 0.1 M cacodylate, pH 7.0 W2cryo #01 415
18 40% ethanol, 5% (w/v) PEG 1000, 0.1 M phosphate-citrate, pH 5.2 W1cryo #40 415
19 8% (w/v) PEG 4000, 0.1 M NaOAc, pH 4.6 H1 #37 415
20 10% (w/v) PEG 8000, 0.2 M MgCl2, 0.1 M Tris, pH 7.0 W2 #43 415
21 20% (w/v) PEG 6000, 0.1 M citric acid, pH 5.0 P6K #14 415
22 50% (v/v) PEG 200, 0.2 M MgCl2, 0.1 M cacodylate, pH 6.6 W2cryo #36 415
23 1.6 M sodium citrate, pH 6.5 H2 #28 415
24 20% (w/v) PEG 3350, 0.2 M tripotassium citrate monohydrate, pH 8.3 PEG/ion #47 415
25 30% MPD, 0.02 M CaCl2, 0.1 M NaOAc, pH 4.6 H1cryo #01 415
26 20% (w/v) PEG 8000, 0.2 M NaCl, 0.1 M phosphate-citrate, pH 4.2 W1 #31 415
27 20% (w/v) PEG 6000, 1.0 M LiCl, 0.1 M citric acid, pH 4.0 P6K/LiCl #13 415
28 20% (w/v) PEG 3350, 0.2 M ammonium nitrate, pH 6.3 PEG/ion #19 415
29 10% (w/v) PEG 6000, 0.1 M HEPES, pH 7.0 P6K #10 415
30 0.8 M NaH2PO4/0.8 M KH2PO4, 0.1 M HEPES, pH 7.5 H1 #35 415
31 40% (v/v) PEG 300, 0.1 M phosphate-citrate, pH 5.2 W2cryo #18 415
32 10% (w/v) PEG 3000, 0.2 M Zn(OAc)2, 0.1 M acetate, pH 4.5 W2 #01 415
33 20% ethanol, 0.1 M Tris, pH 8.5 H2 #44 415
34 25% (v/v) 1,2-propanediol, 0.1 M Na/K phosphate, 10% (v/v) glycerol, pH 6.8 W2cryo #11 415
35 10% (w/v) PEG 20 000, 2% dioxane, 0.1 M bicine, pH 9.0 H2 #48 415
36 2.0 M (NH4)2SO4, 0.1 M acetate, pH 4.6 H1 #47 415
37 10% (w/v) PEG 1000, 10% (w/v) PEG 8000 H2 #07 415
38 24% (w/v) PEG 1500, 20% glycerol H1cryo #43 415
39 30% (v/v) PEG 400, 0.2 M MgCl2, 0.1 M HEPES, pH 7.5 H1cryo #23 415
40 50% (v/v) PEG 200, 0.2 M NaCl, 0.1 M Na/K phosphate, pH 7.2 W2cryo #15 415
41 30% (w/v) PEG 8000, 0.2 M Li2SO4, 0.1 M acetate, pH 4.5 W1 #17 415
42 70% (v/v) MPD, 0.2 M MgCl2, 0.1 M HEPES, pH 7.5 H2 #35 415
43 20% (w/v) PEG 8000, 0.1 M Tris, pH 8.5 W2 #03 415
44 40% (v/v) PEG 400, 0.2 M Li2SO4, 0.1 M Tris, pH 8.4 W1cryo #38 415
45 40% (v/v) MPD, 0.1 M Tris, pH 8.0 MPD #17 415
46 25.5% (w/v) PEG 4000, 0.17 M (NH4)2SO4, 15% glycerol H1cryo #31 415
47 40% (v/v) PEG 300, 0.2 M Ca(OAc)2, 0.1 M cacodylate, pH 7.0 W1cryo #37 415
48 14% 2-propanol, 0.14 M CaCl2, 0.07 M acetate, pH 4.6, 30% glycerol H1cryo #24 415
49 16% (w/v) PEG 8000, 0.04 M KH2PO4, 20% glycerol H1cryo #42 415
50 1.0 M sodium citrate, 0.1 M cacodylate, pH 6.5 W1 #14 415
51 2.0 M (NH4)2SO4, 0.2 M NaCl, 0.1 M cacodylate, pH 6.5 W2 #04 415
52 10% 2-propanol, 0.2 M NaCl, 0.1 M HEPES, pH 7.5 W1 #02 415
53 1.26 M (NH4)2SO4, 0.2 M Li2SO4, 0.1 M Tris, pH 8.5 W1 #47 415
54 40% (v/v) MPD, 0.1 M CAPS, pH 10.1 W2cryo #25 415
55 20% (w/v) PEG 3000, 0.2 M Zn(OAc)2, 0.1 M imidazole, pH 8.0 W2 #40 415
56 10% 2-propanol, 0.2 M Zn(OAc)2, 0.1 M cacodylate, pH 6.5 W2 #11 415
57 1.0 M (NH4)2HPO4, 0.1 M acetate, pH 4.5 W1 #09 415
58 1.6 M MgSO4, 0.1 M MES, pH 6.5 H2 #20 415
59 10% (w/v) PEG 6000, 0.1 M bicine, pH 9.0 P6K #12 415
60 14.4% (w/v) PEG 8000, 0.16 M Ca(OAc)2, 0.08 M cacodylate, pH 6.5, 20% glycerol H1cryo #46 415
61 10% (w/v) PEG 8000, 0.1 M imidazole, pH 8.0 W2 #34 415
62 30% JeVamine M-600, 0.05 M CsCl, 0.1 M MES, pH 6.5 H2 #24 415
63 3.2 M (NH4)2SO4, 0.1 M citric acid, pH 5.0 AmSO4 #20 415
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The Core Screens are those conditions that crystallize the maximum number of distinct proteins with the minimal number of conditions for the
JCSG study. The original Core Screen (Conditions 1–67) crystallized 383 (84%) of all proteins crystallized. The 29 next most eVective conditions were
added to make the Expanded Core Screen, so it is compatible with 96-well crystallization formats. The 96 conditions of the Expanded Core Screen
crystallized 448 (98%) of proteins crystallized.

