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The ‘Sticky Patch’ Model of Crystallization and Modification of
Proteins for Enhanced Crystallizability

Zygmunt S. Derewenda and
Department of Molecular Physiology and Biological Physics, University of Virginia School of
Medicine

Adam Godzik
Bioinformatics and Systems Biology Program, Sanford Burnham Prebys Medical Discovery
Institute

Abstract

Crystallization of macromolecules has long been perceived as a stochastic process, which cannot
be predicted or controlled. This is consistent with another popular notion that the interactions of
molecules within the crystal, i.e. crystal contacts, are essentially random and devoid of specific
physicochemical features. In contrast, functionally relevant surfaces, such as oligomerization
interfaces and specific protein-protein interaction sites, are under evolutionary pressures so their
amino acid composition, structure and topology are distinct. However, current theoretical and
experimental studies are significantly changing our understanding of the nature of crystallization.
The increasingly popular ‘sticky patch’ model, derived from soft matter physics, describes
crystallization as a process driven by interactions between select, specific surface patches, with
properties thermodynamically favorable for cohesive interactions. Independent support for this
model comes from various sources including structural studies and bioinformatics. Proteins that
are recalcitrant to crystallization can be modified for enhanced crystallizability through chemical
or mutational modification of their surface to effectively engineer “sticky patches’ which would
drive crystallization. Here, we discuss the current state of knowledge of the relationship between
the microscopic properties of the target macromolecule and its crystallizability, focusing on the
‘sticky patch’ model. We discuss state-of-art /n sifico methods that evaluate the propensity of a
given target protein to form crystals based on these relationships, with the objective to design of
variants with modified molecular surface properties and enhanced crystallization propensity. We
illustrate this discussion with specific cases where these approaches allowed to generate crystals
suitable for structural analysis.
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1 Introduction

Conventional, single-crystal X-ray diffraction analysis is only feasible if the target sample
(e.g. protein, protein-DNA complex, etc.) can be obtained in the crystal form capable of
diffracting X-rays. Early on, pioneers of macromolecular crystallography relied on a
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portfolio of proteins and viruses crystallized in the 1920s and 1930s, by such biochemists as
James Sumner, John Northrop and Wendell Stanley, who received the 1946 Nobel Prize for
Chemistry for this work [1]. Their efforts were never intended to generate crystals for
structural analyses: this was an early era of protein biochemistry, and crystallization was the
final step in the purification of proteins. Given the earlier discovery of X-ray diffraction in
1912, there was obvious interest if protein crystals, observed since mid-19t" century, also
diffract X-ray. It was John Desmond Bernal, who showed in 1934 that only if protein
crystals are kept within their mother liquor (he used pepsin), they exhibit beautiful
diffraction up to virtually atomic resolution [2], effectively demonstrating that these
macromolecules have distinct chemical structure, in contrast to the then prevailing colloidal
theory [3]. This set the stage for macromolecular crystallography, which revolutionized
contemporary biology and medicine by providing tools to explore structure-function
relationships in protein, nucleic acids, intact viruses, and other complex structures as
ribosomes [4].

From the very beginning it was obvious that proteins exhibit very different propensities to
form crystals: some crystallize under a range of conditions yielding distinct crystal forms,
others precipitate in an amorphous way, form gels or oils. As early as 1909, the physiologist
E.T Reichert and the mineralogist A.P. Brown (both from the University of Pennsylvania)
published a remarkable volume, entitled * 7he Crystallography of Haemoglobins' in which
they described hundreds of distinct morphologies of crystals of hemoglobin obtained from
blood of various vertebrates [5]. Numerous micrographs (Fig 1) illustrate how species-
dependent variations between proteins result in crystals with markedly different
morphologies. At the time, the underlying chemical nature was unknown; today we
understand that amino acid sequence differences are the cause. Half a century later, in 1953,
John Kendrew showed that crystal forms of the same protein from different species may
show very different diffraction properties; by screening myoglobin crystals from different
sources he was able to select the best diffracting crystal form (sperm whale myoglobin)
which eventually led to crystallographic characterization of the first protein molecule [6].

As the list of proteins known to crystallize upon purification was slowly getting exhausted,
in the 1960s crystallographers faced a challenge of having to crystallize their target
macromolecules first. Thus the science (or art) of protein crystallization was born. One of
the first concepts to be introduced was that of screening of a spectrum of conditions, be it
buffers or precipitants, in search of one where a protein would precipitate in a crystalline
form as the solution passed the saturation point (see Chapter ... for detailed discussion).
Little attention was paid to recording data from failed experiments, and the whole process
was thought to be stochastic: some proteins crystallized, others did not, and no correlation
with solution conditions was apparent. The microscopic nature of interactions underlying
crystallization was virtually ignored. When crystal contacts where finally recognized as a
valid target of structural analysis, early studies concluded that they are essentially random
patches of protein surfaces, attesting to the stochastic process of assembly of proteins into
nuclei and crystals [7-9]. This was bad news, because stochastic phenomena cannot be
easily controlled and directed, and so macromolecular crystallization appeared to be
destined forever to Edisonian approach of trial and error, i.e. random screening.
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The advent of molecular biology in the 1980s, and more recently of high-throughput (HT)
methods that enabled the Structural Genomics initiative, brought substantial changes to the
way we approach crystallization. We are no longer restricted to wild-type proteins from
natural sources; in most cases the targets are recombinant proteins, and often they are
custom-designed fragments of specific targets. This makes it possible, in principle, to
manipulate the initial cDNA construct to enhance its propensity to crystallize. Further, the
HT Structural Genomics laboratories introduced highly standardized crystallization
pipelines, carefully recording all outcomes, both positive and negative. This uncovered
hitherto unappreciated correlations between protein properties (as encoded by the amino
acid sequences) and their crystallization propensities, clearly revealing that some are much
more amenable to crystallization than others [10-14]. As the number of structures deposited
in the Protein Data Bank grew at a rapid pace, new opportunities for data mining opened up.
Further, studies from fields such as soft matter physics, bioinformatics, and molecular
biology began to reshape our understanding of the microscopic mechanisms underlying
crystallization, coming to conclusions that are in stark contrast to the ‘stochastic model’. In
its place, a new general ‘sticky patch’ model has emerged, emphasizing the microscopic
variations of the macromolecular surface and the physicochemical phenomena behind low-
affinity, yet specific molecular interactions, including those governing the formation of
contacts in nascent crystals. In this chapter, we review the current microscopic view of
crystallization based on the premise of directional, specific molecular interactions, and
discuss experimental methods that exploit those concepts for the design of chemically or
mutationally modified protein targets for enhanced crystallizability (NB: Macromolecular
crystallography encompasses broadly the study of proteins, nucleic acids and their
complexes as well as a range of chemical entities; most of this Chapter focuses specifically
on proteins, but the phenomena and methods described herein also apply to all protein
complexes).

2 Theoretical and Experimental Evidence for the ‘Sticky Patch’ Model

2.2 Crystallization in silico: lessons from soft matter physics

Our current understanding of protein crystallization owes much to experimental and
theoretical soft matter physics, and particularly to the study of colloids [15]. More than two
decades ago, it has been observed that both colloidal particles and proteins tend to crystallize
when the osmotic second virial coefficient, B, which depends only on the pair interaction
between the particles, lies in the favorable, crystallization ‘slot’[16]. Studies of
crystallization of isotropic spheres show that it proceeds through a slow process of
nucleation, whose rate is enhanced close to the metastable liquid-vapor coexistence binodal,
followed by growth [17]. Proteins may behave in this fashion, and they (like colloids) can
also form amorphous aggregates that kinetically impair crystallization below the binodal,
and they can be (meta)stable in the crystallization slot of the second virial coefficient
without crystallization ever taking place [18-21]. The complexity of the phenomenon
prompted theoretical and computational efforts to generate suitable models for phase
transitions and crystallization of both these systems. Initial attempts focused on simple
models with a relatively short-range interparticle attraction [22]. Subsequently, various pair
potentials have been studied, allowing for variable (yet still small) range attraction and more
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complex potentials that included a repulsive barrier [23]. In general terms, these models
required the particles in the liquid phase to be very close to each other for the attraction
force to become significant. Initially this phase behavior was thought to be reasonably well
suited as a starting point for simulations of globular proteins, with their roughly spherical
shape, isotropic electrostatic repulsion and short-range van der Waals and hydrophobic
attraction.

