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Here, we describe an improved system for protein crystallization based on heterogeneous nucleation using fluorinated
layered silicate. In addition, we also investigated the mechanism of nucleation on the silicate surface. Crystallization of
lysozyme using silicates with different chemical compositions indicated that fluorosilicates promoted nucleation whereas
the silicates without fluorine did not. The use of synthesized saponites for lysozyme crystallization confirmed that the
substitution of hydroxyl groups contained in the lamellae structure for fluorine atoms is responsible for the nucleation-
inducing property of the nucleant. Crystallization of twelve proteins with a wide range of pl values revealed that the
nucleation promoting effect of the saponites tended to increase with increased substitution rate. Furthermore, the saponite
with the highest fluorine content promoted nucleation in all the test proteins regardless of their overall net charge.
Adsorption experiments of proteins on the saponites confirmed that the density of adsorbed molecules increased according
to the substitution rate, thereby explaining the heterogeneous nucleation on the silicate surface.
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Introduction

The rapid development of new technologies in the area of
structural biology has significantly increased our understanding of
the structure-function relationship of proteins. One difficulty
associated with increasing the throughput in X-ray crystallography
of proteins is their poor crystallizability. Appropriate conditions for
crystallization of a new protein are usually determined by a
screening procedure, which includes multi-dimensional trials on
various solution variables. Such trials are time-consuming and may
lead to either no crystal formation or crystals that are unsuitable
for structural investigations. Problems such as these arise because
homogeneous nucleation of protein crystals generally requires
specific and restricted supersaturation [1,2]. Hence, there is
requirement for an improved screening system that can control the
nucleation process [3,4].

Several approaches have been developed to improve the
screening procedure based on heterogeneous nucleation mediated
by a nucleant. Since the pioneering experiments of McPherson
and Shlichta, who tested 50 different minerals as potential
nucleants for crystallization, several different types of nucleant
have been developed [5-33]. Some studies describe the use of
charged surfaces, including chemically modified mica [6-8], poly-
L-lysine surface [9,10], polymeric film [11] and patterned silicon
[12,13], as potential nucleants. These procedures rely on
electrostatic interactions between the charged surface and the
protein with a net charge of the opposite sign. In this way, the
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surface seems to promote nucleation of certain proteins. Several
studies have shown porous media such as porous silicon [14-16],
bioactive gel-glass [17] and carbon nanotube based materials [18]
act as effective nucleants for the crystallization of proteins. The
pores promote aggregation of proteins such that a spontaneous
critical nucleus comprised of tens of protein molecules form inside
each pore. Another study with respect to a porous material has
shown that zeolites with regular micropores induce heteroepitactic
nucleation [19]. A common feature of these nucleants is that their
specific surface properties govern the nucleation potential of the
proteins.

Our previous study has shown that two layered silicates, a K-
tetrasilicic fluoromica with a 2:1 layer comprised of tetrahedral
and octahedral units and a chlorite with a 2:1:1 layer, act as
nucleants for crystallization of model proteins [20]. The
fluoromica promoted nucleation in eight out of the ten proteins
tested. By contrast, the chlorite surface promoted nucleation in
only two out of the ten test proteins. Not much is known about the
factors that contribute to the nucleation potential of silicates. Thus,
it was difficult to achieve an efficient and reliable screening system
for the crystallization of a variety of proteins in a controlled
manner using conventional silicates.

Layered silicate is a phyllosilicate having a parallel two-
dimensional lamellar structure as shown in Fig. S1 [34]. The
tetrahedral layer at least consists of tetrahedral silicon-oxygen
bonds linked together. The apical oxygen of the layer points in the
same direction as the coplanar base of the silicon-oxygen network.
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The octahedral layer consists of octahedral magnesium-oxygen
and/or aluminum-oxygen bonds linked together and lie between
two tetrahedral layers pointing toward each other to share their
oxygen. The octahedral corners not filling in the plane of apical
oxygen are occupied by hydroxyl group or fluorine atom, which
possess similar ionic radii to each other [34-37]. In terms of
chemical composition, the fluoromica contains fluorine atoms,
whereas the chlorite contains hydroxyl groups and lacks any
fluorine atoms. These features suggest that the fluorine atoms
contained in the lamellae network might be an important factor
affecting heterogeneous nucleation.

This article relates to the use of fluorinated layered silicate as a
nucleant for protein crystallization. Our results reveal the role of
the fluorine atoms in heterogeneous nucleation of model proteins.

