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A review on recent advances for nucleants and
hucleation in protein crystallization

Ren-Bin Zhou,? Hui-Ling Cao,*® Chen-Yan Zhang® and Da-Chuan Yin*?

The elucidation of protein structures by X-ray crystallography remains the most effectual method to pro-
vide accurate structural details at atomic resolution for rational drug design and other biotechnological re-
search studies. Also, emerging applications of protein crystals as ordered nanostructure scaffolds for cataly-
sis, imaging, and drug delivery are attracting much attention. However, the first step of these applications is
obtaining high-quality crystals, which is still an obstacle. Successful crystallization requires two steps: nu-
cleation and crystal growth, while the nucleation is a precondition for harvesting the crystal of interest. So
controlling protein nucleation may be an alternative breakthrough for this bottleneck. It is well known that
nucleants can induce protein crystallization and improve crystal quality, so investigation on the nucleants
that can be universally used for any protein crystallization is ongoing. This manuscript reviews the advances
that have been achieved using nucleants in protein crystallization and it is a suitable reference for practical

rsc.li/crystengcomm crystallization.

1. Introduction

In recent decades, there has been increasing interest in un-
derstanding the basic mechanisms of biological processes by
determining the 3D structures of proteins at the atomic level
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using X-ray diffraction (XRD)."™* However, the process of
obtaining high-quality crystals for structural determinations
is a bottleneck for this method, which delays and often hin-
ders protein crystallography.>” Based on the statistics, the
likelihood of obtaining high-quality diffraction crystals from
purified proteins has been stagnant at approximately 20% for
decades.® The main challenge for protein crystallization is
not the inability to obtain protein crystals. What's more dis-
appointing is that the obtained crystals often cannot be used
for structural determinations because of their inferior
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qualities. Multiple advanced methods have been proposed to
overcome this obstacle by inducing crystal formation and im-
proving crystal quality. These methods involve controlling the
factors that affect protein crystallization (i.e., protein concen-
tration,” crystallization temperature,'®'" pH value,'* precipi-
tant,"® buffer, additive,'* detergent), utilizing special environ-
ments (ie., microgravity,'”> magnetic fields,'®"” electric
fields,"® stirring'®), developing innovative crystallization
methods (microfluidic platforms®®), pursuing efficient pro-
tein screening kits,”" and so on. All these methods have been
proved with varying degrees of success.” However, the ulti-
mate goal is to characterize a method that is suitable for all
protein-to-crystal attempts, where the crystal quality is high
enough for diffraction data collection.

Nucleants induce protein heterogeneous nucleation and
improve crystal diffraction resolution in a controlled manner
by providing a substrate to induce nucleation, which subse-
quently accelerates crystal growth.>”> A 1988 study was the
first to reveal that nucleation is induced when minerals are
used as heterogeneous nucleants.?® It has since been demon-
strated that numerous materials (i.e., zeolites, mica and hair)
can induce protein nucleation for individual proteins with
varying degrees of success, though they cannot be universally
used. Investigations on multiple substances as ‘universal’
nucleants for protein nucleation are ongoing. These agents
include: (1) mineral substrates for epitaxial nucleation; (2)
poor quality crystals or microcrystals for seeding; (3) charged
surfaces (i.e., functionalized mica, chemically modified mica,
poly-t-lysine surfaces and polymeric film) inducing nucle-
ation by specific interactions; (4) porous nucleants (i.e., po-
rous silicon, bioactive gel-glass, carbon-nanotube-based mate-
rials, engineered nano-confined spaces, low density porous
or non-porous polystyrene divinylbenzene microspheres
(SDB), nanoporous gold nucleants, mesoporous 3D nano-
templates); (5) natural nucleants with their superior biocom-
patibilities (i.e., minerals, dried seaweed, horse hair, cellu-
lose, hydroxyapatite); (6) the LB nanotemplate (a protein-
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based nucleant known as the Langmuir-Blodgett homolo-
gous protein thin film template) and porous nucleant MIPs
(molecularly imprinted polymers). Each nucleant has enabled
the attainment of multiple resistant to crystallization crystals
and has improved several inferior qualities of the crystals for
data collection.

This review starts with a brief assessment of the theoreti-
cal issues that surround nucleation and nucleants, including
classical nucleation theory, two-step nucleation theory, and
the roles and mechanisms of heterogeneous nucleants. Six
nucleant types are described based on their detailed mecha-
nisms and specific applications toward protein crystalliza-
tion. LB nanotemplates and MIPs are novel and effective
nucleants and are solely reviewed based on their applications
toward inducing nucleation and improving the crystal qual-
ity, preparation and mechanism. Lastly, a succinct conclusion
is drawn and practice suggestions are provided. This paper is
a suitable reference for practical crystallization.

2. Theoretical issues surrounding
nucleation and nucleants
2.1 Nucleation theory

An energy barrier must be overcome to form the preliminary
crystal nucleus. Crystal nucleation primarily depends on a so-
lution's supersaturation level. Supersaturation, the driving
force behind crystallization, signifies that a solution contains
the maximum number of dissolved molecules under a given
condition at the thermodynamic equilibrium. Because the
solid (crystalline) state is more stable than the liquid state
(which decreases the Gibbs free energy of the system), super-
saturation spontaneously drives the formation and deposi-
tion of droplet-like molecular clusters.>*>*

Gibbs has described the free energy changes that occur
within the thermodynamic equilibrium process throughout
nucleation. Classical nucleation theory proposes that the free
energy of nucleation is associated with two free energies. The

Da-Chuan Yin obtained his Ph.D
in Materials Science at North-
western Polytechnical University
(Xi'an, China) in 1996. He be-
came a lecturer at Northwestern
Polytechnical University in 1997.
In 2006 he obtained a professor
position at the School of Life Sci-
ences, Northwestern Poly-
technical University. He has
been researching protein crystal-
lization since 2000. Now he is
the author of more than 80 sci-
entific research papers and 20
patents. His research interests include protein crystallogenesis,
utilization of high magnetic fields for materials processing, and
biomedical materials for cell cultures and tissue engineering.