a H1, H2, H1cryo, PEG/Ion, AmSO4, P6K, P6K/LiCl, MPD: Crystal Screen, Crystal Screen 2, Crystal Screen Cryo, PEG/Ion Screen, Grid Screen
Ammonium Sulfate, Grid Screen PEG 6000, Grid Screen PEG/LiCl, Grid Screen MPD, respectively (Hampton Research). W1, W2, W1cryo,
W2cryo: Wizard I and II and Cryo I and II, respectively (Emerald Biostructures).

b Frequency the condition was identiWed in a minimal screen using the Min_Cov algorithm. 473 minimal screens identiWed, 415 of which were
unique.

Table 2 (continued)

Condition Screena Freqb

64 20% MPD, 0.1 M Tris, pH 8.0 MPD #11 415
65 20% JeVamine M-600, 0.1 M HEPES, pH 6.5 H2 #31 415
66 50% (v/v) ethylene glycol, 0.2 M MgCl2, 0.1 M Tris, pH 8.5 W1cryo #43 415
67 10% MPD, 0.1 M bicine, pH 9.0 MPD #06 415
68 2.0 M (NH4)H2PO4, 0.1 M Tris, pH 8.5 H1 #41 414
69 3.4 M 1.6 hexanediol; 0.2 M MgCl2; 0.1 M Tris, pH 8.5 H2 #39 414
70 20% (w/v) PEG 6000, 0.1 M citric acid, pH 4.0 P6K #13 414
71 0.2 M potassium chloride, 20% (w/v) PEG 3350, pH 6.9 Peg/Ion #08 414
72 35% (v/v) 2-ethoxyethanol, 0.05 M Ca(OAc)2, 0.1 M imidazole, pH 7.5 W1cryo #18 414
73 35 % (v/v) MPD; 0.2 M Li2SO4; 0.1 M MES, pH 6.0 W2 #02 414
74 1.26 M (NH4)2SO4; 0.2 M NaCl; 0.1 M CHES, pH 9.5 W2 #29 414
75 10 % (w/v) PEG 3000; 0.2 M NaCl; 0.1 M phosphate-citrate, pH 4.2 W2 #36 414
76 40% (v/v) PEG-600, 0.1 M CHES, pH 9.6 W2cryo #31 414
77 40% (v/v) PEG-400, 0.1 M imidazole, pH 7.4 W2cryo #43 414
78 25 % (w/v) PEG 4000, 0.2 M (NH4)2SO4, 0.1 M acetate, pH 4.6 H1 #20 413
79 2.0 M (NH4)2SO4 H1 #32 413
80 8% (w/v) PEG 8000; 0.1 M Tris, pH 8.5 H1 #36 413
81 35% (v/v) Dioxane H2 #04 413
82 1.0 M Hexanediol, 0.01 M CoCl2, 0.1 M Na-acetate, pH 4.6 H2 #11 413
83 20% (v/v) PEG 1000, 0.1 M Tris, pH 7.0 W1 #19 413
84 2.5 M NaCl, 0.2 M MgCl2, 0.1 M Tris, pH 7.0 W2 #17 413
85 20% (w/v) PEG 8000, 0.2 M Ca(Ac)2, 0.1 M MES, pH 6.0 W2 #28 413
86 20% (w/v) PEG 3350, 0.2 M di-ammonium tartrate, pH 6.6 Peg/ion #38 411
87 40% (v/v) ethylene glycol, 0.1 M acetate, pH 5.0 W1cryo #02 411
88 20% (w/v) PEG 6000, 1.0 M LiCl, 0.1 M Tris, pH 8.0 P6K/LiCl #17 410
89 1.26 M (NH4)2SO4, 0.1 M cacodylate, pH 6.5 W1 #13 407
90 12% (w/v) PEG 20000, 0.1 M MES, pH 6.5 H2 #22 403
91 20% (w/v) PEG 3350, 0.2 M lithium acetate dihydrate, pH 7.8 Peg/ion #24 390
92 20% (w/v) PEG 3350, 0.2 M sodium formate, pH 7.2 Peg/ion #21 388
93 20% (v/v) PEG 2000; 0.1 M Tris, pH 7.0 W1 #10 381
94 2.0 M (NH4)2SO4; phosphate/citrate, pH 4.2 W2 #09 365
95 1.6 M (NH4)H2PO4, 0.08 M Tris, pH 8.5, 20% glycerol H1cryo #48 364
96 40% (v/v) ethanol, 0.05 M MgCl2, 0.1 M Tris, pH 8.4 W1cryo #07 343
most prevalent (47%). Using only the Core Screen condi-
tions, greater than 84% (392/465) of the proteins would
have been crystallized. This screen has since been
expanded to include the 29 next most eVective conditions
for promoting crystal formation to make it compatible
with 96-well crystallization plates (Table 2). This
Expanded Core Screen would have crystallized 448 of
the total 465 proteins crystallized in this study, for a suc-
cess rate of 96%. This screen is now regularly used for
initial crystallization trials.