Results and Discussion

Lysozyme crystallization using layered silicates with
different chemical compositions

Eleven silicates with 2:1 type lamellar structure and different
chemical compositions were used as potential heterogeneous
nucleants for lysozyme crystallization. Four (fluorophlogopite,
fluorohectorite, K-tetrasilicic fluoromica and Na-tetrasilicic fluor-
omica) of the eleven silicates include fluorine, which were
identified by SEM-EDX analyses. We crystallized lysozyme by
the hanging-drop vapor diffusion technique in the absence and
presence of the silicates. Lysozyme is an ellipsoidal protein whose
dimensions are 4.5x3.0x3.0 nm and with a molecular weight of
14.3 kDa. For a low price is easy to obtain commercially a high
purity sample. In addition, it is well known its crystallization
conditions, which allows testing the adsorption capacities and
kinetics on inorganic materials [38,39] as well as the nucleation
potential of materials. As shown in Table 1, the four fluorosilicates
decreased the crystallization time and the crystal size but increased
the nucleation density by comparison with the control samples.
These findings suggest that fluorosilicates promote nucleation of
the lysozyme crystal. By contrast, the remaining seven silicates that
lack fluorine atoms (Table 1) promoted an increase in both the
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crystallization time and the crystal size and a decrease in the
crystal density, suggesting that these surfaces suppress nucleation.
No significant differences in the crystal morphology were observed
both in the absence (Fig. 1A) and presence of silicate (Fig. 1B-D),
indicating that the silicates do not influence the crystal symmetry.
The crystallization phase diagrams in the presence of sericite
showed that lysozyme crystallization did not take place in some
conditions where spontaneous crystallization occurs in the absence
of silicate (Fig. 2A and 2B). By contrast, the concentration range
for precipitating crystals expanded in the presence of the
fluoromicas compared with the control experiment (Fig. 2A, C
and D). These observations indicate that the fluoromicas form
stable nuclei heterogeneously at lower supersaturation conditions
than required for homogeneous nucleation. Our findings showed a
correlation between the presence of constituent fluorine atoms and
the action of the silicates. The fluorine atoms are located on the
terminals of the lamella structure at the same position normally
occupied by hydroxyl groups in the case of silicates lacking fluorine
atoms [34-37]. Therefore, these experiments indicated that the
heterogeneous nucleation phenomenon is governed by the
substitution of the hydroxyl groups for fluorine atoms.

Characterization of synthesized fluorinated saponites
Three fluoro-substituted saponites (F-Saps) were analyzed by
XRD (Fig. S2). The presence of a (060) reflection at 1.52 nm in
the diffraction patterns revealed that the synthesis procedure
resulted in a trioctahedral clay-like structure. The absence of a
peak at 39° in the diffraction patterns indicates the lack of free
Nal' in the synthesized products. XPS analyses showed that the
fluorine content of Fy-Sap, Fy 114-Sap and Fy 13-Sap were 0.00,
0.53 and 0.86%, respectively (Table S1), giving a structural
formulae of Nag78Mgo 468Al0.425513.903010(OH)g,  Nag 95, M-
82.531A10.435513.846010F0.114(OH)1 gg6 and Nag 275Mgs 531Al0 497-
Si3 846010F0.188(OH); 819, respectively. Note that here we abbre-
viate each saponite as F.-Sap, where x corresponds to the
substitution rate. A study of nitrogen adsorption/desorption
showed that the isotherms of F-Saps were typical for layered
materials corresponding to type IV in IUPAC classification, with

Table 1. Crystallization times, crystal sizes and nucleation densities for lysozyme in the presence of layered silicates.

Layered silicate Time Size Density
Sample name Idealized structural formula (day) (mm) (n.c./mm?)
Control - 2 0.44+0.11 0.49+0.31
Pyrophyllite Al3Si4010(0H); 6 0.62+0.15 0.30+0.16
Hectorite Nap 33M33.67Li0.33514010(0OH), 5 0.78+0.09 0.15+0.04
Talc Mg35i4010(0H), 4 0.82+0.09 0.15%0.02
Muscovite KAI3Sis010(0OH), 4 0.74%0.14 0.17+0.07
Saponite Nap 33Mg3Alg 33Si3.67010(0H), 4 0.52+0.14 0.34+0.19
Montmorillonite Nao.33MJo.33Al1 67512010(0H), 3 0.72+0.14 0.21+0.14
Sericite KAI3Si3010(0OH), 3 0.71+0.13 0.21£0.07
Fluorophlogopite KMg3AISisO40F2 15 0.30+0.12 171111
Fluorohectorite Nap33Mg3.67Li033514010F2 1.5 0.29+0.12 2.14+1.33
K-tetrasilicic fluoromica KMg, 5Si4010F 2 1.5 0.28+0.08 2.72+1.52
Na-tetrasilicic fluoromica NaMg; 5Si;010F> 1.3 0.08+0.03 25.0+12.4