Da-Chuan Yin

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c6ce02562e

Published on 25 January 2017. Downloaded on 9/24/2024 11:26:54 PM.

CrystEngComm

negative term is the energy required for bonds to form be-
tween molecules in the crystals; this is known as the volume
free energy (AG,). The positive term corresponds to the
unsatisfied bonds that are present on the crystal's surface;
this is known as the surface free energy (AG,).>® Therefore,
the free energy required for nucleation (AG) is the sum of the
free energy change for the phase transformation (AG,) and
the free energy change for the surface formation (AG;). When
nucleation begins, the nuclear volume grows at a minor rate
compared to the surface volume till reaching the maximum
(AG critical) in which the situation changes. Then the nuclear
volume grows faster than the nuclear surface volume produc-
ing a negative value of the Gibbs free energy, making this
process spontaneous. Thus, AG, prevails and promotes
molecular cluster formation. At the same time, an increase in
the free energy of the solid/liquid interface favors dissolution.
Therefore, molecular cluster formation depends on the com-
petition between a decrease in AG, and an increase in AGg, as
shown in Fig. 1. The Gibbs free energy for nucleation (AG) is
a function of the cluster size (r). When it is small, the in-
creasing AG promotes dissolution of molecular clusters. As
the cluster size increases, AG reaches its maximum value and
subsequently decreases. This molecular cluster size is known
as the critical size. When it is exceeding the critical size, mo-
lecular cluster growth becomes energy-favorable and results
in nucleation.””

2.1.1 Classical nucleation theory. Classical nucleation the-
ory, the simplest and most commonly used theory, describes
the protein nucleation process. It postulates that consider-
able fluctuation of the solution concentration forms unstable
and ordered droplet-like molecular clusters, whose accumula-
tion modes are similar to crystals. The ordered molecular
clusters subsequently develop into crystal nuclei and then
grow to form a crystal, as shown in Fig. 2.

2.1.2 Two-step nucleation theory. Several shortcomings of
classical nucleation theory have emerged. First, it overesti-
mates the crystal nucleation rate by 10 orders of magnitude
above the predicted value. Second, nucleation is temperature-
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Fig. 1 Free energy diagram for nucleation. Reprinted with
permission.?” Copyright 2009, American Chemical Society.
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Fig. 2 Crystal nucleation mechanism, classical nucleation theory and
two-step nucleation theory. Solid arrows indicate the classical nucle-
ation theory: the ordered clusters occur directly from the supersatu-
rated solution and grow into nuclei. Dashed arrows represent the two-
step nucleation theory: disordered protein-rich dense droplet forms,
and then crystal nuclei may form inside the droplet.

independent during the supersaturation increase.?® Based on
recent studies and simulations, several researchers have pro-
posed the two-step nucleation theory. The first step of crystal
nucleation comprises the formation of a disordered protein-
rich dense droplet; the second step comprises the reassembly
of the disordered proteins and the formation of ordered crys-
tal nuclei inside the droplet,”™" as shown in Fig. 2. If the
dense droplet is stable, crystal nucleation occurs inside the
macroscopic droplet, and the formation of ordered nuclei
can be directly observed.**** The dense droplet is usually un-
stable and is under a higher free energy than a dilute droplet.
The metastable molecular clusters contain protein-rich dense
droplets and crystal nuclei that are formed from the dense
droplets.>** These protein-rich droplets have been observed
during the crystallization of several proteins, including lyso-
zyme,*®?” glucose isomerase,®® and hemoglobin A and S,*
and have proven their key role in crystal nucleation.*®*' Addi-
tionally, crystal nucleation has been directly observed inside
similar mesoscopic clusters in colloids.*> Although the two-
step nucleation theory was initially proposed for protein crys-
tallization, recent experimental and theoretical studies have
demonstrated that it also applies to macromolecules and
small organic molecules.>”

2.1.3 Heterogeneous nucleation theory. The classical nu-
cleation theory and two-step nucleation theory are indeed rel-
evant and essential to explain the phenomenal observations,
but heterogeneous nucleation theory cannot be naively ig-
nored. Heterogeneous nucleation can be considered as a sur-
face or particle assisted nucleation process, even supersatura-
tion is insufficient for homogeneous nucleation.** In realistic
situations, container walls and impurities are usually present
and hence crystallization occurs by heterogeneous nucle-
ation.”* The heterogeneous nucleation theory proposes that
the surfaces can absorb or specifically interact with the pro-
tein molecules, which then creates a higher local

CrysttngComm, 2017, 19, 1143-1155 | 1145
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concentration of protein and favors the formation of pre-
nucleation clusters.*>*® Once these pre-nucleation clusters
have formed then the heterogeneous surfaces stabilize them,
eventually favoring their transition to crystal nuclei.*” Alter-
natively, the heterogeneous nucleation is energetically fa-
vored compared with the homogeneous nucleation, because
there is an overall reduction of the interfacial energy of the
crystal nuclei, thus the critical size of nuclei is smaller and
more stable for crystal formation.>**® Last but not the least,
the most obvious role of heterogeneous nucleation is stabiliz-
ing the necessary intermediary to the right crystal structure,*
which is similar to the way enzymes can stabilize the transi-
tion state of substrates but don't influence the final product
of the catalyzed reaction. In the following parts, nucleants
that induce heterogeneous nucleation are comprehensively
addressed.