One of the key assumptions underlying the early colloidal models was the isotropic nature of
the interactions [22]. Most obviously, the microscopic nature of the colloid and protein solid
phase is different, as illustrated by the fact that proteins do not form close packed crystals.
More subtly, the overall shape of the bimodal is also incompatible with isotropic attraction.
These problems suggest that additional features should be included in the minimal model.
One key such features is interaction anisotropy [24—26]. In fact, a similar question has
surfaced in colloid physics, particularly given the considerable effort to design complex
colloidal particles with physically patterned surfaces, or ‘patchy’ particles [27]. It was
therefore natural to extend this notion to proteins, in order to capture the orientation
dependence of protein-protein interactions. Lomakin ef a/. [28] first developed a model
taking account of the spatial variation of the protein surface, underlying varying short-range
interactions. It was used, among others, by Gogelein et a/[29] to describe the phase behavior
of lysozyme dispersions. This early model involves repulsive screened Coulomb
interactions, with incorporated attractive surface patches that mediate interactions between
molecules.

More detailed computer simulations then revealed the impact of attractive surface patches on
the crystal lattice, concluding that anisotropic interactions can lead to a variety of different
crystal structures, depending on the geometry and strength of the patchy interactions [30]. A
variant of the model, which contained competing sets of attractive patches, has been used to
explain why nearly identical conditions sometimes yield different crystal forms of the same
protein, specifically homodimeric an monomeric crystal forms [31]. The concept was further
expanded by the introduction of a model based on spheres decorated randomly with a large
number of attractive patches, to study the formation of structures with P2,2,2; symmetry,
the most prevalent space group among proteins [32]. The conclusions of this study are
particularly interesting. The unit cell with the lowest energy is not necessarily the one that
grows fastest, because growth is favored when new particles attach through enough patches
to the growth front and if particles can attach in crystallographically inequivalent positions
with the same affinity. Importantly, when non-specific interactions that are not part of the set
of crystal contacts are few and weaker than the actual crystal contacts, both nucleation and
growth are successful [32]. Recently, a computational study of crystals of three proteins
from the rubredoxin family characterized crystal contacts and used it to parametrize patchy
particles models (Fig 2) [33]. This first explicit bridge between soft matter physics with
structural biology not only obtained reasonable theoretical phase diagrams, but also
microscopic-level insight into specific patterns of residues that make up crystal contacts.

To conclude, the “sticky patch” model described crystallization as a non-stochastic process,
made possible by few, attractive patches on the surface of a protein, which under specific
crystallization conditions impact critically on the success of nucleation and growth type as
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well as crystal lattice. We will now discuss how other, parallel advances in the understanding
of crystallization thermodynamics, the chemistry and stereochemistry of crystal contacts,
and the recent progress in the understanding of weak protein-protein interactions, all of
which support and complement the ‘sticky patch’ model.

2.2 Thermodynamics of crystallization: a microscopic view

The canonical, macroscopic view of crystallization thermodynamics, including phase
diagrams [34] (see Chapter...), has little predictive value and does not address the
microscopic mechanisms of molecular interactions leading to three-dimensional order
during crystal growth, or—conversely—does not explain the failure of molecules to form
crystals under conditions of supersaturation, as opposed to amorphous precipitate or gel.
However, recent interpretations of thermodynamic changes that accompany crystallization of
macromolecules give us new insights into the microscopic aspects of the phenomenon, and
taken together with the *sticky patch model’ allow to answer a number of questions [35-37].

Like any equilibrium process, crystallization is driven by the reduction in Gibbs free energy,
AG®ryst, on transfer of molecules from solution to the crystalline phase. At constant
temperature T, this is the net effect of changes in enthalpy (AH yst) and entropy (ASCcryst):

A(;'()(:I'yst:AHocr'yst -TA Gocryst

Direct determination of AG®yst is difficult, but available data suggest that it is modestly
negative, i.e. in the range of —10 to =100 kJ mol~1 [37]. This explains why crystallization is
subject to ‘butterfly effects’, because even extremely subtle phenomena (e.g. minute change
of temperature) that can occur at any point during the process can shift AG %yst into positive
or negative range, with dramatic impact on the outcome of the process.

An interesting question is if either AH st (enthalpy) or ASCryst (entropy), preferentially
drive the free energy change. In the case of macromolecular crystallization, enthalpy
changes cannot be large, because no strong bonds are formed. In few cases where
experimental measurements of AH %yt were made, the values were consistently small [38-
40]. This suggests that entropic effects should be playing a dominant role, although the
notion is counter-intuitive, because the formation and growth of the three-dimensionally
ordered crystal is by definition associated with significant, unfavorable decrease in entropy.
Indeed, a loss of three translational and three rotational degrees of freedom per molecule, is
estimated to result in a change of TAS¢yst of 30 to 100 kJ mol~1 [41,42]. However, it is
when we take into account the microscopic effects associated with the formation of crystal
contacts, that the situation gets much worse.

In general terms, a protein molecule can be described as having a solvent-inaccessible core
with rigid secondary structure elements, and more flexible, solvent exposed loops that create
the molecular surface. Much of this surface is populated by conformationally labile, large
side chains, such as Lys, Arg, Glu and GIn. (NB: It has been suggested, in fact that the
presence of high-entropy side chains on protein surfaces could be the result of early
evolutionary pressures [43]; given the high protein concentrations in living cells, and the
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associated overcrowding effects, it is reasonable to hypothesize that globular proteins have
been under evolutionary pressures to avoid non-functional specific interactions, hence the
presence of the ‘entropy shield’ on the surface [44,45]). When protein molecules assemble
within nascent crystals, specific intermolecular contacts are formed. At these sites, many
flexible side chains become sequestered and consequently ordered (Fig 3). Although the
magnitude of side chain conformational entropies of Lys, Arg, Glu, and Gln are highly
dependent on the rotamer and secondary structure context, it is generally agreed that it may
range at room temperature from ~2 kJ mol~1 in regions of defined secondary structure to ~8
kJ mol~1 in coil regions[46,47]. Thus, formation of contacts that involve many such side
chains is thermodynamically prohibitive. Also, the N- and C-termini of the polypeptide
chain, often disordered in solution, may also become trapped at crystal contacts, leading to
further decrease in entropy. The same applies to flexible loops, sequestered upon
crystallization.

To identify the specific thermodynamic driving phenomenon in crystallization, we have to
turn to solvent effects. Any high-resolution crystal structure of a protein reveals large
numbers of ordered water molecules covering both hydrophobic and hydrophilic solvent-
exposed surfaces [48,49]. While lacking the dynamic aspect, these crystal structures are
largely representative of the hydration shell, that encapsulates macromolecules in solution
and is two to three molecules deep, [50,51]. As the protein molecules become incorporated
into the growing crystal, and direct contacts between them form, the structured solvent is
released from the surfaces. Based on the entropy gain of transfer of one molecule of water
from clathrate, crystal hydrate, or other ice-like structures into the liquid phase, it has been
estimated that release of one water from a protein surface at ambient temperature into the
bulk phase leads to an entropy gain of ~ 6 kJ mol~1 [52]. If sufficient number of water
molecules are released into the bulk solvent, the overall entropy gain will compensate for the
losses ascribed to other phenomena (see above) and provide the driving free energy for
crystallization [36,37,53]. Indeed, the estimated values of ~TAS sg yent (i-€. free energy
decrease due to water release) during macromolecular crystallization at ambient temperature
range from ~30 kJ mol~1 to ~180 kJ mol~1, corresponding to the release of ~ 5 to 30 water
or solvent molecules [37,54,36].