n>40.
doi:10.1371/journal.pone.0022582.t001
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Crystallization conditions: starting lysozyme concentration 20 mg/mlL, starting silicate content 0.2%, precipitant agent sodium chloride 1.0 M in sodium acetate 0.2 M,
pH 4.7. Crystallization time was defined as the time that elapses before the appearance of the first crystal. Crystal size refers to the average length of the longitudinal
axis of the crystal calculated on a set of several hundreds of crystals. Nucleation density is expressed as the number of crystals per mmZ. Reported values are mean * SD,
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Figure 1. Morphologies of lysozyme crystals in the presence of
layered silicates. Micrographs of lysozyme crystals in the absence of
layered silicate (Control) (A) and in the presence of sericite (B), K-
tetrasilicic fluoromica (C) and Na-tetrasilicic fluoromica (D). Crystalliza-
tion conditions: starting lysozyme concentration 20 mg/mL, starting
silicate content 0.2%, precipitant agent sodium chloride 1.0 M in
sodium acetate 0.2 M, pH 4.7. Scale bar: 0.5 mm.
doi:10.1371/journal.pone.0022582.g001

type H2 hysteresis loop at relative pressures between 0.40 and 1.00
(Fig. S3). The observed shape of this hysteresis loop is indicative of
the existence of mesopores. Total pore volume of Fo-Sap, Fo 4-
Sap and Fy jg5-Sap were 0.18, 0.14 and 0.12 cm®/g, respectively.
These mesoporosities derive from the house-of-card structure,
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which is the disordered stacking of nanolayers disposed edge-to-
face [37,40,41]. The specific surface area of F-Saps decreased with
the substitution rate. This result was anticipated because of the
increase in crystallinity observed in the XRD patterns (Table S2
and Fig. S2). The CEC, often used as a measure of the layer
charge [42], increased as the substitution rate increased (Table
S2). Furthermore, the zeta potential in 0.2 M sodium acetate
(pH 4.7) containing 1.0 M sodium chloride fell with the
substitution rate (Fig. S4). No significant change in the
hydrophobicity was observed in F-Saps (Fig. S4). These measure-
ments indicate that substitution increases the surface charge
density of the layer. Because the surface of F-Sap is highly
negatively charged it attracts lysozyme molecules via electrostatic
interactions under suitable crystallization conditions.

Fluoro-alkylated saponites (FA-Saps) were analyzed by FT-IR
spectroscopy (Fig. S5). The peaks observed at 1000-1100 cm” !
correspond to the saponite lattice vibrations. The peaks of around
1200 cm ™" correspond to C—F stretching vibration in the -CFo-
and -CFj groups, which increased in intensity with increasing
levels of silane treatment. This observation indicates that the
fluoroalkyl chains have been introduced into the saponite. We
abbreviate each saponite as FA -Sap, where x corresponds to the
coverage.

Lysozyme crystallization using synthesized fluorinated
saponites

To investigate whether the substitution of hydroxyl groups for
fluorine atoms governs the heterogeneous nucleation, we
analyzed the crystallization of the model protein lysozyme on
the surface of F-Saps. By comparison with the control
experiment, Fy114-Sap and Fy 1g3-Sap reduced both crystalliza-
tion time and crystal size but increased nucleation density of
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Figure 2. Concentration range for precipitating lysozyme crystals in the presence of layered silicates. Crystallization phase diagrams for
lysozyme in the absence of layered silicate (Control) (A) and in the presence of sericite (B), K-tetrasilicic fluoromica (C) and Na-tetrasilicic fluoromica
(D). The variables are starting concentrations of lysozyme and sodium chloride. The blue circles and the red squares represent conditions at which
crystallization does or does not occur, respectively. The curve indicates the supersolubility curve separating conditions where crystallization occurs
from those in which the crystallization solution remains clear in the absence of silicate.

doi:10.1371/journal.pone.0022582.g002
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Table 2. Crystallization times, crystal sizes and nucleation
densities for lysozyme in the presence of F-Saps.