2.2 Mechanism of promoting nucleation with nucleants

Successful crystallization requires two steps: nucleation and
crystal growth. Nucleation is the first major step for crystalli-
zation and includes homogeneous and heterogeneous nucle-
ation. Homogeneous nucleation is a random process. Multi-
ple critical nuclei are formed when enough target protein
molecules simultaneously assemble in the same region inside
the crystallization drop, indicating that homogenous nucle-
ation occurs at higher supersaturation levels. Generally, the
energy barrier is low when supersaturation is high, which fa-
cilitates the formation of the critical nuclei. However, ex-
tremely high supersaturation levels accelerate the crystalliza-
tion speed, which introduces unfavorable effects, such as
structural defects and excessive nucleation, then lead to nu-
merous small crystals instead of a few large ones. Meanwhile,
heterogeneous nucleation is often promoted by other sub-
strates and crystallization can be conducted in a controlled
manner under metastable conditions.>

Nucleants, such as particles or surfaces, can induce
heterogeneous nucleation to promote crystallization. To date,
a variety of materials have been demonstrated as efficient
nucleants, ranging from minerals to porous materials,
protein-based and non-protein-based ones, and modified sur-
faces and natural ones. Generally, it is more advantageous
for a protein molecule to be added to an existing nucleus
than to form a new nucleus. Also, the pre-existing nucleants
lower the energy barrier of the system and stabilize the
formed nuclei. In detail, various nucleants may affect hetero-
geneous nucleation through different mechanisms. For exam-
ple, minerals as nucleants are for epitaxial nucleation, which
requires a match between the crystal lattice of the minerals
and that of the protein crystal.>>*" The charged surfaces facil-
itating nucleation are mainly by electrostatic interactions.”*>*
The porous materials can trap protein molecules to form a
high local supersaturation to induce nucleation.>® The LB
nanotemplate is thought to assist nucleation by causing high
electrostatic potential at the film surface, which attracts pro-
tein molecules from the solution.>®> Meanwhile, a MIP can attract
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enough protein molecules to overcome the energy barrier for
the first step nucleation.”® At the same time, the roughness,
topography, microstructure and physicochemical properties
of the nucleants affect the heterogeneous nucleation.’”

3. Classification and application of
nucleants
3.1 Seeding

Seeding is a valuable method for obtaining high-quality crys-
tals of target proteins when regular attempts fail. It is a com-
mon practice to transfer several small crystals of the same or
different protein as “seeds” under similar or identical crystal-
lization conditions to induce high-quality crystal formation.
Seeding can be performed using a cognate protein or by
cross-seeding with a different protein.

3.1.1 Seeding (cognate protein). There are three types of
seeding: (1) macro-seeding, where single crystals are trans-
ferred as seeds; (2) micro-seeding, where the actual seeds are
invisible and transferred under a microscope; (3) streak
seeding, where a wand (usually, an animal whisker) is used
to transfer seeds that contain crystals into a new crystalliza-
tion drop.>®

The seeds are visible in macro-seeding, and the seeding
procedure is as follows: (1) a suitable single crystal is selected
as the seed and collected with a crystal loop from the drop;
(2) the crystal is repeatedly washed in a stable mother solu-
tion; (3) the washed crystal is transferred to a new crystalliza-
tion drop for crystallization.®*

The seeding procedure for micro-seeding differs from that
of macro-seeding and proceeds as follows: (1) multiple small
crystals with insufficient qualities in the mother solution are
smashed using sonication, by vortexing or with glass rods; (2)
the smashed crystals are transferred into a new crystallization
drop for crystallization with a seeding needle or micropipette
tip. The serial dilution method is used to determine the ideal
seeding concentration.®*®

Streak seeding is the easiest and fastest of the three
methods. An animal whisker (cat, rabbit or horse hair) is typ-
ically used as a seeding wand, which traps the nuclei by it
touching the mother crystallization solution.®* A streak line
then forms a new drop with the whisker, and the trapped
seeds deposit along the streak line.®" Finally, the crystals
grow along the streak line, as shown in Fig. 3.

In summary, the advantages of the seeding methods are
obvious. For example, seeding can be utilized to obtain larger
and higher diffraction-quality single crystals as well as im-
prove the success rate of protein crystallization,®>® including
membrane proteins.®” Moreover, its facilitation of new crys-
tallization hits is less time-consuming. However, obtaining
protein crystals is the precondition for seeding. Recently, au-
tomated devices have been developed for seeding trials,*® but
they are only employed for primary crystallization screening;
crystallization optimization through seeding continues to be
manually performed.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Streak seeding of the mycobacterium tuberculosis RV 2465c
protein. (@) Accumulated precipitates along the streak line. (b) Crystals
along the streak line. Reprinted with permission.®* Copyright 2003,
Elsevier Science (USA).

3.1.2 Cross-seeding (different proteins). In some cases,
crossing-seeding (seeding with a variant of the target protein
or the homologous protein) may be successful.®® This strat-
egy can be used for related proteins including complexes
with various ligands, heavy-atom derivatives,®® and the pro-
teins with similar structures such as the Fab fragments of
antibodies. For example, upon crystallization of sixteen hu-
man antibody Fab fragments, in the initial screening, only
three Fab fragments provided diffraction-quality crystals,
eight Fab fragments provided hits that required optimization,
and five Fab fragments failed to give hits. Application of the
crystals of the three Fab fragments to cross-seeding resulted
in the structural determination of all sixteen Fab fragments.”®
If no crystals were produced in the initial screening, the
seeds obtained from the easily crystallized protein can be
attempted by cross-seeding. It was reported that a mixture of
fifteen unrelated easily crystallized proteins by cross-seeding
gave crystallization hits in two test target proteins.”* The pro-
cedure of cross-seeding is identical to the seeding procedure
described above, but a stable mother liquid (such as 100%
PEG600) must be screened before seeding.