It is important to note, that the thermodynamic outcome of the crystallization process can
only be probed experimentally on a macroscopic scale as the combined effect of all the
molecular interactions and solvent effects. In reality, a single molecule (or independent
structural entity) within a crystal, may form as few as three or as many as eighteen interfaces
with satellite molecules [55]. Such interfaces in crystal structures are identifiable solely by
distance criteria (e.g. with atoms in the two molecules separated by < 4.5 A), and there is
essentially no way to discriminate between cohesive and non-cohesive interactions.
However, only three cohesive contacts are necessary for the integrity of three-dimensional
crystal, with the exception of space group P212121, where only two are required [56].
Remaining contacts may have neutral, cohesive, or distinctly repulsive character and may be
forced on the ensemble by the intrinsic ruggedness of the molecular shape.

In conclusion, the microscopic aspects of thermodynamics of intermolecular interaction
during crystallization are consistent with a model in which the assembly of protein

Methods Mol Biol. Author manuscript; available in PMC 2017 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derewenda and Godzik Page 7

molecules in the nuclei and nascent crystals is orientation-dependent in order to minimize
the unfavorable entropy gains stemming from loss of flexibility to fragments of protein
structure (exposed side chins, loops and flexible termini), while maximizing favorable
solvent effects. Only select surface “sticky patches’, with a tendency to form cohesive
interactions, serve that purpose, enforcing specific orientations.

2.3 Structural support for the ‘sticky patch’ model

The crystal structures deposited in the Protein Data Bank (PDB) offer a wealth of structural
data for the analysis of macromolecular packing and the nature of the protein-protein
interactions (PPIs). As remarked earlier, the main effort was to identify biologically
“functional’ interfaces against the background of what was believe to be random
interactions. A number of methods were developed for automated /n silico analysis of the
interfaces and identification of functional interfaces, including those taking advantage of the
evolutionary conservation as defined by Shannon entropy [57—-60]. Currently, the most
popular method for the analysis of protein-protein interfaces in crystals is the PISA
algorithm available as a server (https://www.ebi.ac.uk/msd-srv/prot_int/) [61].

Unfortunately, a strictly binary classification of protein-protein interactions, i.e. functional
vs crystal contacts (v/de random), is overly simplistic. A more recent study utilizing a non-
redundant PDB database of strictly monomeric proteins, and a regression analysis
methodology, demonstrated that crystal contacts are not random, but are in fact enriched in
small and hydrophobic amino acids (e.g. Ala, Val), and depleted in large and charged
residues, such as Lys, Glu and GIn, in a manner similar to functional PPIs (Fig 4)[62]. This
is an important observation, even though the dataset of interfaces that were subject to
analysis by necessity had to include all contacts identified by distance criteria, regardless of
whether they are thermodynamically cohesive or not. It is almost certain that if it were
possible to computationally identify the attractive interactions only, their amino acid content
would be even more distinct. These observations are in full agreement with the simulations
mentioned earlier that assessed the impact of the weak, non-specific interactions on
nucleation and crystal growth [32].

Another important observation comes from the analysis and comparisons of interfaces
across different crystal forms of the same, or homologous, proteins. As was already noted in
Chapter (...), macromolecules show considerable polymorphism and often the same protein
crystallizes in various forms, sometimes from the same solution conditions. It has been
recently reported that the portion of the PDB entries with at least two crystal forms available
is 64% [63]. Although reproducibility of crystal contacts in different crystal forms of
multimeric proteins is normally taken as evidence of physiological homo-oligomerization,
such functionality is often not known /n vivo. Further, even taking conservatively annotated
monomeric proteins into consideration, a third shows shared interfaces in different crystal
forms. A striking example is the homodimeric association of the globular domain of
RhoGDI (discussed in more detail in 4.2) which is reproduced across multiple crystal forms
obtained using dramatically different crystallization conditions (Fig 5). All these
observations strongly support the “sticky patch model’, and show that protein surfaces are
decorated with distinct patches mediating specific interactions which under favorable
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conditions allow for the formation of crystal contacts. The interfaces that mediate such
contacts are not explicitly distinct form so-called “functional interfaces’ but the two are
simply examples of opposite ends of a continuum of interactions, all of which have potential
functional significance, even though in most cases we have not yet linked a particular
interaction to a physiological phenomenon.

2.4 The ‘Sticky Patch’ Model and Ultra-Weak Protein-Protein Interactions (UWPPIs)

The diversity of protein-protein interactions (PPIs) is well illustrated by the differences in
their amino acid composition and size, ranging from surfaces burying in excess of 2,000 A2,
with distinctive hydrophobic core, to small patches limited to few amino acids of diverse
nature. As a consequence, PPIs span a huge range of affinities, from the tightest interactions
with Kp in the < pM range, to weak and ultra-weak interactions (WPPIs and UWPPIs) with
Kp > 1 uM and even > 100 uM, respectively. Historically, tight and obligate interactions
have always been under intense scrutiny, but WPPIs and UWPPIS were only recently
appreciated as biologically important [64]. This is in part because transient and weak
complexes are often very difficult to identify, isolate and evaluate by methods such as TAP
(tandem affinity purification), surface plasmon resonance (SPR) or isothermal titration
calorimetry (ITC). Nevertheless, (U)WPPIs are increasingly recognized as key factors in
gene regulation [65], cell adhesion [66], virus assembly [67], and other phenomena. On the
technical side, heteronuclear NMR emerged as a powerful method for probing (U)WPPIs
[68,69].

It is important to realize that /n vivo, (U)WPPIs are likely to show significantly higher
effective affinities than those measured /n vitro for isolated proteins [68]. /n vivo proteins
function under conditions of macromolecular crowding [70,71], with total concentrations
ranging from 80 mg/mL in blood plasma, to ~200 mg/ml and ~400 mg/mL in eukaryotic and
prokaryotic cells, respectively [72,44,71]. The thermodynamic activities are consequently
significantly higher than actual concentrations. Under crowding conditions, the activity
coefficient of a 30 kDa protein triples, and for a 50 kDa protein increases by two orders of
magnitude [72]. This dramatically favors association of molecules, with Kp often lowered
by two to three orders of magnitude, depending on the molecule’s size and shape. The
equilibrium of the association of a monomeric protein of 40 kDa into a tetramer shifts by
108 - 10° in the £. coli cell environment, compared to isolated protein [72]. It is now well
established that macromolecular crowding but modulates (U)WPPIs in a biologically
relevant manner. For example, when ubiquitin is monitored by NMR in the £. coli cell, it
tumbles so slowly that no detectable HSQC spectra can be recorded [68]. This is due to
transient, targeted (U)WPPIs interactions with large proteins or complexes, which under
crowding conditions have much higher affinities than those determined /7 vitro. A number of
computational studies aimed at characterization of (U)WPPIs revealed several differences
between weak, transient interactions and tight, obligate associations. Importantly, it has been
shown that total accessible surface area (ASA) and polarity of the relevant surface patches
constitute critical parameters [73,74].

Crystal contacts constitute an unexplored wealth of information regarding protein surfaces
that may engage in (U)WPPIs of functional importance. For example, the 1.8 A resolution
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structure of human erythrocyte ubiquitin [75] showed a crystal contact involving Leu8, Ile44
and Val70 (Fig 6). This contact buries a modest 386 AZ of surface, and is only the second
largest. Its biological function was recognized only significantly later [76]. Similarly, the
original crystal structure of the protein tyrosine phosphatase [77] revealed a crystal contact
mediated by Tyr130 and Tyr131, to which no functional significance was initially attributed.
Much later, NMR titration experiments showed it to be as an ultra-weak (Kp ~ 1.5 mM)
interaction, and functional studies revealed its significance [78].

To conclude, many of the ‘sticky patches’ mediating contacts in protein crystals may have
hitherto unknown functional significance. In a more general sense, all cohesive crystal
contacts represent sites where the protein may potentially interact with other proteins,
especially under molecular crowding conditions. It seems that rather than to attempt a binary
classification of PPIs, it is safer to see these interactions as forming a continuum, from ultra-
weak to high-affinity, all playing some role in protein’s physiology.