4.2. Toronto: identiWcation of a 24 condition minimal
screen that crystallizes 308 proteins

In parallel to the JCSG eVorts, the Toronto SG group
also processed a signiWcant number of samples using
parallel processing methods to identify minimal crystal-
lization screens [33]. In this eVort, 755 distinct protein
samples from 6 bacterial genomes (Staphylococcus
aureaus, Helicobacter pylori, Escherichia coli, Methano-
bacterium thermoautotrophicum, T. maritima, and Pseu-
domonas aeruginosa) were screened for crystal
formation. This contrasts to the JCSG eVort, in which
only 539 proteins from a single organism (T. maritima)
were screened.

The sample preparation methods used in the Toronto
study also diVered from those used by the JCSG (sample
preparation methods are compared in Table 3). Similar
to the JCSG, proteins were expressed and puriWed using
a single chromatography step (metal chelation; all
Toronto targets contained a diVerent N-terminal tag,
HHHHHHSSGLVPRGSH, to facilitate puriWcation,
and allow for the removal of the tag using thrombin).
Unlike the JCSG, the thermophilic samples from M. ther-
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moautotrophicum were usually heated prior to puriWcation,
causing an enrichment of many of these proteins in the
lysate. In addition, in cases where the N-terminal 6£ His
tags were cleaved, the proteins underwent a second puri-
Wcation step for tag removal. Tagged and untagged ver-
sions of the same protein were treated as separate
samples for this study. The Wnal purity of most samples
was judged to be 99% by Coomassie staining. The sam-
ples were exchanged into a diVerent crystallization buVer
(20 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), pH 7.5; 500 mM NaCl) and screened for
crystallization trials against only 48 sparse matrix coarse
screen conditions at a single temperature (293 K) using
the vapor diVusion hanging drop method with 4 �l drops
(2 �l protein plus 2 �l crystallization solution). Finally,
each protein was screened for crystallization at 2–4
diVerent protein concentrations from 5 to 40 mg/ml
(versus only 1 protein concentration at 10 mg/ml in the
Fig. 1. Nanodrop crystallization: the rates of protein drop equilibration and crystal formation diVer with drop size. Representative images of lyso-
zyme crystallization trials, obtained at 277 K, with various total drop volumes. Total drop volumes for crystallization contain equal volumes of pro-
tein and reservoir solutions (e.g., 4 ml total drop volume equals 2 ml protein plus 2 ml reservoir solution). The time listed after total drop size is the
amount of time to see a crystal of »50 �m size: (A) 4 ml drop volume, 48 § 72 h for initial crystallization; (B) 2 ml, 36 § 48 h; (C) 1 ml, 24 § 36 h; (D)
400 nl, 18 h; (E) 100 nl, 10 § 12 h; and (F) 40 nl, 2 h (G) is a magniWed view of (F) showing crystal formation, roughly 50 �m on the longest edge (pre-
viously published, [45]).

Table 3

Protocols used by the JCSG and Toronto groups for protein crystallization screening

There are key diVerences in nearly every protocol used by the JCSG and Toronto groups for protein crystallization trials. Each can have a signiW-
cant eVect on the crystallization process. The diVerences observed between the two groups with respect to those conditions most likely to promote
crystal formation reXect the diVerences in the experimental protocols listed here.

a For only some samples.
b Cleaved/uncleaved versions of the same protein were treated as distinct protein samples.

Protocol JCSG Toronto

PuriWcation 1 Chromatographic step (MC aYnity) Heating (55 °C)a

1 Chromatographic step (MC aYnity)

PuriWcation tag Not cleaved Cleaved in many casesb

Estimated purify 790–95% 795–99%

Protein crystallization 
buVer

20 mM Tris, pH 7.9 20 mM HEPES, pH 7.5
150 mM NaCl 500 mM NaCl
0.25 mM TCEP

Protein concentration »10 mg/ml 5–40 mg/ml
1 protein concentration screened per protein 2–4 protein concentrations screened per protein and results pooled

Set-up method Vapor diVusion sitting drop 100 nl drop; 
75 �l well solution; 96-well plate format

Vapor diVusion hanging drop 2 �l drop size; 
700 �l well solution; 24-well plate format

Temperature 20 20

Conditions screened 480 48
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JCSG study), and the results were pooled for each
target.

Three hundred and thirty-eight (45%) of the proteins
in the Toronto study crystallized in at least one condi-
tion, averaging nearly 5 crystal hits per protein target,
with 99 proteins crystallizing in only a single condition.
In addition, protein crystallization behavior varied with
protein species. Proteins from T. maritima produced the
greatest number of crystallized proteins, with 68% (23/
34) proteins crystallized, while those of H. pylori pro-
duced the least, with 37% (47/128). This percentage of
crystallized T. maritima proteins (68%) is smaller than
that obtained in the JCSG study (84%), but is due in part
to the smaller number of targets (34, Toronto and 539,
JCSG) and conditions screened (48 Toronto and 480,
JCSG). In fact, when the JCSG crystallization results
were limited to only the 48 conditions used in this study
(instead of the entire set of 480), only 222 (49%) of the T.
maritima proteins successfully crystallized. This observa-
tion is discussed further in the section on screen similari-
ties and diVerences.