3.2 Natural nucleants

Natural nucleants are the preferred heterogeneous nucleants
because they have suitable biocompatibilities and are easily
obtained. Mineral surfaces comprise the earliest reported nat-
ural nucleants, having been described by Alexander
Mcpherson and Paul Shlichta in 1988.>* They tested fifty dif-
ferent mineral samples as nucleants for the crystallization of
four model proteins—canavalin, concanavalin, catalase B and
lysozyme. Their results showed that the mineral substrates
induced nucleation and accelerated crystal growth for the
four proteins. It is noteworthy that nucleation occurred ear-
lier, at a lower critical supersaturation. Moreover, the mineral
substrates altered the crystal habit and unit cell properties.
For example, catalase crystals varied from the fine trigonal to
the orthorhombic laths. For lysozyme, both the dominant
single tetragonal crystals and the fine needle crystals were ob-
served in the presence of the mineral substrates. Regarding
unit cell properties, the traditional crystal form of concanava-
lin B is hexagonal with the space group P6;, but a new ortho-

This journal is © The Royal Society of Chemistry 2017

View Article Online

Highlight

rhombic symmetry P2,2,2; was evident with the mineral sub-
strates.”* The match degree between the mineral substrates
and the protein crystal lattices may play an important role in
promoting nucleation.”

Nine potential natural nucleants have subsequently been
tested for the crystallization of ten model proteins in a sparse
matrix screen.”> The results showed that four natural
nucleants, including dried seaweed, horse hair, cellulose and
hydroxyapatite, have positive effects on crystallization. The
most efficient natural nucleant was dried seaweed. Predict-
ably, the use of multiple nucleants in the same drop pro-
duced the best results. Nonetheless, there were two natural
nucleants (fumed silica and carboxymethyl sephadex) that
negatively affected crystallization. Positive nucleants for some
proteins may act as negative inhibitors for others.

Hair, particularly horse hair and rat whiskers, has been
successfully used as a heterogeneous nucleant for many
years. It was initially used as a tool for streak seeding; the
nucleation-inducing properties of hair itself were discovered
by chance. The nucleation-inducing properties of horse hair
have been subsequently investigated for three model proteins
and a resistant-crystallized recombinant protein, the Fab-D
protein. Preliminary investigation demonstrated that horse
hair positively affected nucleation at the beginning of the
crystallization process.®® Subsequent investigation of human
hair fragments as nucleants for the crystallization of three
model proteins (lysozyme, glucose isomerase and a
polysaccharide-specific Fab fragment) and a resistant-
crystallized protein without a 3D structure (the potato serine
protease inhibitor) has proved that human hair was a suit-
able nucleant for obtaining potato protease inhibitor
crystals.”?

To investigate the mechanistic basis of the hair surface as
a nucleant, the following three hair surface properties have
been studied: (1) keratins, the most predominant protein in
hair; (2) the lipids on the hair surface; and (3) the surface
structure and its overlapping terraces. The delipidifying treat-
ment of hair with petroleum ether as the delipidifying agent
did not influence crystallization, but the denaturing treat-
ment of hair with ethanol and sodium hydroxide did affect
crystallization. Furthermore, an artificial polymer replica for
hair did not show a clear preference for nucleation. It is likely
that the keratins on the hair surface are essential for
crystallization.

3.3 Charged surface

The aggregation of protein molecules is indispensable for nu-
cleation. Protein molecules become charged when they are
subjected to specific conditions. This is a useful property be-
cause protein molecules can be attracted using an oppositely
charged substrate as a nucleant for an electrostatic interac-
tion. In practice, charged surfaces are designed as nucleants
to promote protein crystallization. For example, functional-
ized mica with negatively charged sulfonated polystyrene
films and positively charged silanized sheets were prepared

CrysttngComm, 2017, 19, 1143-1155 | 1147
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as charged nucleants to promote the crystallization of insulin
and ribonuclease A.”* As expected, the charged surface short-
ened the crystallization time and minimized protein con-
sumption. The interactions between the charged surface and
the protein molecules enrich the protein molecules around
the charged surface to reach local supersaturation, which fa-
vors nucleation and crystal growth.*>”> Additionally, the weak
force of the charged surface stabilizes the formed nuclei.

The fluorinated layered silicate surface has been used as a
crystallization nucleant; it promoted lysozyme nucleation
while silicates without fluorine suppressed nucleation.”® Nu-
cleation promotion was also observed when fluorine was re-
placed with hydroxyl groups. The fluorinated layered silicate
surface has also been used to crystallize twelve proteins with
a wide range of pIs and molecular weights; the negatively
charged surface promoted protein nucleation regardless of
the net charges and molecular weights of the proteins. The
result of the initial screening trials with fluoro-substituted
saponite has verified the beneficial effects, which included
increasing the initial screening success rate, reducing the nu-
cleation energy barrier and minimizing protein consumption.
The mechanism may involve the interaction between the sili-
cate's negatively charged fluorine atoms or hydroxyl groups
and the positively charged residues of the protein molecules,
which attracts protein molecules causing them to gather at
the silicate surface where they form a high local supersatura-
tion zone to form the initial critical nuclei.