2.5 Sequence-derived properties and crystallization

The physicochemical properties of protein surfaces are defined singularly by the solvent-
exposed amino acids, and therefore by the amino acid composition and sequence. It is
therefore quite reasonable to assume that sequence based properties of protein should be
correlated with the presence and type of attractive patches, and therefore with the
crystallization outcome. In other words, if ‘sticky patches’ constitute an integral feature of
easily crystallizable protein, one should be able to detect their fingerprint using sequence
analysis. Indeed, extensive datamining /n silico studies have been recently made possible by
the databases accumulated by HT Structural Genomics Centers. Unlike the worldwide
Biomolecular Crystallization Database[79], and to some extent the PDB, these new
databases contain information about both negative and positive outcomes of millions of
crystallization experiments, making it possible to probe the issue of what sequence-
dependent biophysical properties correlate with the binary outcome of crystallization using
regression analysis and other mathematical methods. Here we briefly discuss three specific
studies and their conclusions, with the emphasis on the relevance to the *sticky patch’
model.

The study focusing on the proteome of Thermatoga maritima was carried out by the Joint
Center for Structural Genomics (JCSG) [80]. Detailed in silico analyses were carried out for
the 1877 Open Reading Frames (ORFs) of 7. maritima and the subsets of those proteins that
were successfully overexpressed (539 cases) and crystallized (464). Among the properties
that were negatively correlated with crystallization were: excessive polypeptide length, i.e. >
~600 amino acids; presence of transmembrane helices; high isoelectric point; low
percentage of charged residues; and a high GRAVY hydropathy index, i.e. > 0.3. Although
this information was helpful in the filtering of potential targets for structural studies, it did
not reveal much about the microscopic aspects of crystallization. Another, somewhat more
informative study probed a diverse group of nearly 700 proteins investigated by the
Northeast Structural Genomic Consortium (NESGC) [81]. This study looked at an expanded
set of molecular properties, such as thermal stability and oligomerization, but also at the
frequency of each amino acid, mean hydrophobicity, mean side chain entropy, total and net
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electrostatic charge, pl, the fraction of residues predicted to be disordered, and chain length.
The sequence-derived parameters were analyzed using logistic regression to evaluate the
impact of a continuous variable on the binary outcome of crystallization screens.
Hydropathy (Gravy index) and side-chain entropy exhibited strong negative correlation with
crystallization success rates. Interestingly, it was also discovered that high frequencies of
Lys and Glu amino acids, correlated negatively with crystallization outcome (Fig 7). These
conclusions are in agreement with the thermodynamic argument that preponderance of high-
conformational entropy side chains on the surface reduces the chances for suitable ‘sticky
patches’ that can mediate crystal contacts.

A third study looked in detail at the behavior of 182 proteins (also from the NESGC) which
were each subject to extensive crystallization screen using 1,536 conditions and developed
by the High-Throughput Crystallization Screening Laboratory of the Hauptman Woodward
Medical Research Institute [82]. Statistical models were trained on this sample capturing
trends driving crystallization. Once again, low level of side chain entropy was found to be
correlated with positive crystallization outcomes. In addition, a new correlation was found
between crystallization and complementary electrostatic interactions. The study concluded
that crystal contacts have ‘specific physico-chemical signature even if they are not
biologically functional’ [82].

Taken together, these analyses of sequence derived properties are consistent with the “sticky
patch’ model, identifying both side chain entropy, hydrophobicity and electrostatics as
surface properties which render specific surface patches as particularly conducive to
mediation of specific intermolecular interactions.

3 Prediction of protein propensity for crystallization

Given the existence of detectable correlations between sequence-derived protein
physiochemical properties and the propensity to crystallize, it should be possible to design
predictive algorithms that evaluate in more rigorous ways the probability of a given protein
yielding crystals in an extensive screen. Various “rules of thumb” based on anecdotal
observations have been used by individual crystallographer to select and optimize constructs
since be early days of crystallography. The first effort to automate this process [83] was
based on data-mining on a positive protein set (i.e. proteins with solved structures).
Comprehensive negative datasets (lists of proteins and constructs which failed to crystallize)
were not available until Protein Structure Initiative (PSI) started producing and screening
large sets of proteins and reporting both successes and failures. Availability of such data,
collected in the databases of individual PSI centers and, with some caveats, in the TargetDB
database [84], enabled development of a first generation of algorithms for evaluation of
probability of crystallization of proteins [85-88]. The first publicly available server that
provided such evaluation interactively, XtalPred [89] used statistical analysis of seven
physicochemical features, sequence length, iso-electric point, gravy hydropathy index,
number of residues in the longest disordered region, protein instability index and two
different measures of the amount of coiled-coil structure, to develop a single “crystalizability
score”. Since then, more complex models were developed, often in conjunction with
machine learning techniques. These models including ParCrys [90], CRYSTALP2 [91],
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MetaPPCP [92], PXS[81], MCSG-Z score [93], PPCpred [94], and XtalPred-RF [95](Fig 8)
have allowed users to assess the probability of successful structure determination prior to
any experimental work and adjust their target selection strategies. Such algorithms were
most useful in the context of high throughput structure determination such as done in
structural genomics centers [96—99], where typically protein families, but not specific
proteins were targeted for structure determination. In such application, several, typically 5-
10 most promising candidates from a protein family were selected for structure
determination and successful structure determination of any of them was considered a
success. Even modest enrichment in the number of crystallizable proteins in the target pool
as compared to random selection improved overall production in the structural genomics
centers and allowed them to solve thousands of protein structures, including hundreds of
first representatives of novel protein families.

Individual structural biology groups, which often target specific, high value targets still used
such approaches [100-102] but often found them lacking resolution needed to distinguish
changes to crystallization propensities made by small changes in construct boundaries or
individual mutations. New generation of algorithms, now in development, is aiming at the
first task [83], while the second clearly remains out of reach of statistics based methods.

Failure of methods based on average physicochemical features of the protein to provide
more decisive improvements in selecting or designing optimal constructs for structure
determination is easy to explain in the context of the ‘sticky patch model’ of crystallization.
While average values of hydrophobicity or instability can effectively predict protein
solubility and recognize some features detrimental to crystallization (such as long disorder
segments) they do not see individual crystal interfaces and methods targeting individual
“sticky patches” are needed to improve on statistical models.

4 Target protein modification for enhanced crystallizability

The ‘sticky patch’ model of crystallization opens a new, exciting possibility for direct
enhancement of success rates in crystallization screens by modifying the surfaces of the
target protein or complex. Briefly, if crystallization is facilitated by the existence of specific
‘sticky patches’ on the surface of the target molecule, then it should be possible to engineer
such patches by chemical modification or site-directed mutagenesis. The key question is
what modifications can be effectively used, and what should they target.

Recombinant methods and protein chemistry offer a plethora of avenues for protein
modification, and comprehensive discussion of all these methods is beyond the scope of this
chapter (NB: some of these methods may be designed to overcome other potential
bottlenecks, such as intermolecular disulfide bridges, low solubility, etc. [103,104]). Here we
are primarily interested in methods that modify very specific patches to achieve the potential
for cohesive interactions, driving the formation of crystal contacts. In the most general terms
there are four such strategies: (1) optimization of the recombinant construct to remove high-
entropy N- and C-termini and loops; (2) the use of proteases to remove unstructured regions;
(3) mutational modification of protein surface to reduce excess conformational entropy (the
Surface Entropy Reduction protocol); (4) chemical modification of the protein surface by
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targeting specific amino acids; (5) the use of small molecule additives that specifically bind
in surface crevices and modify local surface properties; (6) the use of protein chaperones
which may stabilize the target protein or complex and provide additional surfaces with
‘sticky patches’ assisting in the crystallization of the target. We will briefly address each of
these strategies, and refer the readers to a number of extensive reviews.