Each of the 48 conditions used in the Toronto study
produced crystals for at least four of the 338 crystallized
proteins. Some conditions were extremely successful at
promoting crystal formation, with 20 conditions (42%)
producing crystals for 35 or more proteins and 3 (6%)
producing crystals for 70 or more. Notably, some condi-
tions were signiWcantly less successful, with 5 (10%) of
the conditions each producing crystals for no more than
10 distinct proteins. As stated above, 99 of the proteins
screened crystallized in only a single condition and 38
(78%) of the conditions screened crystallized at least one
of these 99 proteins. Interestingly, the total number of
proteins crystallized per single condition was not corre-
lated with the total number of proteins that had only
crystallized in that condition, indicating that the likeli-
hood of a condition to crystallize a more intractable tar-
get (one of the 99 ‘single crystal hit' proteins) was not
necessarily due to an inherent ability of the condition to
crystallize more proteins.

Remarkably, the six most productive conditions
would have produced crystals for 180 (53%) of the crys-
tallized proteins, indicating that the conditions in this
screen, like those of the JCSG screen, are signiWcantly
oversampled. By systematically, generating all possible
combinations of conditions, the set most eVective for
promoting crystal formation of the widest range of pro-
tein targets was identiWed (Table 4). A minimal screen
consisting of just 6 conditions would have produced
crystal hits for 205 (61%) of the 338 proteins crystallized,
while a minimal screen containing 24 of the conditions
would have produced crystal hits for 318 (94%). Reduc-
ing the number of initial screening conditions by half
doubles the number of experiments that can be tested for
a given target, with almost no impact on the Wnal num-
ber of targets crystallized.
Table 4
Minimal screens 6, 12, and 24 identiWed by the Toronto Group

Minimal screens composed of those conditions that crystallized the maximum number of distinct proteins for the Toronto study. Minimal Screen
6 crystallized 205 (61%) of the total proteins crystallized, minimal screen 12 crystallized 268 (79%), and minimal screen 24 crystallized 318 (94%).

J–K/Hampton CS 1 Condition Total crystals Minimal screen

6 30% PEG 4000 Tris–HCl, pH 8.5, 0.2 M MgCl2 65 6, 12, 24
10 30% PEG 4000 Na acetate, pH 4.6, 0.2 M NH4 acetate 49 6, 12, 24
18 20% PEG 8000 Na cacodylate, pH 6.5, 0.2 M Mg Acetate 72 6, 12, 24
38 1.4 M Na citrate Na HEPES, pH 7.5 62 6, 12, 24
39 2.0 M NH4 sulfate Na HEPES, pH 7.5, 2% PEG 400 63 6, 12, 24
43 30% PEG 1500 54 6, 12, 24

4 2.0 M NH4 sulfate Tris–HCl, pH 8.5 50 12, 24
17 30% PEG 4000 Tris–HCl, pH 8.5, 0.2 M Li sulfate 70 12, 24
30 30% PEG 8000 0.2 M NH4 sulfate 38 12, 24
36 8% PEG 8000 Tris–HCl, pH 8.5 22 12, 24
41 10% Isopropanol + 20% PEG 4000 Na HEPES, pH 7.5 58 12, 24
45 18% PEG 8000 Na cacodylate, pH 6.5, 0.2 M Zn acetate 19 12, 24

1 30% MPD Na acetate, pH 4.6, 0.02 M CaCl2 17 24
11 1.0 M NH4 phosphate Na citrate, pH 5.6 15 24
13 30% PEG 400 Tris–HCl, pH 8.5, 0.2 M Na citrate 10 24
14 28% PEG 400 Na HEPES, pH 7.5, 0.2 M CaCl2 25 24
16 1.5 M Li sulfate Na HEPES, pH 7.5 30 24
20 25% PEG 4000 Na acetate, pH 4.6, 0.2 M NH4 sulfate 37 24
21 30% MPD Na cacodylate, pH 6.5, 0.2 M Mg acetate 19 24
28 30% PEG 8000 Na cacodylate, pH 6.5, 0.2 M Na acetate 65 24
33 4.0 M Na formate 36 24
34 2.0 M Na formate Na acetate, pH 4.6 34 24
35 1.6 M K,Na phosphate, Na HEPES, pH 7.5 15 24
42 20% PEG 8000 0.05 M K phosphate 52 24
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4.3. TB consortium: additives that facilitate crystal
formation

Not all SG groups use the sparse matrix screening
method. The Wndings of Segelke [35] and Rupp [41] (TB)
suggest that random sampling of crystallization space is
the most eYcient method for screening novel protein tar-
gets, particularly when success rates are low or clustered.
The basic idea behind this approach is that a comprehen-
sive coverage of crystallization space is achieved by using
each condition only once. The 90 stock reagents used are
classiWed into the following four classes: precipitants,
buVers, additives, and detergents, with a chemical basis
set of 50 distinct reagents.4 Based on frequency and suc-
cess of previous crystallization experiments, the TB group
determined that 288 crystallization trials are normally
suYcient to identify successful crystallization conditions
for targets with natural propensities to crystallize.

Interestingly, the results of 203 successful random
sampling experiments indicate that components besides
those present in most commercially available sparse
matrix screens are also very eVective for promoting
crystallization. Reagent frequency results show that
additives and detergents such as lauryldimethylamine-N-
oxide (LDAO), glycerol, dimethyl sulfoxide (DMSO),
and �-octyl glucoside (BOG) eVectively promote crystal-
lization. The most successful components were LDAO
and glycerol, both with frequencies of 28, with the
remaining components, including common reagents
such as PEGs and buVers, present at frequencies of 21 or
less. Although the concentrations of LDAO and glycerol
used in these experiments are not listed, earlier descrip-
tions of the random sampling protocol indicate these
reagents are normally present in small amounts, such as
0.5% (v/v) [35]. These reagents are not present at additive
concentration amounts in most sparse matrix condi-
tions. LDAO, in particular, was not present in any of the
conditions used by either the JCSG or the Toronto
groups for their initial crystallization screening trials.
The incorporation of these additives to any screening
strategy, especially with the use of minimal screens, may
enable previously uncrystallizable proteins to form crys-
tals suitable for structure determination.