Furthermore, chemically modified mica, poly-i-lysine
(PLL) surfaces, polymeric films and patterned silicon have
been reported as potential nucleants. PLL surfaces are posi-
tively charged surfaces that are coated with cationic polymer-
ized lysine. They attract negatively charged molecules and re-
pel the positive ones. The net charge of the lysozyme protein
is also positive in the optimum experimental conditions. Be-
cause of the repulsive interaction, the PLL surface orients the
single lysozyme crystals and diminishes the nucleation num-
ber, as shown in Fig. 4.”7 However, when negatively charged
proteins were used, the PLL surface oriented the single crys-
tals, but it did not affect the nucleation number for the
tested proteins.”®

Additionally, other charged polymeric surfaces (ie.,
sulfonated polystyrene, cross-linked gelatin films with

Fig. 4 The orientation and reduction of lysozyme crystals. (a) Crystals
obtained on normal glass at lysozyme 30 mg ml™, NaCl 40 mg ml™
and pH 4.5. (b) Crystals obtained on PLL-coated glass under the same
conditions. Reprinted with permission.”” Copyright 2002, Elsevier Science.
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adsorbed poly-lysine, and silk fibroin with entrapped poly-L-
lysine or poly-i-aspartate) have been used as heterogeneous
nucleants to crystallize concanavalin A and lysozyme. Com-
pared with the siliconized cover glass and the charged poly-
meric surfaces, the surfaces reduced both the induction time
and the necessary protein concentration for nucleation while
increased the nucleation density to promote crystallization.”

3.4 Porous nucleants

3.4.1 Porous nucleants. The initial use of porous sub-
strates—porous silicon as a nucleant was demonstrated in
2001. The crystals of five of six tested proteins have been suc-
cessfully obtained from metastable solutions in the presence
of porous silicon. The silicon pore size distribution (5-10
nm) is similar to the protein molecular sizes in the crystalli-
zation solution. Therefore, the silicon pores may trap the pro-
tein molecules and induce nucleation and crystal growth.*°

New porous nucleants have since been developed and suc-
cessfully proven for promoting protein crystallization. In
2006, mesoporous bioactive gel-glass, which contained a dis-
ordered porous medium with a pore size distribution of 2-10
nm, was developed for protein crystallization and became
one of the most successful heterogeneous nucleants. The bio-
glass promoted the nucleation of various proteins, including
multiple resistant-crystallized proteins. The use of the bio-
glass was more convenient than using porous silicon because
it was easy to add the bio-glass into the crystallization
drops.*® The bio-glass has been commercialized as ‘Naomi's
Nucleant’ by Molecular Dimensions.

Although bio-glass nucleants induced the crystallization of
numerous proteins, its pore sizes and surface chemistry were
not easily controlled. Thus, a carbon-nanotube-based mate-
rial with a controlled pore size and surface chemistry was de-
veloped as an efficient nucleant in 2009, as shown in Fig. 5.

Another study investigated the effects of engineered nano-
confined spaces on protein crystallization, which had narrow
pore size distributions (pore diameters of 3-4 nm, 6-8 nm,
10-12 nm, 13-15 nm and 17-21 nm) and highly ordered pore
structures. Proteins with a wide range of molecular weights,
from 14 kDa to 450 kDa, were utilized for the crystallization
trials.®”> The results were as follows: the 3-4 nm pore

Fig. 5 (a) Optical microscopy image of lysozyme crystals on a sheet of
transparent buckypaper (films of entangled carbon nanotubes). (b) SEM
image of a lysozyme crystal too small to be visible via optical
microscopy. Reprinted with permission.8* Copyright 2009, American
Chemical Society.

This journal is © The Royal Society of Chemistry 2017
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diameter worked well for the 12-24 kDa protein crystalliza-
tion, the 6-8 nm pore diameter was ideal for the 67 kDa pro-
tein crystallization, and the proteins with molecular weights
of 106-232 kDa were successfully crystallized using the 10-12
nm pore size. The higher molecular weight protein (450 kDa)
required a higher 17-21 nm pore size to crystallize. Thus, a
wide range of pore sizes would broaden the ability to crystal-
lize different proteins. Surprisingly, human serum albumin
(HSA) and concanavalin A-type IV did not crystallize on the
porous nucleants with broad pore size distributions,*® while
the narrow range pore size ones succeeded (HSA with the 3-4
nm pore diameter; concanavalin A with the 10-12 nm pore
diameter). Additionally, the nucleants with slightly larger
pore sizes than the gyration diameters of the proteins in-
duced and stabilized the nuclei.*?

Nanoporous gold nucleants have also been recently used
as heterogeneous nucleants for protein crystallization. When
the pore diameter of the nucleant was similar to the diameter
of the protein molecule, nucleation on the nucleant surface
may have occurred under supersaturation conditions that
were milder than usual, which would result in a lower energy
barrier for nucleation and higher quality crystals. The interac-
tion between the surface of the dealloying nanoporous
nucleant and the target protein molecules played the domi-
nant role in inducing nucleation, rather than the entropy
contributions to the free energy of crystallization.*®

Low density porous or non-porous polystyrene divinyl-
benzene microspheres (SDB) are appropriate agents for si-
multaneously improving nucleation and crystal quality. SDB
adsorbs protein molecules at high concentrations and de-
sorbs protein molecules at low concentrations. Thus, the ad-
sorption and desorption properties of SDB enable the forma-
tion of relatively high and relatively low concentration
regions in the same solution; the high concentration region
is favorable to nucleation. Up to a specific size, the nuclei set-
tle in the low concentration region to grow high-quality
crystals.®*

Mesoporous 3D nanotemplates are also new and efficient
heterogeneous nucleating surfaces for protein crystallization.
One study became the first to show that concanavalin A and
catalase produced different crystal habits under identical
crystallization conditions when 3D nanotemplates were used
as nucleants. However, the crystals with different crystal
habits exhibited the same space group by XRD. The habit
modification was the combined result of the porosity and
chemistry properties of the 3D nanotemplate.®®

3.4.2 The mechanism of nucleation by pore materials.
Using computer simulation, Page and Sear have determined
the nucleation rate to be higher on the porous surface com-
pared to a flat surface,® but its detailed mechanism remains
unclear.

