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Abstract

Growing well-diffracting crystals constitutes a serious bottleneck in structural biology. A recently
proposed crystallization methodology for ‘“‘stubborn crystallizers™ is to engineer surface sequence
variants designed to form intermolecular contacts that could support a crystal lattice. This approach
relies on the concept of surface entropy reduction (SER), i.e., the replacement of clusters of flexible,
solvent-exposed residues with residues with lower conformational entropy. This strategy minimizes the
loss of conformational entropy upon crystallization and renders crystallization thermodynamically
favorable. The method has been successfully used to crystallize more than 15 novel proteins, all
stubborn crystallizers. But the choice of suitable sites for mutagenesis is not trivial. Herein, we
announce a Web server, the surface entropy reduction prediction server (SERp server), designed to
identify mutations that may facilitate crystallization. Suggested mutations are predicted based on an
algorithm incorporating a conformational entropy profile, a secondary structure prediction, and
sequence conservation. Minor considerations include the nature of flanking residues and gaps between
mutation candidates. While designed to be used with default values, the server has many user-controlled
parameters allowing for considerable flexibility. Within, we discuss (1) the methodology of the server,
(2) how to interpret the results, and (3) factors that must be considered when selecting mutations. We
also attempt to benchmark the server by comparing the server’s predictions with successful SER
structures. In most cases, the structure yielding mutations were easily identified by the SERp server. The
server can be accessed at http://www.doe-mbi.ucla.edu/Services/SER.

Keywords: crystallography; SER variants; sequence replacements; surface entropy reduction (SER);
X-ray methods

Crystallization remains the rate-limiting step in macro-
molecular X-ray diffraction analysis. In spite of dramatic
progress in the design of extensive screens, the advent of
sophisticated nanovolume robots and, microfluidic tech-
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nology, the process relies on screening because to date it
has not been possible to assess the solubility of a protein,
or to predict its behavior in crystallization screens, based
on its amino acid sequence alone. High-throughput
structural genomics laboratories utilize crystallization
robots that are able to generate over 100,000 samples
per day while minimizing the sample volumes down to
50 nL or less, yet the number of conditions tested is not
directly correlated to the likelihood of success of crys-
tallizing a given protein, which even for a subset of
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relatively small, single-domain prokaryotic proteins does
not typically exceed ~30% (Stevens 2000).

Although prediction of a protein’s macroscopic phys-
ical properties such as solubility and crystallizability
constitutes at present an insurmountable challenge, it is
well established that even small changes in the amino
acid sequence can dramatically change a protein’s behav-
ior. The canonical example is the 36 Glu — Val mutation
in hemoglobin, which critically reduces the solubility of
the protein leading to sickle cell anemia. Thus, in
principle one should be able to generate relatively minor
modifications to proteins by site-directed mutagenesis
that would result in molecules that are more amenable to
crystallization than the wild-type sequence. The question
is, however, if we can identify relatively simple rules that
would allow for rational design of mutants with enhanced
crystallizability.

Crystallization involves the formation of intermolecu-
lar contacts which facilitate the assembly of the protein
molecules or multimers into a crystalline lattice. While
without this step a macromolecular crystal would never
form, the phenomenon historically attracted limited
attention with only a handful of papers written on the
subject. The chemistry of crystal contacts is, however,
both interesting and important. Immobilization of side
chains with high conformational entropy at the point of
crystal contacts is energetically unfavorable and is
expected to impede crystallization. It follows that—all
other things being equal—specific solvent-exposed amino
acid sequence motifs with lower conformational entropy
may permit thermodynamically favorable crystal contacts
in some proteins. This notion was explicitly used by one
of us to formulate the surface entropy reduction (SER)
approach to protein crystallization (Derewenda 2004b)
in which clusters of two to three amino acids with high
conformational entropy, such as Lys, Glu, and Gln, are
replaced with Ala.