4.1 Construct optimization and proteolytic digestion

As is evident from our earlier discussion, the presence of disordered regions in
crystallization targets, i.e. N- and C-termini and large flexible loops, is very unfavorable.
This is a very important point because most target proteins under study are fragments, e.g.
signaling or catalytic domains, and the correct choice of N- and C-terminal boundaries is of
paramount importance. Historically, isolated stable domains have been obtained using
limited proteolysis and subsequent purification of the smallest functional domain. The
contemporary approach is 7n situ proteolysis, i.e. addition of small amounts of select
proteases to the crystallization mixture, so that the enzyme acts on the protein under
crystallization conditions, and the proteolysed fragment is allowed to form crystals in the
same drop [105-107]. Another strategy is /n silico analysis, using tools such a XtalPred [95]
or DisMeta [108], to identify the boundaries of the folded stable fragment, and to clone the
target fragment accordingly [109-112]. The functional core units can also be identified
experimentally, following limited proteolysis, by mass spectrometry [113]. Finally,
experimental methods can be used to identify the disordered regions directly, such as
deuterium-hydrogen exchange coupled to mass spectrometry (DXMS) [114-116], or NMR
[117]. Unfortunately, many target variants may have to be screened to identify one amenable
to crystallization, because in some cases short disordered fragments may even help[118]. For
example, in the case of the MAPKAP kinase 2, sixteen truncation variants were assayed, all
containing the catalytic domain, and shown to have dramatically different solubility and
propensity for crystallization [109].

A complementary approach is to remove disordered loops, is such can be identified by other
means and are believed to interfere with crystallization. For example, the variant used in the
successful crystallization of the HIV gp120 envelope glycoprotein had two flexible loops
which were replaced with Gly-Ala-Gly linkages to obtain a crystallizable variant [119,120].
In the case of 8R-lipoxygenase, the replacement of a flexible CaZ*-dependent membrane
insertion loop, consisting of five amino acids, with a Gly-Ser dipeptide resulted in crystals
that diffracted to a resolution 1 A higher than the wild-type protein [121]. An interesting
variation of this approach was introduced for the preparation of crystals of the B-subunit of
the signal recognition particle receptor. A twenty-six residue-long flexible loop was
removed, but instead of replacing it with a shorter sequence, the authors connected the native
N- and C-termini of the protein using a heptapeptide GGGSGGG, thus creating circular
permutation of the polypeptide chain [122].

In summary, removal of flexible fragments in the crystallization targets reduces the
possibility of a prohibitive loss of entropy during crystal formation as the unstructured
regions become sequestered in the crystal contacts, and exposes the cohesive patches which
can mediate thermodynamically favorable crystal contacts.
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4.2 Surface Entropy Reduction — engineering ‘sticky patches’

The Surface Entropy Reduction (SER) strategy, uses site-directed mutagenesis to generate
protein variants with surface cohesive patches (sticky patches) designed to increase the
propensity for crystallization. The concept was initially based on a broadly formulated
hypothesis, consistent with the microscopic interpretation of entropy contribution to
crystallization, that solvent exposed amino acids with long, flexible side chains (e.g. Lys or
Glu) impede crystallization because high conformational entropy would is lost as the amino
acid is sequestered in crystal contacts [123]. It was therefore suggested that surface patches
enriched in these amino acids are very unlikely to mediate protein interactions, and
consequently crystal contacts. Conversely, variants in which Lys and/or Glu within such
patches were mutated to small residues such as Ala, should have increased probability of
being involved in interactions that could consequently mediate crystal contacts. This is
essentially as direct way of engineering ‘sticky patches’ to enhance the protein’s
crystallizability. The hypothesis was first tested using a model system of the globular
domain of the human signaling protein RhoGDI, which is unusually rich in Lys and Glu, and
is recalcitrant to crystallization in its wild-type form [123-125]. The mutated variants
containing single or multiple Lys—Ala or Glu— Ala mutations within a single patch
(identified by close sequence proximity) have indeed shown much higher success rate in
routine crystallization screens [123-125]. Importantly, the crystal structures of these variant
revealed that the mutated patches directly mediate select crystal contacts, corroborating the
underlying hypothesis and the “sticky patch’ model. One of the interesting of the RhoGDI
variants was that multiple mutations within a single patch were more noticeably effective
than single mutants.

The SER strategy was successfully applied to a number of new proteins that were
recalcitrant to crystallization in the wild-type form. The first new structure to be solved was
the RGSL domain from the signaling protein PDZRhoGEF [126,127]: a triple mutant in
which two Lys and one Glu were mutated to alanine yielded good quality crystals (Fig 9).
Other successful applications quickly followed, and a number of high-profile structures were
solved. Among them were: EscJ, a component of the type Il secretion system, the structure
of which helps to understand key aspects of virulence in Gram-negative pathogens [128];
ALIX/AIP, programmed cell death 6-interacting protein, key to the understanding of
mechanisms involved retrovirus budding and endosomal protein sorting [129]; an HIV-
capsid component, which helps understand the maturation of HIV [130]; a complex of the
K* gated channel, KChIP1 with the Kv channel interacting protein (Kv4.3 T1), [131]; and
the crystal structure of the BetP Na*/betaine symporter [132]. In virtually all cases, the
strategy was to target clusters of 2 to 3 Lys or Glu (or both) residues that were consecutive in
sequence, and change them to Ala.

The basic premise of the SER strategy is strongly corroborated by the aforementioned data-
mining studies showing that preponderance of high-entropy amino acids in protein sequence
is negatively correlated with crystallization success [81,82]. In an effort to better understand
what mutational strategy is optimal, a more comprehensive study was carried out using the
same model system of RhoGDI, expanding the target amino acids to Lys, Glu and GIn
(which has the same conformational entropy as Glu, but has no charge) and replacing them
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with Ser, Thr and His [133]. Further, an additional approach was tested in which Tyr was
used as another alternative amino acid to replace the high-entropy residues. The rationale
there was that tyrosines occur with relatively high frequency at protein-protein interfaces
[134], and are known to play a crucial role at antibody-antigen recognition sites [135].
Tyrosine has only two degrees of conformational freedom, compared to four in Lys and three
in Glu, so that the entropy loss upon sequestration at an interface is lower, but also has a
bulky hydrophobic moiety as well as a hydroxyl group capable of forming directional H-
bonds. Interestingly, the latter was most successful substitution, in terms of the success rate
of crystallization in a standard screen [133]. As was the case with other SER variants, those
containing Tyr also crystallized with the engineered patch mediating crystal contact.
However, it has also been observed that Tyr variants, especially those with two or three of
these residues adjacent in sequence, display significantly lower expression yields, limiting
the applicability of the method. Tyrosine remains a rare choice for the replacement of Lys,
GIn and Glu in the SER approach.

Currently, the choice of which residues in the target protein should be mutated is made
easier by a dedicated server (SERp, http://services.mbi.ucla.edu/SER/) with a predictive
algorithm to identify suitable surface sites for mutagenesis, based on amino acid sequence
information only [136,137] (Fig 10). The server seeks to identify solvent-exposed loops with
patches populated by high-entropy residues (Lys, Glu and GIn). The investigator then makes
the choice what type of amino acid is to replace the wild-type residues (typically this is Ala).

The SERp server has been used in a multitude of studies to design crystallizable variants of
many proteins and macromolecular complexes. There are currently over 150 non-redundant
entries, with a total of over 450 depositions in the PDB based on SER strategy. This database
allows for an interesting insight how the engineered SER patches affect molecular packing
and consequently crystallization at the microscopic level. A preliminary survey (to be
submitted) reveals that in over 90% of cases the mutated patches are directly involved in
crystal contact. This is an irrefutable validation of the original notion that mutations of high-
entropy residues create ‘sticky patches’ with enhanced propensity to mediate protein-protein
interactions and crystal contacts. It is also interesting to note that the SER ‘sticky patches’
generate crystal contacts with unique topological patters. Most of the mediate homotypic
contacts, i.e. interactions between two identical engineered patches in neighboring
molecules (see Fig 9). This specific interaction gives rise to two-fold symmetry, either
crystallographic or non-crystallographic, in which case a dimer occupied the asymmetric
unit. A minority of SER patches forms heterotypic contacts, in which the mutated patch
interacts with a completely different, wild-type patch on the surface of the neighboring
molecule. These contacts are associated with crystallographic screw axes typically in such
space groups as (P21, P212121 or C2) but are also responsible in many cases for translational
contacts, especially in the rather rare P1 space group (Fig 11).