4.4. SECSG: incomplete factorial screens identify initial
crystallization leads more successfully than traditional
sparse matrix screens

In parallel to the TB group, DeLucas et al. (2003;
SECSG group) compared an alternative screen strategy,
incomplete factorial screens, with sparse matrix screens
to determine the relative crystallization eYciency of the

4 A computer program, CRYSTOOL, can be accessed at por-
ter.llnl.gov/crystool4.1 for the generation of random screens based on
input parameters and frequencies deWned by the user.
two methods [31]. Unlike random sampling, or sparse
matrix screens, the incomplete factorial screen is
designed to enable the most important factors and inter-
actions that facilitate crystal formation to be identiWed
from an initial set of screening experiments [28]. The
incomplete factorial screen used in this study was
designed to sample six anionic precipitants 60 times
each, with the binary combinations balanced and the
higher order combinations randomly distributed. Five
proteins were then subjected to crystallization trials
using both this incomplete factorial screen (360 experi-
ments) and a sparse matrix screen made up of commer-
cially available conditions (290 experiments).

The results showed that the incomplete factorial screen
was consistently more successful at identifying initial crys-
tallization leads than those of the sparse matrix screens,
with the factorial screens providing between 1 and 7 crys-
tal hits for each of the 5 proteins screened, and the sparse
matrix screen producing crystals for only 2 of them. A
detailed analysis of these results and the identiWcation of
those components which were most successful for pro-
moting crystal formation, are eagerly anticipated.

5. Similarities and diVerences in crystallization data
mining results

The availability of these recent eVorts to optimize
crystallization screens and screening strategies make
detailed comparisons between the results possible (Table 5).
The similarities and diVerences observed between the
studies will highlight those experimental parameters,
besides the crystallization conditions, which are also crit-
ical for crystal formation. These comparisons will also
indicate which conclusions are generally applicable, and
which apply only to targets of a speciWc type or prepared
using speciWc protocols. There are similarities between
the studies. For example, all results indicate that many of
the sparse matrix conditions oversample distinct regions
of chemical space, especially PEG/ion conditions. In
addition, these studies also show that the current screens
are still insuYcient for crystallizing all targets; addi-
tional protein characteristics must also be evaluated and
altered in a high-throughput manner if the number of
targets processed for crystal formation by SG consortia
is to become more eYcient. There are also a number of
diVerences between the studies. Two groups, the JCSG
and TB groups, found that glycerol has diVerent eVects
on crystallization behavior. In addition, the exact iden-
tity of the conditions in the Core and Minimal Screens of
the JCSG and Toronto groups, respectively, diVers.
Thus, while these data mining studies are still extremely
useful for guiding future crystallization eVorts, they
clearly indicate that more data must be collected if opti-
mal, reproducible strategies for the crystallization of a
wide range of targets are to become a reality.
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5.1. Similarities: many sparse matrix crystallization
conditions, especially those containing PEGs, are
redundant

All data mining eVorts reviewed here indicate many
of the conditions commonly used in sparse matrix
screens are redundant and can be eliminated from initial
crystallization screens. The JCSG results showed that
the greatest number of distinct proteins (358/456) crys-
tallized in conditions containing high MW PEGs, while
the fewest (210/456) crystallized in conditions containing
organics [34]. When the number of distinct proteins was
normalized to the number of conditions, organic precip-
itants crystallized the largest number of distinct proteins
per condition tested, whereas high MW PEG precipi-
tants produced the fewest, indicating many of the high
MW PEG conditions were redundant. Similar to the
JCSG, the Toronto group found that the greatest num-
ber of distinct proteins (229/338) crystallized in condi-
tions containing high MW PEGs [33]. In fact, the six
most productive conditions for promoting crystal for-
mation contained high MW PEGs. However, many of
the proteins which crystallized in one of these six condi-
tions often crystallized in another, indicating these high
MW PEG conditions were redundant and could also be
eliminated with only a minimal impact on the Wnal num-
ber of proteins crystallized.

The number and types of conditions that were elimi-
nated during the identiWcation of minimal screens fur-
ther illustrate the oversampling of distinct regions of
crystallization space. Conditions containing high MW
PEGs made up the highest percentage of conditions in
both the JCSG Core Screen (31 of 67, 46.3%) and the
Toronto minimal screen (4 of 6, 66.7%), illustrating their
eYcacy for promoting crystallization of a wide range of
targets (Fig. 2). However, the total numbers of high MW
PEG conditions in the original screens were highly
redundant, as 140 (of 171; 81.9%) and 15 (of 19; 79.0%)
were eliminated from the original JCSG and Toronto
screens, respectively, once the minimal screens were iden-
tiWed. Salts were the second most redundant component,
with 96 (of 106; 90.6%) and 15 (of 17; 88.2%) eliminated
from the JCSG and Toronto screens, respectively.