The SER concept was tested with very encouraging
results in a model system of human RhoGDI (guanine-
nucleotide dissociation inhibitor) and was subsequently
used to obtain crystallizable variants of a number of
proteins, or to generate new crystal forms with signifi-
cantly improved diffraction properties (Table 1). More-
over, in those cases where the method was successful,
typically very few mutants (no more than three) were
necessary to identify a crystallizable variant. Heretofore,
the SER approach required a subjective analysis of the
amino acid sequence of the target protein and a manual
selection of the mutants by the investigator, without the
aid of tools that might objectively gauge the probability
of success. The analysis of protein sequences by the
server described in this paper aims to automate the tasks
of identifying sites most suitable for mutation designed to
confer enhanced crystallizability based on a range of
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predictions and conditions, stemming from both objective
criteria as well as the database of structures crystallized
by the SER strategy.

Description of the SER server

The submitted amino acid or DNA sequence undergoes
three principal analyses, whose combined results deter-
mine sites most suitable for mutation (Scheme 1). These
three analyses are (1) prediction of the surface conforma-
tional entropy, (2) prediction of secondary structure, and
(3) analysis of patterns of evolutionary sequence con-
servation. The overall objective is to identify a site
containing solvent-exposed residues with high conforma-
tional entropy that may impede the formation of crystal
contacts and which are poorly conserved by evolution,
suggesting that they are not involved in functionally
critical active sites or other functional epitopes. Most
default processing parameters can be easily adjusted and
are reflected in almost instantaneously updated results.
Intermediate scores from each principal analysis as well
as composite scores for selected residues are provided in
the server’s results.

Conformational entropy profile

A side-chain conformational entropy profile is computed
using the values for individual amino acids proposed by
Pickett and Sternberg (1993) as a basis. These values are
then multiplied by the solvent exposure index (i.e., the
frequency a particular residue type is solvent-exposed in
known structures, as described by Baud and Karlin (1999)
and normalized with respect to lysine, the amino acid
with the highest conformational surface entropy. This
produces a profile that contains high scores for residues
with both high conformational entropy and high proba-
bility of significant solvent exposure, using a relative

| Target Sequence and Parameters "!
{
Y ¥
Predict Secondary Compute PSI-BLAST
Structure | Entropy Profile | | Sequence Agnment Meta Search
[ identiy residues suitable for mutation and group into clusters| [ 8Locks | [ Protinks ] [ PoB |

!

[ Select best candidate clusters and mutations within

| Generale reports and store for interactive retrieval H

Send Email Notfication |

Scheme 1. Flowchart summarizing the SER prediction process. The
submitted gene or peptide sequence undergoes three principal analyses:
secondary structure prediction, computation of its side chain entropy
profile, and a search for homologous sequences. Potential residue can-
didates are grouped into clusters and scored using several key principles
(see text). Additional meta searches identify functionally important regions,
structural homologs, and linkages to potential interacting protein partners.
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scale with the range of 0.0 (Ala) and 1.0 (Lys). To
overcome local noise in this profile, a smoothing filter
with a sliding window of three residues is applied, such
that the side chain entropy for each residue is equal to the
average for the three residues, centered on the target
residue. This average is the per-residue entropy score
returned by this analysis.

Secondary structure prediction

The secondary structure prediction is obtained with
PSIPRED (Jones 1999) to identify loops between distinct
secondary structure elements such as a-helices and [3-
strands. Such loops are given priority because they have a
high probability of harboring solvent-exposed residues
and have been shown to be effective in SER mutants
designed to date to enhance crystallizability (D.R.
Cooper, Y. Surendranath, and Z.S. Devedjiev, in prep.).
Conversely, SER was found to be less effective for sites
that lie on the solvent-exposed face of a helix, probably
because the main chain groups in helices are not available
for intermolecular H-bonding, thus impeding formation
of crystal contacts. Residues that are predicted to be in an
a-helix and B-strand strand with a PSIPRED confidence
above the cutoff threshold (default value 0.2) are penal-
ized and score lower. Confidences below this threshold
are truncated to reduce some of the noise intrinsic to
PSIPRED predictions. Additionally, loops shorter than
three residues are ignored to reduce false positives in the
secondary structure prediction. The per-residue secondary
structure score from this analysis is in the range from 0.0
(not in a loop) to 1.0 (high confidence to be in a surface-
exposed loop).