Although precise calculation of the AG free energy change based on structure is notoriously
difficult, it is interesting to note that crystal contacts generated by SER appear to be
generally thermodynamically cohesive, based on calculations by PISA [61]. This suggest
that the SER contacts constitute in fact one of the minimum three, cohesive interactions
actually responsible for the integrity of the lattice. It is also possible that SER-mediated
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interactions, particularly the homotypic ones that lead to dimerization, exist in solution prior
to nucleation and crystallization.

The vast majority of the successful applications of the SER strategy was limited to
engineering a single patch. In a typical case, the SER crystal contact either generates a
crystallographic (or non-crystallographic) oligomer (i.e. primary contact), or mediates
interactions between oligomers (secondary contacts). We note, that often the primary
contacts have significantly larger buried interfaces than the secondary contacts.

SER strategy offers also another advantage; it can be used to generate novel crystal forms
with superior diffraction qualities, in those cases where wild type protein yields a poorly
diffracting crystal forms. In a majority of crystallographic studies, one is typically satisfied if
screens yield crystals that allow for the determination of structure to ~2.1-2.5 A resolution.
Effort is typically invested in the optimization of the crystals obtained in a screen, rather
than in searching for other crystal forms. However, as has been often demonstrated, the
quality of diffraction is dependent on a particular crystal form, rather than being correlated
to a specific protein. Thus, if the wild type protein crystallizes, the variants generated by the
SER approach are very likely to yield novel crystal forms, often with better diffraction
quality and higher resolution. This has been demonstrated early on during the studies of
RhoGDI, which in its wild-type form never yields crystals diffracting to better than ~2.8 A
resolution. In contrast, the double mutant E154A, E155A resulted in crystals which allowed
for collection of data and refinement of the structure to 1.3 A resolution [124]. One of the
additional advantages of having multiple crystal forms is that the packing of molecules nay
be quite different, with certain specific surfaces, such as active sites, open to solvent in some
forms, while occluded in other forms. The availability of different forms allows to choose
one best suited for particular functional experiments.

The combination of the potential advantages associated with using SER as a method to
produce alternative crystal forms of target proteins, has made this technique very useful and
popular in drug discovery, and was incorporated into the arsenal of tools in the
pharmaceutical industry. One of the first published successful examples of this approach was
the improvement in the quality of crystal of the intracellular kinase domain of the insulin-
like growth factor, a potential drug target [138]; the resolution was increased from 2.7 A to
1.5 A. The HIV-1 reverse transcriptase was successfully engineered to yield crystals
diffracting to 1.8 A; there are 39 PDB entries for this protein [139-143]. A SER variant of
the B-site amyloid precursor protein cleaving enzyme (BACE-1), a target in Alzheimer’s,
was extensively used in drug-discovery research [144-153], with 29 PDB depositions. A
drug discovery effort targeting 7rypanosoma brucei, the causal agent of sleeping sickness,
was made possible by SER variants of the methionyl-tRNA synthetase [154,155], generating
29 coordinate sets of complexes. An effort to design inhibitors of the nitric oxide synthase
oxygenase, serving as antibiotics against Gram-positive pathogens, utilized a variant of the
enzyme predicted by SERp [156-159]: 46 respective PDB entries are available. Finally, the
epidermal growth factor receptor kinase domain, a target for non-small cell lung cancer, has
been successfully engineered to yield 21 PDB depositions of complexes with drug leads
[160-162].
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4.3 Reductive methylation

Although there is a whole range of protocols for chemical modification of proteins [163],
only one, i.e. reductive methylation, has become a routine method used to enhance
crystallization success rates. This is because it is the only one that is technically facile,
quick, and produces homogeneously modified samples. Also, reductive methylation
selectively modifies lysines, which — as discussed above —disfavor specific interactions and
formation of crystal contacts.

The method was initially introduced in the challenging study of myosin subfragment-1
[164]. Detailed protocols have been published [165,166]; only the free amino groups (e-
amino groups of lysines, and the N-terminal amino group) are modified. Formaldehyde is
the methylating agent with dimethylamine-trifluoroborane acting as the reducing agent. The
most common outcome is dimethylation (n,N,-dimethyl lysine; dmLys), as the
monomethylated derivative is more susceptible to modification that the non-methylated
amine. As is invariably the case in crystallization screens, assessment of success rates is not
trivial. Nevertheless, HT Structural Genomics centers reported 10 — 30% success rates with
selections of proteins recalcitrant to crystallization in unmodified form [167,168,166]. Why
does this strategy enhance crystallization? Although methylation results in a slight increase
in conformational entropy of Lys side chain, it also increases the size of the hydration shell
of the side chain, ordering a number of water molecules [169]. Upon packing at a crystal
contact, the site containing dmLys is therefore likely to release more solvent molecules with
favorable change in entropy. Further, the methyl groups bound to the Ne are polarized, and
therefore capable of participating as donors in C-H...O hydrogen bonds [169]. A careful
recent study evaluated 40 protein structures solved using crystals made from methylated
samples, and compared them with a non-redundant database of 18,972 non-methylated
protein structures; for 10 proteins both wild-type and methylated structures were scrutinized
[170]. The results revealed that dmLys is more likely to form interactions with Glu across
crystal contacts then unmodified Lys, and that this is correlated with the C-H...O directional
bonds mediated by the methyl groups (Fig 12). In the case of a ParB-like nuclease, it has
been shown that the methylation protocol resulted in a crystal form stabilized by
intermolecular contacts that involve 44 C-H...O interactions mediated by nine dmLys
residues [171]. Other effects associated with methylation, which may impact crystallization,
include a slight reduction in the isoelectric point (pl) [172].

It should be noted that methylation constitutes just one variation of reductive alkylation,
which may involve introduction of larger groups, such as ethyl and isopropyl [166].
However, examples of the latter are rare and have not been reported to be very successful.

To conclude, reductive methylation targets lysines on the protein’s surface, and modifies
them in a manner that increases the probability of these residues forming cohesive
intermolecular interactions as part of “sticky patches’.

4.4 The use of non-covalently bound small molecule — ‘sticky bridges’

The alternative to the use of covalent modification is the use of small molecular weight
organic or inorganic compounds which bind specifically — although typically with low
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affinity — in crevices of the target protein’s surface, and provide modified surface patches
mediating crystal contacts, i.e. ‘packing bridges’. Sequestration of various small molecules
within crystal contacts has been observed quite often in the past, including metal cations,
organic and inorganic anions, glycerol, and much larger moieties such as organic inhibitors
or DNA oligomers. These molecules could be part of the crystallization mix, they might be
carried over accidentally from protein purification protocol, or be purposefully added to the
crystallization screen [173]. The small molecules may be multifunctional (i.e. these may be
inhibitors stabilizing the enzyme or components of buffers) but here we are only concerned
with the manner in which they can sterically mediate crystal contacts.

A recent datamining analysis explored a subset of the PDB database for the presence of
small molecules and ions serving as packing bridges, and discovered that about 11.5% of
interactions between symmetry-related macromolecules are mediated by a heteroatom (i.e.
an atom that does not belong to the macromolecule) [174]. This represented nearly half
(45%) of the structures. The small molecules most frequently found within the bridges were
sulfate ions, glycerol, 1,2-ethanediol as well as acetate, phosphate and chloride ions and
calcium ions [174]. A systematic study of the impact of diverse small molecules (other than
the usual buffers and additives) on crystallization, screened 200 compounds with respect to
their potential to serve as crystallization ‘catalysts’ for 81 diverse proteins, using only two
fundamental crystallization conditions [173]. Nearly 85% of the proteins crystallized, often
in new crystal forms, although they were not subjected to systematic structural investigations
that might reveal specific interactions mediated by the additive. However, subsequent
applications of this strategy revealed explicit examples of additives promoting crystallization
by acting as bridges across crystal contacts. For example, cobalamine added to the
crystallization mix was found to mediate contacts between oligomers of Al-pyrroline-5-
carboxylate dehydrogenease [175]. while a tellurium (V1)-centred polyoxotungstate was
found to mediate contacts in crystals of hen egg-white lysozyme [176].