5.2. Similarities: current screens are still insuYcient for
the successful crystallization of all protein targets

While many of the proteins screened in these studies
readily crystallized in one or more conditions, many did
not. SpeciWcally, 76 (14.1%) of the JCSG proteins and
Table 5
Strengths and weaknesses of recent eVorts to archive and mine crystallization data

Dataset Database characteristics Strengths Weaknesses

BMCD � 2526 proteins
� 3547 conditions which produced 

diVraction quality crystals

� Most comprehensive database of the 
conditions which have produced diVraction 
quality protein crystals

� No negative data; those conditions 
which failed to produce crystals are 
not reported

� Detailed information available for each 
target

� Protein samples prepared very 
diVerently from one another

JCSG � 539 proteins screened (465 
crystallized)

� Positive + negative crystallization data
� All proteins (from a single organism) 

puriWed and screened for crystallization 
using identical protocols

� Largest number of distinct crystallization 
conditions screened

� Only commercially available 
conditions tested

� 480 conditions at 20 °C used for 
screening (472 produced crystals for 
at least 1 protein)

Toronto � 755 proteins screened (338 
crystallized)

� Positive + negative crystallization data
� Most proteins (from six organisms) prepared 

and screened for crystallization using 
identical protocols

� Only commercially available 
conditions tested

� 48 conditions used for screening (all 
48 produced crystals for at least 1 
protein) � Largest number of distinct proteins screened

Queensland � 19 proteins (18 crystallized)
� 288 conditions tested

� Positive + negative crystallization data
� Comparison of two sets of commercially 

available screens which are listed as having 
identical crystallization solutions

� Most protein samples prepared 
very diVerently from one another

� Small sample size

TB � 288 conditions screened for most 
proteins

� Positive + negative crystallization data
� Random Matrix crystallization solutions 

designed to include additive/detergents in 
addition to traditional buVer/precipitants

� Awaiting detailed crystallization 
data mining results

� 203 successful random screening 
trials used for initial frequency results

SEGSG � 5 proteins screened
� 290 sparse matrix conditions 

compared to 360 incomplete factorial 
conditions

� Positive + negative crystallization data
� Comparison of two crystallization strategies 

(sparse matrix screens and an incomplete 
factorial screen)

� Awaiting detailed crystallization 
data mining results

YSBL � 10 proteins crystallized � Comparison of two crystallization strategies 
(sparse matrix and novel crystallization 
screens developed by the authors)

� Only successful results reported
� 48 conditions screened � Detailed information about sample 

preparation of all proteins not 
reported
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417 (55.2%) of the Toronto proteins failed to form crys-
tals, in spite of the extensive eVorts made by both
groups to crystallize these targets. The inability of these
proteins to form diVraction quality crystals may have
been due to any number of causes. First, they may not
have been screened against their optimal crystallization
conditions. Since most sparse matrix screen conditions
are heavily biased towards those that have previously
produced protein crystals, it is expected that some pro-
tein families that have never crystallized before may
require totally novel conditions for crystal formation.
For some of these targets, a random sampling screen
[35,41], factorial screen [28,31] or novel screen [27]
might certainly be more appropriate. In addition, there
are a number of other parameters besides the nature of
the crystallization conditions that can be manipulated
to maximize the likelihood a target will crystallize. For
example, the proteins that failed to crystallize in these
studies may have required binding partners or small
molecule cofactors for folding and stability, or the pro-
tein sequences may have included puriWcation tags or
unstructured loops and termini that prohibited crystal
formation. Experimentally introduced point mutations
have been used to crystallize or improve existing
Fig. 2. Conditions of the original and minimal screens identiWed by the JCSG and Toronto groups categorized by precipitant type. Conditions classi-
Wed by their major precipitant: high MW PEG, low MW PEG, salts, polyalcohols, and organics. Conditions used for screening in magenta, those
included in minimal screens in green. (A) JCSG: 480 conditions screened, 67 make up the Core Screen. (B) Toronto: 48 conditions screened, 6 make
up Minimal Screen 6. The y-axis scale reXects the number of conditions used by the JCSG and Toronto groups for their crystallization studies.



R. Page, R.C. Stevens / Methods 34 (2004) 373–389 385
crystals of a number of proteins [46–48] as have trunca-
tions and deletions to remove disordered domains
[49,50]. A new technique to identify unstructured
regions in proteins, deuterium exchange mass spectrom-
etry (DXMS), has also recently been used to experimen-
tally deWne to the structural domain boundaries of a
T. maritima protein, TM0160, which failed to crystal-
lize as a full-length protein. When a deletion mutant of
this protein was expressed with only the ordered
domain, it crystallized readily and the structure was
determined to 1.9 Å resolution [34].

These examples illustrate that eVorts to improve the
eYciency of the crystallization process must focus not
only on the crystallization conditions themselves, but
also on strategies to eYciently alter protein characteris-
tics to enhance their propensity to crystallize. In particu-
lar, studies that parallel those described here must be
carried out to determine which protein characteristics
correlate with crystallization success and failure [51].
These studies can then be used to develop new, high-
throughput methods to experimentally alter these char-
acteristics prior to initial screening in order to maximize
their crystallization potential.

5.3. DiVerences: is glycerol a facilitator or inhibitor of
crystal formation?

It is interesting to note that glycerol was the most fre-
quent reagent of the 203 successful random crystallization
trials reported by TB group [52]. This contrasts with the
results of the JCSG study in which glycerol was found to
inhibit, not facilitate, crystallization [34]. These observa-
tions, however, are not mutually exclusive. In the JCSG
study, conditions with glycerol normally contained it in
concentrations suYcient for cryoprotection (up to 35%
(v/v)). The concentration of glycerol in the 203 random
sampling experiments of the TB group was not reported,
but earlier descriptions of the random screening proto-
col indicate the concentrations of glycerol were probably
signiWcantly lower, closer to 0.5% (v/v). This volume is
similar to that used in traditional Additive Screens
(Hampton Additive Screen 1, 3% (v/v)). Thus, lower con-
centrations of glycerol may in fact promote rather than
inhibit crystal formation, and its use as an additive in
commonly used crystallization conditions, especially
those in minimal screens, may enable the targets which
were unable to crystallize in these screens to crystallize.