Layered silicate Time Size Density
(day) (mm) (n.c./mm?)
Control 2 0.41+0.16 0.67+0.32
Fo-Sap 4 0.55+0.18 0.43+0.27
Fo.114-Sap 15 0.29%+0.13 2.160.94
Fo.188-Sap 1.5 0.22+0.12 7.14*x2.14

Crystallization conditions: starting lysozyme concentration 20 mg/mL, starting
silicate content 0.2%, precipitant agent sodium chloride 1.0 M in sodium
acetate 0.2 M pH 4.7. Crystallization time was defined as the time that elapses
before the appearance of the first crystal. Crystal size refers to the average
length of the longitudinal axis of the crystal calculated on a set of several
hundreds of crystals. Nucleation density is expressed as the number of crystals
per mm?. Reported values are mean * SD, n=6.
doi:10.1371/journal.pone.0022582.t002

lysozyme crystals formed at pH 4.7, whereas Fy-Sap showed no
such effect (Table 2). Fy114-Sap and Fj jgg-Sap increased the
relative nucleation densities with increasing silicate content in the
range of 0.0 to 0.4% (Fig. 3A). Thus, these observations
demonstrate Fy14-Sap and Fy1g3-Sap induce heterogeneous
nucleation of the lysozyme crystal, and that the substitution of
hydroxyl groups for fluorine atoms governs the nucleation-
inducing properties of the saponite. As can be seen from the
results shown in Fig. 3B, the decreases of relative nucleation
density in the range of 0.4 to 0.8% are due to a decrease in
supersaturation according to the adsorption of lysozyme on an
excess amount of Fy114-Sap or Fy jgg-Sap. The morphologies of
crystals in the presence of each F-Sap were the same as those of
the control drops (Fig. 4A-D). Thus, the F-Saps do not appear to
influence the symmetry of the lysozyme crystals.

Data collections of lysozyme crystals formed in the absence and
presence of F-Saps were carried out (Table S3). Lysozyme crystals
were prepared in mother liquor containing 30% glycerol so that
they could be flash cooled without soaking them in a cryoprotec-
tant. All the crystals, regardless of the absence/presence of F-Saps,
belonged to the space group P452,2. Indeed, we previously
reported no change in the space group of thaumatin crystals
formed in the presence of layered silicate [20]. In terms of quality,
each completeness and average 1/Sigma from the crystals formed
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A B

Figure 4. Morphology of lysozyme crystals in the presence of F-
Saps. Micrographs of lysozyme crystals in the absence of layered
silicate (Control) (A) and in the presence of Fy-Sap (B), Fo.114-Sap (C) and
Fo.1ss-Sap (D). Crystallization conditions: starting lysozyme concentra-
tion 20 mg/mL, starting silicate content 0.2%, precipitant agent sodium
chloride 1.0 M in sodium acetate 0.2 M, pH 4.7. Scale bar: 0.5 mm.
doi:10.1371/journal.pone.0022582.g004

in the presence of F-Saps was lower than those obtained from the
control. Fy 1g3-Sap gave the lowest completeness and average 1/
Sigma, and the highest mosaicity. Fy14-Sap gave the lowest
Riserge: Thus, unfortunately, the quality of lysozyme crystals
formed in the presence of F-Saps tends to be lower than those in
the absence of the nucleant. Our results are consistent with the
previous data, which showed that the growth speed of thaumatin
crystal formed in the presence of layered silicate is inversely related
to their quality [20].

The effects of FA-Saps on lysozyme crystallization were also
investigated (Fig. S6). FA-Saps did not change the nucleation
density and the crystallization time by comparison with control
samples, indicating that the fluoroalkyl chains binding to saponite
does not induce nucleation. These results are consistent with our
proposal that substitution of hydroxyl groups for fluorine atoms is
essential for the promotion of lysozyme crystal nucleation.
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Figure 3. Relative nucleation densities for lysozyme in the presence of F-Saps. Red circle: Fy-Sap, blue triangle: Fy 114-Sap, green square:
Fo.188-Sap. (A) Starting lysozyme concentration: 20 mg/mL. Reported values are mean = SD, n=6. (B) Starting lysozyme concentration: 15 mg/mL.