Evolutionary conservation

The third analysis estimates the evolutionary conserva-
tion of each residue in the submitted sequence from PSI-
BLAST alignments. The conservation level is equal to the
number of aligned sequences containing the identical
residue at a specific position normalized by the total
number of aligned sequences. The residue replacement
level is equal to the number of sequences containing an
alanine or another target residue at a specific position in
any of the homologs, and is also normalized by the total
number of aligned sequences. Conserved residues are
avoided as targets for mutations while sites already
containing one of the proposed target residues in homo-
logs are preferred. The per-residue conservation score from
this analysis is equal to (replacement level-—conservation
level) * sequence count weight, and thus is in the range
from —1.0 (highly conserved) to +1.0 (changed to a target
residue in all aligned sequences). The sequence count
weight gives more significance to the conservation score

1572 Protein Science, vol. 16

if there are more aligned sequences. Lastly, residues that
fall within a conserved block (as determined by the Blocks
meta search, if enabled) are penalized by adding a negative
value (default —0.5) to the conservation score.

Final evaluation, scoring, and additional features

Results from the three principal analyses are combined to
establish the potential for mutation of each residue. Ideal
candidates are nonconserved, high entropy residues that
lie in surface-exposed, entropy-rich regions of the pro-
tein. The final per-residue score is a weighted sum of the
contributions from each principal analysis, which are
included in the detailed server results. The weights can
be customized and by default are 1.0 for the entropy and
secondary structure analyses, and 0.5 for the evolutionary
conservation analysis.

Once scores are assigned to residues, the server looks
for several suitable residues in close proximity, which are
then grouped into a cluster. A cluster starts and ends with
either a low entropy residue (e.g., Ala) or a potentially
mutable high entropy residue (Lys, Glu, or Gln) and
contains a continuous segment of only such residues.
Disruptions of cluster continuity by a single or two
consecutive other residues are allowed. The overall
cluster score (SERp score) indicative of the predicted
success is computed from scores of residues selected for
mutation within said cluster. This calculation involves the
use of specific weights, which currently are adjusted
based on the database of proteins crystallized using the
SER concept, but—Ilike most other parameters—they can
be modified by the user.

The following principles are taken into account while
ranking mutable residues and selecting the exact muta-
tions in a cluster. Removal of long, polar side chains may
have a negative impact on protein solubility, thus the
number of required mutations per cluster is minimized.
Typically no more than three mutations per target are
allowed, with a maximum gap of one residue between
mutations. The length of the low entropy patch post-
mutation is maximized to favor the creation of suffi-
ciently large low entropy patches, which can form new
crystal contacts. The number and length of interruptions
of the low entropy patch by higher entropy residues is
minimized, as continuous, uniform patches were found to
work best. Finally, the change in entropy is maximized to
favor the greatest reduction of entropy.

In the final output, the server suggests mutations for each
candidate cluster in a simple summary form, along with
detailed results from all analyses used to select the muta-
tions. To achieve a sufficient change in surface entropy, all
proposed mutations within a chosen cluster must be intro-
duced into the target concurrently. Such a mutated cluster is
expected to form a low entropy patch capable of mediating
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an intermolecular contact leading to successful crystalliza-
tion. The server proposes several alternative candidate
clusters ordered by their SERp scores indicative of predicted
success.