5.4. DiVerences: diVerent minimal screens are identiWed
depending on the SG data analyzed

The most signiWcant diVerence observed between the
studies reviewed here is the minimal correlation
between the results of the JCSG group and those of the
Toronto group, especially with respect to the exact iden-
tity of the conditions in the Minimal Screen (Toronto)
and the Core Screen (JCSG). The majority of condi-
tions, however, are still quite similar in the nature of the
precipitants (for example, many are PEG/ion conditions)
and thus both screens can be used to identify targets with
a natural propensity to crystallize. Of the 539 T. maritima
proteins screened using the JCSG two-tiered strategy,
only 48% (222/465) crystallized in the 48 conditions used
by the Toronto group for their screening experiments.
This percentage is similar to the overall success rate
observed by the Toronto group of 45% (338/755).

What is more interesting, however, is that the identity
of the conditions determined to be the most productive
for crystal formation diVered between the two groups
when the JCSG crystallization results were limited to
only those conditions used for the Toronto study (Hamp-
ton Crystal Screen, conditions 1–48). The conditions that
Table 6
Conditions from the Hampton Crystal Screen (same as Jancarik–Kim Sparse Matrix Screen [32]) that produced the most crystals for the Toronto,
JCSG, and Queensland studies

J–K/Hampton CS 1 Conditions which produced the maximum number of crystals Crystal hits Study

6 30% PEG 4000; 0.2 M MgCl2; 0.1 M Tris–HCl, pH 8.5 65 Toronto
9 30% PEG 4000; 0.2 M NH4 acetate; 0.1 M Na citrate, pH 5.6 76 Toronto

17 30% PEG 4000; 0.2 M Li sulfate; 0.1 M Tris–HCl, pH 8.5 70 Toronto
18 20% PEG 8000; 0.2 M Mg acetate; 0.1 M Na cacodylate, pH 6.5 72 Toronto
22 30% PEG 4000; 0.2 M Na acetate; 0.1 M Tris–HCl, pH 8.5 65 Toronto
28 30% PEG 8000; 0.2 M Na acetate; 0.1 M Na cacodylate, pH 6.5 65 Toronto
1 30% MPD; 0.02 M CaCl2; 0.1 M Na acetate, pH 4.6 37 JCSG

20 25% PEG 4000; 0.2 M NH4 sulfate; 0.1 M Na acetate, pH 4.6 23 JCSG
37 8% PEG 4000; 0.1 M Na acetate, pH 4.6 22 JCSG
40 20% Isopropanol/20% PEG 4000; 0.1 M citrate, pH 5.6 19 JCSG
41 10% Isopropanol + 20% PEG 4000; 0.1 M Na HEPES,pH 7.5 23 JCSG
42 20% PEG 8000; 0.05 M K phosphate 19 JCSG
1 30% MPD; 0.02 M CaCl2; 0.1 M Na acetate, pH 4.6 6 Queensland

14 28% PEG 400; 0.2 M CaCl2; 0.1 M Na HEPES, pH 7.5 10 Queensland
17 30% PEG 4000; 0.2 M Li sulfate; 0.1 M Tris–HCl, pH 8.5 7 Queensland
24 20% Isopropanol; 0.2 M CaCl2; 0.1 M acetate, pH 4.6 5 Queensland
30 30% PEG 8000; 0.2 M NH4 sulfate 6 Queensland
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crystallized the greatest number of proteins for the
Toronto group were 6, 9, 17, 18, 22, and 28 (Table 6)
while those that crystallized the greatest number of total
proteins for the JCSG group were 1, 20, 37, 40, 41, and
42. There is no overlap between the two sets. This lack of
overlap extends to the entire screen (Fig. 3); the correla-
tion coeYcient of the number of crystal hits per condi-
tion is only 0.11 between all 48 conditions. In addition,
since the Queensland group also used this screen for
their crystallization studies, their results, although repre-
sentative of a much smaller protein sample set, can also
be compared. The Queensland study identiWed a third set
of most productive conditions including 1, 14, 17, 24,
and 30. Thus, only two conditions, Hampton Crystal
Screen conditions 1 and 17, were identiWed by more than
one group; the rest diVered.