The mechanism of nucleation by porous materials is likely
explained by four properties. (1) The nanopores trap the pro-
tein molecules by diffusion and capillary action, and the pro-
tein molecules are restrained inside these pores, which re-
sults in a higher local supersaturation and nucleation. The
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critical nuclei attract the protein molecules causing them to
gather and ultimately grow into crystals.*>®” (2) The pore size
plays a dominant role in the nucleation rate. Successful nu-
cleation involves two successive processes: the nucleation of
the pore filling and nucleation outside the pore under the
bulk (homogeneous) conditions. The aforementioned com-
puter simulation shows that the smaller pore size results in a
slower nucleation rate outside the pore, and a larger pore size
leads to a slower initial pore filling. Therefore, the pore size
should be approximately equal to that of the critical nuclei to
maximize the nucleation rate.*® (3) The surface chemistry of
the pore also contributes to crystal nucleation. The pore sur-
face exhibits a weak chemical attraction and a subsequent
weak interaction with the protein molecule to promote nucle-
ation. The attractive interaction facilitates the formation of
the high density phase, which is essential for nucleation in
the two-step nucleation mechanism. The high density phase
formation has been observed and characterized using the
light-scattering technique.®® Additionally, the attractive inter-
action stabilizes the half-formed nuclei.?” (4) The pore traps
and immobilizes the protein molecules within, and this
lowers the free energy barrier for nucleation.®> Therefore, the
nanoscale pore improves the solution's thermodynamic sta-
bility, which is favorable for protein folding and nucleation.
This was verified in 2006 with a molecular dynamics simula-
tion and experiment.®

3.5 Langmuir-Blodgett thin film template

3.5.1 Applications of LB nanotemplate for crystallization.
The Langmuir-Blodgett homologous protein thin film tem-
plate (LB nanotemplate) was developed by Eugenia Pechkova
in 2001.°° A homologous protein thin film was made using
the Langmuir-Blodgett technology and transferred to a cover
glass to modify the traditional hanging drop vapor diffusion
method for promoting crystallization. The hen egg white lyso-
zyme was invoked as the model protein to assess this new ap-
proach. The results showed that the modified hanging drop
method with the LB nanotemplate improved lysozyme's crys-
tal quality and increased its crystal growth rate. At the same
time, lysozyme, thaumatin, proteinase K and human insulin
were selected to estimate the crystal quality using the LB
nanotemplate and microgravity.”" Compared with the crystals
from microgravity, the crystals obtained using the LB nano-
template exhibited higher resolutions, greater numbers of re-
flections, lower water contents and lower B factors, which in-
dicated higher qualities. Another study compared the LB
nanotemplate method with the traditional hanging drop va-
por diffusion method using six model proteins, including ly-
sozyme, insulin, thermolysin, thaumatin, ribonuclease A and
proteinase K. Compared with the traditional method, the LB
nanotemplate facilitated protein nucleation, accelerated the
crystal growth rate, and decreased the critical concentration
for nucleation.”?

Surprisingly, the LB nanotemplate successfully crystallized
proteins whose structures had not previously been resolved,
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including bovine cytochrome P450 scc”® and human protein
kinase CKII alpha subunit.®* Thus, the novelty and effective-
ness of the LB nanotemplate method have generated increas-
ing interest, which is evidenced by its prolific
development,?79%93:95-98

Multiple advanced techniques have been employed to eval-
uate the LB nanotemplate, including atomic force micros-
copy,” Raman spectroscopy,'® small-angle X-ray scatter-
ing,’®" computer simulation, molecular dynamics,'*> Fourier
transform infrared (FTIR) spectroscopy, and circular dichro-
ism.”® Lysozyme exhibited a surprising thermal stability dur-
ing the preparation of the LB nanotemplate, retaining its sec-
ondary structure until 200 °C; above 200 °C, the protein
aggregated.”® The LB nanotemplate promoted disulfide bond
formation (at the S6-5127/S30-S115 position) and hydrogen
bond formation in lysozyme, which makes stable crystals easy
to obtain.'® Additionally, crystals that were obtained using
the LB nanotemplate were highly resistant to radiation
damage.'”

3.5.2 Preparation of the LB nanotemplate. The following
protocol is used to prepare the LB nanotemplate: (1) a pro-
tein solution is poured into a Langmuir-Blodgett trough with
distilled water or a suitable buffer solution as a sub-phase.
After spreading, a protein monolayer is immediately com-
pressed at the desired surface pressure (depending on the na-
ture of the protein) using the Langmuir-Blodgett technology.
(2) The protein thin film is transferred from the sub-phase
surface onto a cover glass. (3) The cover glass, which contains
the protein thin film, is used for crystallization with the va-
por diffusion method, as shown in Fig. 6.

3.5.3 The LB nanotemplate mechanism. There are two
drivers of the LB nanotemplate mechanism. (1) The protein
in the LB nanotemplate is directly transferred to the crystalli-
zation drop to participate in nucleation and crystallization.
This has been proved using a prepared LB nanotemplate with
a fluorescein-labelled protein, by "H NMR spectrometry and
by mass spectrometry.'® This phenomenon has also been
modelled by a dynamic mathematical method.'®* (2) The in-
creased surface pressure results in the increased anisotropy
of the LB nanotemplate and protein molecule orientation to

— —
H |:| protein thin film

Q .