Additional meta searches are performed on the sub-
mitted sequence to screen for other potential sources of
failure of crystallization and to identify sequence regions
that may be important for function. These include a
search of the Prolinks, Blocks, and the PDB databases.
The Prolinks database is a collection of inference meth-
ods used to predict functional linkages between proteins
(Bowers et al. 2004). It has been suggested that crystal-
lization may require or be improved by co-expression
with an interacting partner (Strong et al. 2006). The
Prolinks search identifies potentially interacting partners
that could be co-expressed to improve crystallizability.
The Blocks database contains multiply aligned, ungapped
segments corresponding to the most highly conserved
regions of proteins (Henikoff et al. 1999). This search
identifies highly conserved motifs such as metal or ligand
binding sites. Oftentimes the addition of the correspond-
ing ligand may be required for or promote crystallization.
Additionally, this search identifies functional regions of
the protein, which are disfavored for mutation. Residues
in such conserved regions receive a slight scoring penalty
during selection of mutation candidates. A search of the
PDB aims to identify known homologous structures,
whose secondary structure is analyzed with DSSP
(Kabsch and Sander 1983) to identify solvent accessible
residues. The solvent accessibility is shown on the results
graph (Fig. 1B) to provide additional indication of
regions which are likely on the protein surface. Only
results from the Blocks search have an impact on the
selection and scoring of proposed mutations; results from all
other meta searches are provided to assist in the final selec-
tion of proposed clusters. We are currently exploring new
ways to incorporate these additional results into the cluster
scoring and mutation selection process.

The final selection of mutable sites is naturally depend-
ent on the weights assigned to each of the parameters.
Optimal weights can be defined only in an empirical
fashion, so that mutations that led to readily crystallizable
mutants are accurately predicted. We carried out such
optimization when selecting the current default values for
all parameters of the SERp server.

Results and Discussion

Overview of output

Figure 1A shows a representative sample of the SERp
server’s summary for the YkuD protein from Bacillus
subtilis. This protein was originally selected as a target
for the Midwest Center for Structural Genomics (MCSG).

After it failed to crystallize in the high-throughput pipe-
line, Bielnicki et al. (2006) used the SER approach to
determine the structure of this 18-kDa protein to 2.0 A
resolution, revealing a novel, ubiquitous family of bacte-
rial enzymes. The scoring details of each suggested
cluster can be viewed by selecting the ““Score Details”
tab in the top of the results page. Several graphical
representations of the calculations are presented in the
“Graphs™ tab, including one graph that depicts the
overall contribution of the entropy profile, secondary
structure prediction, and sequence conservation (Fig.
1B). The secondary structure prediction is shown sche-
matically below the main graph. In this main graph,
suggested clusters are indicated by green vertical bars
labeled with the cluster number and the SERp score for
that cluster. The sequence is shown below the graph with
a color-coded representation of high and low entropy
residues, mutable residues, and proposed mutations. The
graphical representation also includes some of the meta
search results, including the calculated solvent accessi-
bility of homologous proteins (darker shades of gray
indicate higher solvent accessibility) and the location of
conserved sequence motifs identified with Blocks.

For example, when the SERp server is run with all
default parameters for a previously successful SER
structure, YkuD, three clusters are suggested. The highest
ranking cluster (SERp score 4.05) contains two adjacent
residues, K117 and Q118, which should be mutated
concurrently. Both residues are predicted to be in an
entropy-rich region within a stretch of random coil
(PSIPRED confidence 70%—85%), and their evolutionary
conservation within the family is low (2%-13%).
Together these three factors make this cluster a good
candidate for SER. Indeed, these are mutations that were
selected by hand to generate the structure (PDB ID
1Y7M). The second cluster contains the proposed muta-
tion K65A but has a SERp score 40% lower than the top
cluster (2.40). Single-residue substitutions are usually not
the most effective in the SER approach, but in this case
there is an adjacent glycine—alanine pair; thus, the K65A
mutation would create a larger, low entropy patch that has
a high probability of being on the surface. The third
cluster has a score very close to the second cluster (2.39)
and would require the mutation of two high entropy
residues (K7, Q8) that are not well conserved but have a
low confidence of being in a loop.