While it may be surprising that, among all of these
studies, there was no single condition that was consis-
tently better than another for promoting crystal forma-
tion, it likely reXects the diVerences between these studies
in the methods used for the crystallization experiments.
Like the JCSG, the Toronto group used a single puriWca-
tion step (MC aYnity chromatography) for protein puri-
Wcation. For at least the M. thermoautotrophicum
samples, however, an additional heating step was also
used prior the MC puriWcation, contributing to an
increase in the Wnal purity of these samples (99%, com-
pared to an average 90–95% purity observed for JCSG
samples). In addition, in some cases, the N-terminal tags
of the Toronto proteins were cleaved prior to crystalliza-
tion trials, while those of the JCSG proteins were not.
Equally important, the sample buVers of the proteins
diVered between the two groups. The protein buVer used
in the Toronto study had a higher concentration of salt
(500 mM NaCl, Toronto vs. 150 mM NaCl, JCSG) and
diVerent buVer (20 mM HEPES, pH 7.5, Toronto vs.
20 mM Tris, pH 7.9, JCSG) than that used in the JCSG
study. Finally, the crystallization experiments were setup
diVerently between the two groups. The Toronto group
used 4 �l hanging drops (2 �l protein plus 2 �l mother
liquor) in 24-well Linbro plates, while the JCSG proteins
were screened using 100 nl sitting drops (50 nl protein
plus 50 nl crystallization solution) in 96-well crystalliza-
tion plates. Both types of crystallization experiments
have diVerent kinetic properties for crystal drop equili-
bration and crystal formation (Fig. 1) [45,53]. Finally,
the Toronto proteins were screened at 2–4 distinct
protein concentrations, while the JCSG proteins were
screened at only a single protein concentration. The sam-
ples in the Queensland experiment were prepared diVer-
ently as well, even among the 19 samples screened within
the study. Some were purchased and solubilized in crystal-
lization buVer (25mM Tris, pH 7.0; 10 mg/ml protein con-
centration) while the rest were puriWed and equilibrated in
protein speciWc buVers and concentrated between 8.6 and
27 mg/ml. The crystallization trials were also setup diVer-
ently from both the JCSG and Toronto studies, using a
1�l protein plus 1�l crystallization solution hanging drop
equilibrated against 100�l of well solution.

Each of these factors—purity, the presence or absence
of puriWcation tags, protein buVer, crystallization setup
methods, and protein concentration—is known to con-
tribute signiWcantly to the protein crystallization process
[23,54] and is likely to have contributed to many of the
diVerences in the crystallization results observed
between these groups. As more studies are carried out,
the eVects of these factors on crystallization success will
be able to be evaluated. For now, however, it seems that
identiWed minimal screens are still somewhat correlated
to the methods used for sample preparation and screen-
ing and thus one must take these additional preparation
methods into consideration when deciding which screen
might be appropriate for their own experiments. In addi-
tion, however, one must also consider that these screens
were developed as initial screens with the purpose of
identifying proteins with a natural propensity to crystal-
lize and not necessarily to result in diVraction quality
crystals. Thus, although the exact nature of the condi-
tion diVers between the two minimal screens, both sets of
conditions are expected to successfully identify proteins
which are amenable to further crystallization studies.

6. Conclusions

It is clear from the results presented here that the abil-
ity of certain conditions to promote crystallization more
eVectively than others depends signiWcantly on experi-
mental parameters other than just the conditions them-
selves. In particular, the JCSG, Toronto, and
Queensland groups each identiWed a unique set of condi-
tions that were the most eVective for promoting crystal
formation from the same original set, reXecting the very
diVerent crystallization sample preparation methods
used by each for their crystallization trials. As more data
are made available from other SG groups, and as further
Fig. 3. DiVerences in SG crystallization data mining results. Number of proteins crystallized per condition of the Jancarik and Kim [32] (1991) sparse
matrix screen by both the (A) Toronto and (B) JCSG and (C) Queensland groups. (A) Toronto: 755 proteins were screened for crystallization against
48 sparse matrix screen conditions, of which 338 crystallized. (B) JCSG: 539 proteins were screened for crystallization against the same set of condi-
tions, of which 222 crystallized. (C) Queensland: 19 proteins were screened for crystallization, of which 18 crystallized. The conditions which were
most successful for promoting crystallization diVered substantially between the three groups, reXecting the diVerences in the protein preparation pro-
tocols, targets, and crystallization setup methods used by each to carry out these experiments. The y-axis scale reXects the number of proteins
screened and crystallized by the diVerent groups.
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experiments are carried out, these screens will be able to
be further optimized, and result in the identiWcation of
more robust screens.

One of the most important advantages of using mini-
mal screens, however, is that additional crystallization
parameters can be rapidly evaluated without increasing
the total number of experiments. For example, one can
begin to explore how the addition of additives such as
LDAO and glycerol inXuences protein crystallization
behavior. Multiple protein concentrations can also be
easily screened, as can multiple crystallization set-up
methods. Most importantly, the eVect of altering the
nature of the protein can also be eYciently and rapidly
evaluated using these minimal screens. Using minimal
screens in this way will ensure that a high resolution
structure will be determined in the minimal amount of
time using the fewest resources.

Finally, there are still a considerable number of stud-
ies that need to be carried out in order to optimally
streamline the crystallization process. While the minimal
screens can be used to identify those proteins with a nat-
ural propensity to crystallize, they have not yet been
shown to provide an accurate indication of which condi-
tion will ultimately result in a diVraction quality crystal.
It will be interesting to see how well these minimal
screens correlate with the conditions that ultimately pro-
duce diVraction quality crystals. In addition, the charac-
teristics of the proteins themselves, such as sequence,
predicted secondary structure, predicted disordered
regions, among others, also need to be analyzed in detail
to determine whether or not there are protein sequence
characteristics which correlate with crystallization
eYciency. Ultimately, it is hoped that the crystallization
screening process can become more predictive prior to
crystallization trials so that a protein, based on its
sequence alone, can more accurately be identiWed as one
with a potential for crystal formation or not. The SG
eVorts being carried out today are hoped to enable the
structure determination process to be streamlined to
such an extent that the majority of future eVorts will be
spent not on identifying targets amenable to crystal for-
mation, but instead on moving a protein of interest into
a region of chemical space that will produce diVraction
quality crystals. This, in turn, will enable more time to be
spent on understanding biological protein function in
atomic detail.
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