Reported values are mean = SD, n=6.
doi:10.1371/journal.pone.0022582.g003
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Crystallization of various proteins using
fluoro-substituted saponites

Twelve proteins chosen to cover a wide range of pls and
molecular weights were crystallized in the presence of F-Saps
(Table 3). Lysozyme was also crystallized to investigate whether
the different type of precipitant affect heterogeneous nucleation.

As shown in Table 3, Fy 153-Sap reduced crystallization times of
six proteins compared with the control experiment, but crystallized
the other six proteins at metastable conditions where spontaneous
crystallization does not occur. These observations indicate that
Fo.188-Sap promotes the nucleation of all tested proteins regardless
of their differences in net charge. Meanwhile, Fy 114-Sap reduced
the crystallization times of catalase, concanavalin A and
thaumatin, and crystallized albumin, glucose isomerase, L-lactate
dehydrogenase and trypsin under metastable conditions. These
findings indicate that Fy ;,4-Sap promotes the nucleation of seven
out of the twelve test proteins. Fo-Sap reduced the crystallization
times of albumin and trypsin, and crystallized catalase and
thaumatin under metastable conditions, indicating that Fy-Sap
promotes the nucleation of four out of the twelve test proteins. The
addition of Izit crystal dye confirmed that no salt crystals are
formed regardless of the absence/presence of F-Saps, suggesting
that the silicates do not increase the production of salt crystals
under the supersaturation conditions. Thus, our data suggest that
the negatively charged surface of saponites with substituted
fluorine atoms reduce the free energy barrier to the formation of
a stable crystal nucleus of proteins with various pls and molecular
weights.

A comparison between the effects of the different saponites is
shown in Table 3. Fy114-Sap and Fy 1g3-Sap crystallized glucose
isomerase and L-lactate dehydrogenase, whereas Fo-Sap did not.
Fo.114-Sap and Fy 1gg-Sap crystallized albumin, concanavalin A
and thaumatin earlier than Fy-Sap. These observations show that
the fluoride substitution governs and enhances the nucleation
potential of saponite. Additionally, only Fy jgg-Sap promoted the
nucleation in the case of aprotinin, avidin, proteinase K, xylanase
and lysozyme, suggesting the existence of a threshold amount of
fluorine atoms required for the promotion of nucleation.
Accordingly, we speculate that the optimal content of fluorine
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atoms in the lamellar network provides a suitable environment for
the heterogeneous nucleation.

In the case of lysozyme, Fy jgg-Sap promoted nucleation in a
precipitant solution containing sodium chloride (Table 2) and
polyethylene glycol 4000 (Table 3), indicating that the promoting
effect of Fy 135-Sap is independent of the type of precipitant c.e.,
salts versus nonionic polymers.

It is well known that porous media with a broad size distribution
act as effective nucleants for crystallization of proteins [17]. In this
study, all F-Saps that promoted the nucleation of crystals of
albumin, catalase, thaumatin and trypsin possessed mesopores
(Fig. S3), regardless of the presence/absence of fluorine atoms
(Table 3). Thus, for these four proteins at least, the negatively
charged trioctahedral lamellar structure with mesoporosity
independently or synergistically promotes the mechanism of
crystallization.

Initial screening for crystallization using the
fluoro-substituted saponite

Fo.188-Sap, the most successful nucleant in this study, was used
to search suitable initial crystallization conditions for proteins. We
chose lysozyme and glucose isomerase as model proteins which are
often used for testing the effect of nucleants in primary screening
[32,33]. Each protein was crystallized by the sitting-drop vapor
diffusion technique using Micro-Bridges precoated with saponite.
Saponite is swellable mineral which allows water to splay the
silicate uniformly resulting in a desirable inorganic coat that will be
tightly adhered to the bridge surface. The use of the bridge in
sitting-drop screening eliminates the need for a powder-dispersing
step which generally is needed for dispersing silicate particles.
Therefore this method prevents bubbling on the precipitant
solution providing an enhanced handling property as compared
with the conventional method.

As expected, the saponite promoted the crystallization of
lysozyme and glucose isomerase enhancing the success rate of
protein crystallization compared to the control experiment in
which no crystals were formed (Table S5). The promotion was
independent of the type of precipitant, like for example salts
(sodium chloride, sodium citrate tribasic dehydrate, sodium
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Table 3. Crystallization times (days) of twelve proteins in the presence of F-Saps.