T Step three: transferring

glass cover slip

protein thin film template

Step two: compressing

H»protein solution
pro(ein/molecules
precipitant

. solution |
Langmuir-Blodgett trough |

protein crystallization well

vacuum
grease

Step one: spreading

Fig. 6 Schematic of preparing the LB nanotemplate.
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promote nucleation and crystallization,'®® which causes a di-
pole moment in the LB nanotemplate. The surface potential
is —0.2 mV in the self-assembly (randomly oriented proteins),
but is -80 mV (ordered and oriented proteins) in the LB tem-
plate.'®® The dipole moment in the LB nanotemplate causes
the uniform deposition of protein molecules in the LB film,
which is beneficial to protein nucleation and
crystallization.®®

3.6 Molecularly imprinted polymers (MIPs)

3.6.1 Application of MIP for crystallization. MIPs produce
molecularly selective sites via polymerization of a functional
monomer and template molecule. The functional monomer
interacts with the template molecule by hydrogen bonding
and by weak Van der Waals forces. Once polymerized, the
template molecules become trapped sin the polymer. After re-
moval of the template molecules, the highly selective cavities
remain, and they can remember the cognate template mole-
cule and rebind to a non-cognate molecule of a similar shape
and size.'*” %> MIPs have been successfully applied to small
molecule studies."'®'"* Recently, the imprinting of biological
macromolecules, including proteins and DNA, has generated
interest."'> However, MIPs cannot completely imitate the
small molecule imprinting method because small molecules
are stable in an organic solvent while proteins denature un-
der identical conditions."'® Therefore, a water-based imprint-
ing system is a better choice. One report has shown that
cross-linked acrylamide provides numerous advantages for
protein imprinting."™® Its polymer networks exhibit superior
selectivity for template proteins compared with a non-
imprinted acrylamide control, and it has successfully been
used in protein separation and purification studies.''*'”
Furthermore, MIPs have commonly been applied to chemical
sensors,''® catalysis,""” drug delivery,"® biological anti-
bodies, and receptor systems.'"’

In 2011, Naomi E. Chayen became the first to develop a
water-based MIP (HydroMIP) as a non-protein nucleant for
protein crystallization."*° It is also known as a “smart material”
because the MIPs are effective toward increasing the crystal hit
number and improving crystal quality.>® Seven proteins—ly-
sozyme, trypsin, catalase, hemoglobin, intracellular xylanase
IXT6-R217W, alpha crustacyanin, and human macrophage
migration inhibitory factor (MIF)—have been used to evalu-
ate the nucleation-inducing properties of the MIPs. Com-
pared with the non-imprinted polymers and the control with-
out polymers, MIPs induced protein nucleation through their
cognate MIP and through other non-cognate MIPs of similar
sizes in metastable conditions. Additionally, the diffraction
qualities of the crystals that were obtained from the MIPs
were superior to that of the control. For example, the com-
plex HIV protein crystals showed diffraction up to 4.2 A in
the presence of lysozyme-MIP, but traditional methods failed
to show crystal diffraction beyond 9 A. Furthermore, the crys-
tals appeared more quickly in the drops that contained MIPs
above metastable conditions. Hemoglobin crystals have been
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observed after 5 days with 22.5% (wt/vol) PEG 3350 that
contained Hemoglobin-MIP. At 25% (wt/vol) PEG 3350, all
drops formed crystals, but they appeared after 7 days.">*"**

To investigate MIP applications to initial screening experi-
ments, four proteins have been screened with and without
their cognate MIPs using the popular index screening Kkit.
The useful crystals for two proteins, alpha crustacyanin and
intracellular xylanase IXT6-R217W, have not been previously
produced. The third protein, human macrophage migration
inhibitory factor (MIF), required better resolution. An easily
crystallized model protein, trypsin was used as the control.”*
The results showed that 8-10% of the screening trials of the
aforementioned proteins produced hits, but these hits were
missing in the absence of the MIPs. When the concentrations
for the MIF and alpha crustacyanin were raised to 15-30%,
the prior hits yielded crystals in the absence of MIPs. Thus,
MIPs can screen new hits and decrease target protein con-
sumption. Because MIPS are efficient and reproducible, they
have been automated for applications in high-throughput ro-
bot-based screening trials.'** Moreover, MIPs of differing mo-
lecular weights are commercially available for general use.

The MIP method has recently been improved by Chen's
group.'?® The traditional precipitants were immobilized into
MIPs to aid protein crystallization, and high-quality crystals
of the flexible N-terminus of the human fragile X mental re-
tardation protein were successfully obtained. The diffraction
resolution was improved from 10 A, which was typical of the
traditional methods, to 3 A when precipitant-immobilized
MIPs were present.

Additionally, zwitterionic additives have been immobilized
into MIPs to facilitate -crystallization. Fortunately, the
zwitterion-immobilized MIPs facilitated the formation of
higher quality crystals in a shorter time compared with regu-
lar MIPs and traditional crystallization trials. The high-
quality single crystals of a flexible protein, concanavalin A,
have been successfully obtained using this approach.'**

3.6.2 Preparation of MIPs. Because of their ease of prepa-
ration, high binding affinity and low cost, MIPs have been
successfully used as nucleants for protein crystallization.
MIPs are semiliquid nucleants. Thus, they are easily dis-
pensed into the crystallization drops by automated robots
without blocking the syringe needle. MIPs are prepared in
the presence of functional monomers, cross-linkers and a
template protein. Acrylamide-based polymers are inert, water
compatible, economical, and easily produced and provide hy-
drogen bonds to interact with the template protein. There-
fore, the acrylate family is suitable for use as MIPs."*®> Among
members of the acrylate family, acrylamide (AA) is the most
efficient imprinted functional monomer, followed by
N-hydroxymethylacrylamide =~ (NHMA) and  N-iso-propyl-
acrylamide (NiPAm)."”®'*” The typical cross-linker is N,Ny-
methylenebisacrylamide.