The key problem in this field is the unpredictability of what compounds might be helpful in
crystallization, or how they might form the packing bridges. The other important question is
if these interactions are indeed cohesive and contribute to the integrity of the crystal, or if
they might represent serendipitous ‘trapping’ of small molecules between macromolecules,
that contributes little to the overall thermodynamics balance. It is very likely that many of
the examples uncovered in the datamining study of the PDBJ[8] are indeed cases of
fortuitously bound ions in contact with two molecules. Control experiments (i.e.
crystallization without these small molecules) were never conducted or reported. However,
in those cases where crystallization appears to be contingent on the presence of a small
molecule, and if the latter is found to form a packing bridge, it is almost certain that the
bridge is thermodynamically cohesive (i.e. ‘sticky bridge’). Similarly, if the bridge
constitutes one of the primary contacts, it has to be cohesive.

There are also interesting examples which show that specific residues or motifs may be
‘coupled’ to certain ions or compounds, and consequently they can be introduced into
proteins by mutagenesis. For example, crystal of the £. coli apo acyl carrier protein, rich in
carboxylic acids were obtained in the presence of Zn2* ions which provided bridging
interactions [177]. It has been suggested that mutational introduction of aspartates on the
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surface in protein with high intrinsic pl could provide a useful strategy for crystallization
with metal ions. In a related example, His-Cys pairs were introduced on the surface (using
T4 lysozyme as a template), allowing for coordination of Zn2* ions that effectively induced
dimerization, and engineering a key crystal contact [178]. In yet another case, Ca2* ions
were shown to form a “sticky bridge’ between two molecules of the YkoF, engineered by the
SER strategy [179]. Here, the removal of high entropy sidechains exposed main chain
carbonyls, creating a metal binding site. Interestingly, a recent theoretical study presented a
general model of multivalent cation bridges as a method to activate attractive positive
patches on the protein surface, bringing small molecules and ions directly into the realm of
the “sticky patch’ model [180].

An example that shows potential for more general application is that of combining the use of
sulfates as precipitants with surface engineering. A mutant of RhoGDI with two Arg
replacing adjacent Lys residues was crystallized in the presence of amonium sulfate, and the
surface ions were found to bridge the Arg-rich surface patches [125]. In this particular case,
the bridging sulfates may neutralize potential electrostatic repulsion, allowing this secondary
contact to form, although it may not per se serve as a cohesive interaction.

To summarize, engineering of crystal contact bridges using small molecules or ions, either
into wild-type or mutated protein, offers the possibility of creating a “sticky bridge’,
thermodynamically cohesive contact, or allows for creation of an interaction eliminating
potential electrostatic repulsion. It is conceivable that more general recipes can be designed
to couple this approach with surface mutagenesis.

4.5 Crystallization chaperones — using surrogate surfaces

Perhaps the most challenging and complex strategy of altering the surface of the target
protein is to use a partner protein (chaperone) that lends its surface to mediate crystal
contacts, enabling the crystallization of the complex. (NB: chaperone proteins also serve
other purposes, e.g. they may stabilize a particular conformation or enhance solubility of the
target; here we focus exclusively on crystallization.) There are two options: either the
chaperone is expressed in fusion with the target protein, or the chaperone is generated
separately, and the complex is purified and crystallized. Below we briefly discuss the first
approach, and expand more on the second, which is more popular and much more
successful.

Given that most proteins are overexpressed for purposes of crystallization as fusion proteins
with globular affinity tags (e.g. GST, MBP, thioredoxin, T4 lysozyme) the use of these
fusion proteins is an obvious and easy option. A number of such fusion proteins have been
crystallized: e.g. the DNA-binding domain of DNA replication-related element-binding
factor, DREF, in fusion with GST [181]; and the U2AF homology motif domain of splicing
factor Puf60 in fusion with thioredoxin [182]. The drawback is the intrinsic flexibility of a
two-domain architecture, which impedes crystallization. A remedy is to shorten the linker
between the two proteins, to achieve rigidity owing to steric restraint [183-187].

An alternative to N- or C-terminal fusions is an insertion-fusion, in which the chaperone is
inserted into a loop of the target. This approach has been used exclusively in membrane
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protein crystallization, and was initially pioneered for the £. coli lactose permease, in which
cytochrome b562, flavodoxin and T4 lysozyme were tested as chaperones [188,189]. A
similar insertion fusion with T4 lysozyme, replacing the third intracellular loop of the p2-
adrenergic receptor was a key to successful crystallization allowing for structure
determination at 2.4 A resolution [190,191]. This strategy has since been used in a number
of crystallographic studies of the G-protein coupled receptors and other membrane proteins
[192].

A more universal alternative to fusion proteins are non-covalent crystallization chaperones,
i.e. binding proteins engineered to produce a high-affinity complex with the target
macromolecule. The most commonly used engineered chaperones are Fab fragments of
antibodies [193-199]. In its canonical version, animals were immunized with target antigen,
followed by purification of hybridoma-derived antibodies and their proteolytic digestion to
obtain antigen binding fragments [200,193]. Alternatively, the Fab fragment was directly
sequenced and expressed in heterologous cells for subsequent use [201]. This strategy is
costly, inefficient and prone with challenges. A far more powerful and efficient approach is
in vitro selection of Fab fragments using phage display [202,203] or, less often, ribosome
display [204,205]. Multiple templates have been used, but the most common is that based on
the herceptin scaffold. Although initially such synthetic antibodies were weaker binders than
wild-type ones [206,207], the problem was overcome by using ‘reduced genetic code’,
which uses only select types of amino acids which produce high affinity binders [208,202].
Synthetic Fab fragments can be generated against a broad variety of targets, unique
conformations of proteins, complexes, or weak antigens such as RNA. Automated platforms
are available for high-throughput production [203]. Many targets have been successfully
crystallized using synthetic Fabs based on the herceptin scaffold as chaperones. Recent
examples include the Nsp1-Nup49-Nup57 channel nucleoporin heterotrimer bound to Nic96
nuclear pore complex attachment site [209]; human paxillin LD2 and LD4 motifs [210];
structure of the Get3 targeting factor with its membrane protein cargo[211]; and the
prolactin receptor [212].

The in vitro display methods also allow for engineering of non-Fab scaffolds [207].
Examples include nanobodies, i.e. single chain fragments derived from camelid antibodies
[213-215]; fibronectin type 111 domain (FN3) scaffold [135,216]; and DARPIns, i.e.
designed ankyrin repeat proteins [217,218], used in the crystallization of several proteins,
including the polo-like kinase-1 [219], the integral membrane multidrug transporter AcrB
[220], and the receptor-binding protein (RBP, the BppL trimer) of the baseplate complex of
the lactococcal phage TP901-1 [221].

The success of the chaperones in crystallization is, of course, dependent on its ability to
mediate crystal contacts in a more effective way than the target protein alone. The various
chaperones described above are all well studied and all show high propensity for
crystallization in isolation. However, they may still be not-optimal, and could be subject to
surface engineering or other modifications. The wild-type T4 lysozyme, for example, is not
ideally suited because of intrinsic flexibility and recently it has been engineered for the use
as an internal fusion in GPCRs by addition of stabilizing disulfides, or by reduction in size
of the N-lobe (miniT4); these modified molecules proved to be superior as crystallization

Methods Mol Biol. Author manuscript; available in PMC 2017 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derewenda and Godzik Page 20

chaperones when fused into the third loop of the M3 muscarinic receptor[222]. In another
study, T4 lysozyme has also been modified including the mutation of the three C-terminal
residues to Ala to reduce conformational entropy[223]. However, perhaps the most relevant
for this discussion is the example of the mutants of MBP specifically engineered by SER
mutations for enhanced crystallizability [224]. They were was used as an N-terminal fusion
chaperone to crystallize the signal transduction regulator RACK1 from Arabidopsis thaliana
[224] and the SER patches on MBP indeed served as the *sticky patches’ for the fusion
protein.

6 Conclusions and perspectives

The challenge in the field is to obtain sufficiently detailed insight into the mechanism of the
PPIs underlying crystallization, to enable us to rationally modify the crystallization
experiment and its outcome. Although not long ago this may have seemed like a phantasy,
we are not far from realizing this goal, even if only in some specific cases. The progress is
vividly illustrated by a recent success in computational design of a protein that not only self-
assembles in to yield macroscopic crystals, but does so yielding the expected P6 space group
symmetry [225] (Fig 13).