The SERp server also provides additional results that
the user may find useful. Links to sequence alignments
of homologs identified with PSI-BLAST and homolgous
structured in the Protein Data Bank are provided. Highly
conserved sequence regions identified with Blocks and
potential protein—protein interactions identified with the
ProLinks server are summarized. Complete results are
available on the respective subtabs of the main “Results” tab.
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Figure 1. (A) Summary of candidate clusters and proposed mutations therein for YkuD (PDB code 1Y7M). The SERp score (arbitrary
units) is shown for each cluster. (B) A stacked summary graph showing the contribution from each principal analysis. The blue peaks
(top) indicate residues predicted to be in loops. Red peaks correspond to high entropy regions (middle). Cyan peaks (bottom) indicate
residues that in homologous structures are changed to one of the target residues. Residues at peaks of this stacked graph are preferred
for mutation. Proposed mutations are highlighted in green. Residue types are shown below the protein sequence: high entropy residues
in pink, mutable residues in red, low entropy target residues in yellow, and high entropy residues proposed for mutation in green.
Selected results from performed meta searches are also shown. The solvent accessibility estimated from homologous structures
(Kabsch and Sander 1983) is shown as shades of gray (darker shades indicate higher solvent accessibility). Highly conserved sequence
regions identified with Blocks (Henikoff et al. 1999) are marked in magenta. Predicted secondary structure is shown schematically at

the very bottom in blue.

Prediction evaluation

The reliability of the SERp server’s predictions can be put
to a stringent test only when the crystallizability of the
mutants that it predicts is assessed by experiments. We
are in the process of testing these predictions using a pool
of targets from Structural Genomics Centers shown to be
recalcitrant to crystallization in their wild-type form.
However, we have gained useful information from the
reassessment of amino acid sequences of proteins already
crystallized by SER using manually designed variants
and from the comparison of these mutants with those
identified by the SERp server. Space limitations preclude

1574 Protein Science, vol. 16

full discussion of all results, but interested readers will
find an extensive analysis on the SERp server’s Web site.

Although the database of proteins crystallized by the SER
approach is still modest (Table 1), the methodology has
proven effective and is gaining popularity. A number of new
structures were solved in this way by Derewenda and
coworkers (2001), and other laboratories have reported a
number of successful applications. In most cases, the change
of two or three residues yielded well-diffracting crystals
where none were available for the wild-type protein, or
caused the protein to crystallize in a novel space group with
diffraction superior to that of existing wild-type crystals. In
two of these cases, the method was used to generate new,
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better-diffracting crystal forms for purpose of structure-
based drug design.

We have submitted all of the reported successful SER
structures to the SERp server and compared the default
output with reported experimental data. In the wvast
majority of cases the manually chosen mutation sites of
the crystallized variants were easily identified by the
SERp server. In 11 out of a total 13 cases representing the
canonical use of the SER approach, the SERp server
identifies the crystal-yielding mutation as one of the top
recommendations.

We note that within any protein ~250-400 amino acids
in length, there are typically relatively few sites identified
with high SERp scores, suggesting suitability for surface
engineering. This is encouraging, because it suggests that
screening of a limited number of mutants may be
sufficient to obtain high-quality crystals. On the other
hand, it remains to be seen if these easily identifiable high
conformational entropy sites routinely show critical
impact on protein crystallizability and if the effective
success rate of the SERp server’s predictions can indeed
be as high as Table 1 suggests.