Semiliquid MIPs are prepared using a procedure that dif-
fers from that of the solid nucleants, as shown in Fig. 7. (1) A
functional monomer (AA) and cross-linker  (N,No-
methylenebisacrylamide) are dissolved in deionized water.
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Fig. 7 Preparation of MIPs. Functional monomer (acrylamide) and
template protein were polymerized by a cross-linker (N,No-
methylenebisacrylamide). Then the template protein was removed by
elution and protein specific cavities were left. Finally the target protein
can be memorized by the complementary cavity and rebind to it to in-
duce crystallization.

The template protein solution is then added to create the
pre-MIP solution. (2) Ammonium persulphate (APS) and N,N,
N,N-tetramethylethyldiamine (TEMED) are added to polymer-
ize the solution at room temperature. (3) After polymeriza-
tion, the formed gels are crushed. (4) The template protein
molecule is eluted, and the complementary cavities remain.
When the template proteins are introduced into a crystalliza-
tion trial, they can be easily memorized and rebind to the
cavities. The prepared MIPs are stored at 4 °C."*°

3.6.3 The mechanism of MIP-induced protein crystalliza-
tion. There are three main drivers of MIP-induced proteins
crystallization. (1) The protein specific cavity in the MIP in-
duces the protein molecules that are migrating near the MIP
surface to form a protein-rich phase, which overcomes the
energy barrier for the first nucleation step.'>*'*! There are
highly specific interactions between the MIP surface and cog-
nate protein that do not occur with the traditional method,
as evidenced by atomic force microscopy.’®'*® (2) The MIP
cavities are complementary to the protein molecules, and
they are randomly dispersed into the gel. Therefore, the cavi-
ties provide surfaces for protein molecule epitaxial growth."*°
(3) MIPs are porous materials, so the mechanisms of the po-
rous materials described above can also be applied to MIPs.

4. Concluding remarks
4.1 Conclusion

(1) Seeding is a valuable way to obtain the high-quality crys-
tals of target proteins when regular attempts fail.

(2) Natural nucleants, including minerals, dried seaweed,
animal/human hair, cellulose and hydroxyapatite, are the pre-
ferred heterogeneous nucleants because they have suitable
biocompatibilities and are easily obtained.

(3) Charged surfaces (i.e., functionalized mica, chemically
modified mica, poly-i-lysine surfaces, polymeric films) can
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stimulate protein molecule aggregation through their electro-
static interactions to promote protein nucleation and
crystallization.

(4) The nanopores of porous nucleants can trap protein
molecules to form a high local supersaturation to induce nu-
cleation. Porous nucleants include porous silicon, bioactive
gel-glass, carbon-nanotube-based materials, engineered nano-
confined spaces, low-density porous or non-porous polysty-
rene divinylbenzene microspheres (SDB), nanoporous gold
nucleants and mesoporous 3D nanotemplates. Bioactive gel-
glass is a highly successful heterogeneous nucleant.

(5) The LB nanotemplate is a homologous protein thin film
that is made using the Langmuir-Blodgett technology and is
transferred to a cover glass to modify the traditional hanging
drop vapor diffusion method to promote crystallization.

(6) The complementary cavities in MIPs can induce pro-
tein molecules to migrate toward the MIP surface and form a
protein-rich phase to overcome the nucleation energy barrier.

4.2 Practical suggestions

To make full use of these nucleants, several practical sugges-
tions are provided below. When crystals are obtained with
qualities that are unsuitable for data collection, seeding is
the ideal approach. When crystals cannot be obtained by trial
and error, it is worth testing effective nucleants to increase
the chances of inducing nucleation. The natural nucleants,
which have better biocompatibilities and are easily obtained,
increase successful crystallization outcomes. Specifically, a
nucleant comprised of animal or human hair is the better
choice for heterogeneous nucleation. Various porous
nucleants are also made suitable by their effectiveness and
convenience. They include porous silicon, bioactive gel-glass,
carbon-nanotube-based materials, engineered nano-confined
spaces, nanoporous gold nucleants and mesoporous 3D
nanotemplates. Of the porous nucleants, bioactive gel-glass
may be the better choice. Finally, universal nucleants, such
as MIPs or LB nanotemplates, are also worth trying to in-
crease the chances of obtaining crystals.

5. Future perspectives

Although these nucleants have been demonstrated to suc-
cessfully aid protein crystallization, they are not so perfect
and convenient for protein crystallization. For example, many
nucleants only work with some certain cases not suitable for
“general” use. The reported “universal” nucleants (LB tem-
plate thin film and MIPs) also have some drawbacks. A spe-
cial device is needed to fabricate the LB template thin film
and can't be easily obtained in all the structural biology labo-
ratories. Although the MIPs can conveniently yield and have
been commercialized, effectively assist the crystallization of
globular proteins, protein complexes and membrane pro-
teins, it should notice that the MIPs nucleants can also facili-
tate salt crystallization when the crystallization buffer con-
tains substantial levels of salt. So an important novel
conclusion is to integrate all the nucleants' advantages
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(effects of epitaxy, special interactions and porous mate-
rials nucleation-promoting properties) into the design of
more effective nucleants.

In the future, it is essential to achieve optimal universality
of the heterogeneous nucleants for promoting any protein
crystallization, with high automation to dispense them into
the crystallization solution for high-throughput screen. Alter-
natively, the best strategy is to design functional crystalliza-
tion plates for protein crystallization instead of introducing
another heterogeneous nucleant.

Another aspect of protein nucleants that should be
addressed is the theory explanation. This is possible to
achieve by direct imaging. Scanning electron microscopy,
atomic force microscopy and confocal fluorescence micros-
copy can be employed for this purpose. At the same time,
computer simulation is a powerful tool to provide detailed in-
formation on nucleants aiding protein crystallization.
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