The ‘sticky patch’ model provides not only a unifying theory for a wide spectrum of PPIs,
but also rationalizes many of the thermodynamic macroscopic observations, and paves the
way for strategies to rationally modify the macromolecular targets to dramatically enhance
their crystallizability, either by covalent or not covalent chemical modification, or by protein
engineering. Nevertheless, much remains to be learned about PPIs, and ways in which we
can modify them through site directed mutagenesis, and ways in which we can control
crystallization. The SER methodology for enhancement of protein crystallizability, has
gained considerable support in recent years from various experimental, theoretical and data
mining studies which collectively generate the comprehensive patchy model. The underlying
concept - the reduction in ‘excess surface entropy’- is, of course, an oversimplification,
because the mutations of polar, charged residues to Ala or similar smaller amino acids alter
many physical properties of the protein, including electrostatic potential and solubility.
Nevertheless, the distinct propensity of the SER patches to form crystal contacts, most of
which are homotypic and result in transient homodimers, shows that the mutations generate
the very ‘sticky patches’ that the model invokes. A change in pl or solubility could not
rationalize these effects, but it is important to take all of these properties into account as well
as the role of the solvent. Although many crystal structures have been obtained using
proteins modified by SER or reductive methylation, there are also numerous examples of
failures of such protocols. One possibility to overcome this problem is a design of multi-
patch SER strategy, which could overcome problems with particularly recalcitrant proteins
with distinct paucity of attractive patches on their surfaces. Several successful examples
have already been reported. The Arabidopsis medium/long chain prenyl pyrophosphate
synthase has been crystallized using a two-patch variant [226]. The structure revealed that
the two SER patches assist in forming an octamer (the wild-type protein is a homodimer in
solution) within the asymmetric unit, and generate secondary contacts between the octamers
to allow for 3D packing. In another study, a triple-patch SER strategy was necessary to

Methods Mol Biol. Author manuscript; available in PMC 2017 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Derewenda and Godzik Page 21

overcome extreme difficulties in the crystallization of the human vaccinia related kinase 1
(PDB code: 30P5). Again, all patches were involved in crystal contacts.

Finally, perhaps the most intriguing question is when exactly the crystal contacts are formed,
and how do they drive the crystallization process. The current theory of nucleation and
crystal growth strongly suggests that protein nuclei form within clusters of protein-dense
liquid, metastable with respect to protein solution and hundreds of nanometers in size
[53,227]. Within these clusters, overcrowding effects will contribute to significant
enhancement of attractive interactions between proteins molecules. Whether formation of
specific oligomers, as defined by the ‘sticky patches’ underlies nucleation, and defines the
symmetry of the nascent crystal, will hopefully be elucidated by ongoing research.
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A B

Fig. 1. Two different forms of hemoglobin crystals
(A) Crystals obtained from hemoglobin of the mule, and (B) those from the hemoglobin of

Indian antelope (antelope cervicapra). Both figures from Reichert ET, Brown AP (1909) The
differentiation and specificity of corresponding proteins and other vital substances in relation
to biological classification and organic evolution: the crystallography of haemoglobin.
Carnegie Instituion of Washington, Washington, D.C.
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Fig. 2. The “patchy model’ of proteins and their interactions
The blue spheres are proteins on which each pair of patches corresponds to the crystal

interface of the same color. From: Fusco et a/. (2014) Characterizing protein crystal contacts
and their role in crystallization: rubredoxin as a case study. Soft Matter 10 (2):290-302.

Methods Mol Biol. Author manuscript; available in PMC 2017 August 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Derewenda and Godzik Page 37

Fig. 3. Lysines sequestered at a crystal contacts
Three lysine residues, each from a different molecule, are sequestered at a crystal contact

with a number or ordered water molecules; PDB code 1R6J, 0.72 A resolution structure of
the PDZ2 domain of synetenin.
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Fig. 4. Non-random composition of crystal contact surfaces
(a) Relative frequencies of five categories of amino acids, /7.e. aliphatic (Val, Leu, lle),

aromatic (Trp, Phe, Tyr, His), small (Ala, Gly, Ser, Thr, Cys), charged (Lys, Arg, Glu, Asp)
and other (Asn, GIn, Met, Pro), binned as a function of rECA. The relative frequency in each
bin is the ratio of the number of residues of a given type to the total number of residues. ()
The fraction of residues involved in crystal contacts as a function of rECA plotted for the
five categories as defined above. rECA is the residue expected contact area. For details see
Cieslik & Derewenda (2009) The role of entropy and polarity in intermolecular contacts in
protein crystals. Acta Cryst D 65.

Methods Mol Biol. Author manuscript; available in PMC 2017 August 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Derewenda and Godzik Page 39

Fig. 5. Reproducibility of a homodimeric crystal contact in RhoGDI, independent of crystal
forma and conditions

1QVY is a mutant containing a non-crystallographic dimer, crystallized from sodium
formate and (NH,4)2SO4; 2BXW shows a crystallographic dimer, obtained from sodium
citrate, with propanol and PEG; 2JHS shows a non-crystallographic dimer in crystals
obtained from (NH,4)»,SO,4 and sodium citrate.
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Fig. 6. A minor crystal contact in ubiquitin, mediated by a now recognized active surface
The three functional amino acids are Leu8, lle44 and Val70. The contact making surface is

highlighted as a mesh. PDB code 1UBQ.
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Fig. 7. Logistic regressions based on success in crystal structure determination (that is, PDB
deposition) performed on a dataset of 679 proteins from the NESG protein expression and
crystallization pipeline. Variables evaluated included the fractional content of each amino acid,
mean residue hydrophobicity (GRAVY), chain length, mean charge (fraction arginine+lysine
+asparagine+glutamatic acid), pl, mean net charge and {(SCE)

(a) Predictive value of each parameter, which is defined as the product of its logistic
regression slope and the s.d. of its distribution in the dataset. (b) Logistic regression slope.
(c) Negative log of logistic regression P-value. (From Price et al. (2009) Understanding the
physical properties that control protein crystallization by analysis of large-scale
experimental data. Nat Biotechnol 27 (1):51-57; Copyright permission pending)
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Fig. 8. Typical output from XTALPRED
The program analyzes various biophysical parameters and displays these values agains

statistical data for other proteins and correlation with crystallizability. Random forest
scoring puts the protein into 14 categories from the easiest to most difficult for
crystallization.
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Fig. 9. A homotypic (homodimeric) contact mediated in the crystals of the RGS-like domain by
the engineered patch created by mutations K463A, E465A and E466A (spheres)

The contact making surface is highlighted as a mesh. One dimer is shown in color, with full
surface. The dimers below and above, arranges along a six-fold screw axis, are shown in
cyan and green. PDB code 1HTJ.
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Fig. 10. Typical output from the SERp server
The program calculates a range of parameters, most important of which is the sliding

window of side chain enetropy and secondary structure prediction. The program identified
loops likely to be solvent exposed and suggests mutations in those loops where excess
conformational entropy is likely to prevent specific contacts that may facilitate
crystallization. Several variants, each with 2—-3 mutations are suggested and scored. The
sequence shown is that of RhoGDI; the inset shows a Table appearing elsewhere in the
output scoring the suggested variants. All of the variants suggested here by the server are
known to crystallize; the third variant yields crystals diffracting to 1.25 A resolution.
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Fig. 11. A heterotypic contact mediated in the crystals of the Yersinia pestis V-antigen mediated is
one molecule by a patch containing the mutations K40A, D41A, K42A (deep blue; shown as
spheres)

The contact making surface is highlighted as a mesh. PDB code 1R6F.
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Fig. 12. A sticky patch mediated by di-methylated lysine
A crystal contact between two molecules of the £. co/i RNA polymerase alpha subunit C-

terminal domain (PDB 3K4G). Distances shown are in A units.
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Fig. 13. A synthetic protein designed to crystallize in P6
A single of a designed helical protein forming a trimer, and then assembling into the P6

lattice. The six-fold axes are marked with hexagons. Three-fold axes are running down the
trimers. (PDB code 3V86).
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