Overall, the SERp server’s predictions agree extremely
well with the existing experimental data. In seven cases
one of the suggested mutations was identical to the muta-
tions that produced the structure. In the remaining cases,
there are minor differences between the suggested and
manually selected mutations that produced structures. For
example, for Hsp33 the SERp server suggests a triple
mutation, EI00A, Q101A, K103A, in place of the double-
mutant E100A, Q101A which yielded crystals (Janda
et al. 2004). For comparison, we have included in Table
1 SERp scores generated using nondefault parameters that
ensured the structure-producing mutations were suggested.
For Hsp33 the SERp score for the double-mutant can be
generated by limiting the “maximum mutations per cluster”
to two. In this case, the SERp score for the triple and
double-mutation are 4.47 and 3.64, respectively. We spec-
ulate that the triple mutant would work equally well, but it is
important to note that, if the maximum number of allowed
mutations per cluster is limited to two, the SERp server still
assigns a top score to this site.

It should be noted that several of the proteins solved by
the SER approach have mutated aspartate residues. The
default values currently include only Lys, Glu, and Gln as
mutable residues. At this time we do not suggest mutating
aspartates as a first approach, simply because the propen-
sity of aspartates to participate in protein—protein inter-
actions, and therefore possible crystal contacts, is higher
than that of the default mutable residues (Conte et al.
1999; Fernandez et al. 2003).

In L-rhamnulose kinase the successful site is predicted
with the third highest score, but it should be noted that
Geueninger et al. (2006) also mutated an adjacent Arg, so

that the overall effect of the triple mutation may be higher
than that predicted for the double-mutant. Similarly, gp24
was crystallized using a variant with a double-mutation
that is identified with the third highest score. Finally, the
double-mutant used in the study of the two-domain, 53.5-
kDa protein MICAL, is predicted only as the fourth top
score. It is quite possible that the top sites predicted by
the SERp server would work at least as well.

In all of the above cases, the mutated epitope was later
found to be in a crystal contact, in perfect agreement with
the central premise of the SER approach. However, there
are additional examples in the literature of noncanonical
use of the method (Table 1), which warrant some
discussion. Jin et al. (2005) obtained two novel crystal
forms of Factor XI, using single-residue, Lys — Ala
mutations. Although such mutations may occasionally
work especially if the high entropy residue is flanked by a
low entropy residue, we believe that mutating a minimum
of two residues is far more effective. The structure of
OspA is an extreme example of the SER approach, in
which 13 lysines and glutamates were mutated to alanines
or serines, yet without compromising the protein’s sol-
ubility. Hsp70 is an interesting example of a two domain
protein in which the successful double-mutation (E213A,
D214A) is located at an interface between the two
domains, rather than on the surface, and clearly effects
the mutual disposition of the two modules, thus promot-
ing crystallization in a way different from the canonical
SER approach. Choline acetyltransferase was crystallized
by combining three clusters, each of which is predicted
by the SERp server with scores ranking 1, 2, and 4.

Future directions and developments

It is assumed that the users will have some insight into the
structure of their target protein, at least with respect to its
domain architecture, possible disorder in the absence of
cofactors, etc. The surface engineering approach of the SER
method has been demonstrated to enhance the protein’s
propensity to form crystals, but it may not overcome other
impediments such as intrinsic flexibility of a multidomain
system. The current version of the software does not check
for disordered regions, and it does not provide three-
dimensional structure prediction or domain analysis. These
are all improvements that we envisage in the future. Another
possible addition is to recommend replacement residues
based on empirical residue counts at crystal contacts
(Dasgupta et al. 1997). Future versions may automatically
design primers if the DNA sequence is used as the input.

Access to the server

The Surface Entropy Reduction prediction server is
available at http://www.doe-mbi.ucla.edu/Services/SER.
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A job submission requires only the amino acid or DNA
sequence and a valid e-mail address. While the default
processing parameters should suit most users, most
parameters can be adjusted prior to the initial submission
or at a later time. Prediction results can be delivered by
e-mail, although the server was designed to present
results interactively on the Web site offering many
internal links to analysis details as well as cross refer-
ences to external resources. Users who wish to process as
many as 25 sequences per day can upload a FASTA file
for the batch processing mode. The server version (v1.5)
described in this paper has been made publicly available
in January 2007, replacing an earlier version that has been
available since January 2006.
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