Protein Control Fo-Sap Fo.114-Sap Fo.188-Sap
Sample name MW (kDa) pl Charge

Aprotinin 6.5 9.2 + 7 7 7 2

Avidin 14.3 9.7 * 5 5 5 1
Concanavalin A 25.6 6.0 + 26 26 20 13
Lysozyme 14.3 9.3 + N. C. N. C. N. C. 22
Thaumatin 222 83 + 55 28 12 25

Trypsin 23 10.1 A N. C. 42 43 34
Albumin 66 4.7 - N. C. 26 19 14
Catalase 240 55 - 12 8 8 5

Glucose isomerase 172 5.0 - N. C. N. C. 2 2
Proteinase K 289 83 = N. C. N. C. N. C 8

L-Lactate dehydrogenase 3238 59 - N. C. N. C. 8 5

Xylanase 21 9.0 * 8 9 9 2

The MW and the classical pl values were calculated using a ExPASy server tool (http://ca.expasy.org/). The charge represents the signs of net charge of each protein
under each crystallization condition. ‘N. C." indicates that no crystal formed after two months.

doi:10.1371/journal.pone.0022582.t003
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formate and ammonium sulfate), nonionic polymers (polyethylene
glycol 4000, polyethylene glycol 8000 and polyethylene glycol
monomethyl ether 5000) and alcohols (2-methyl-2, 4-pentandiol
and 1, 6-hexanediol). Salt crystals formed regardless of the
absence/presence of the saponite under some specific conditions,
e.g. Crystal Screen Nos. 6 and 24 in lysozyme crystallization and
Crystal Screen 2 No. 21 in glucose isomerase crystallization. Our
screening experiments suggest that the inorganic coat promotes
nucleation of protein crystals regardless of the precipitant solution,
as is the case when using the silicate dispersion. In addition note
that Fy1g3-Sap inhibited lysozyme crystallization in the Crystal
Screen No. 40 (0.1 M sodium citrate tribasic dehydrate pH 5.6,
20% v/v 2-propanol and 20% w/v polyethylene glycol 4000)
contrary to the spontaneous crystallization that occurs in the
absence of the silicate (Table S5). This observation may be due to
a decrease In supersaturation according to the adsorption of
lysozyme on an excess amount of saponite. Our findings imply that
fluorinated layered silicate can enhance the success rate in the
initial screening for a large variety of proteins and reduce the time
and cost of crystallization. Such crystallization method may be
realized as automated system which allows for the simultaneous or
sequential examination of a large number of samples. Further use
of the silicate for solving the structures of new proteins will open
up the potential for new screening tools in macromolecular
crystallography.

Adsorption of proteins on fluoro-substituted saponites

Previous studies described the strong correlation between
heterogeneous nucleation and protein adsorption on the nucleants
[27,30]. We investigated the adsorption of protein molecules at the
F-Sap/water interface under the crystallization conditions
(Table 4). Below each condition, lysozyme, glucose isomerase
and xylanase have a net positive, negative and neutral charge,
respectively. As shown in Table 4, the adsorption densities of each
protein increased in the following sequence: Fy-Sap < Fy j14-Sap
< Fy188-Sap. These findings indicate that substitution results in
increased protein densities at the interface. Indeed, the high
protein concentration correlates with the effective promotion of
heterogeneous nucleation on the silicate surface.

Several reports identify a relationship between the density of
protein molecules adsorbed on negatively charged surfaces, such
as layered silicate or silica, and the orientation of the molecules
[38,39,43]. We propose a model of heterogeneous nucleation on
layered silicate that is associated with this orientation (Fig. 5). At
the initial stage of the nucleation, local interactions between the
negatively charged hydroxyl groups or fluorine atoms of the
silicate and positively charged residues of the protein molecule will
occur sequentially. In the case of the silicate without fluorine
atoms, the neighboring protein-protein interactions at the
interface are likely to be minor because of the relatively large
intermolecular distances. Therefore the adsorbed molecules
assume a relatively wide distribution of orientations. By contrast,
in the case of fluorinated layered silicates with substituted fluorine

Table 4. Adsorption densities (mg/m?) of proteins on F-Saps.

Fo-Sap Fo.114-Sap Fo.1ss-Sap
Lysozyme 2.30+0.03 2.50+0.05 2.71%+0.08
Glucose isomerase 0.75%0.01 0.77%0.02 0.81x0.03
Xylanase 0.84+0.01 0.87%+0.01 0.90+0.02

doi:10.1371/journal.pone.0022582.t004

@ PLoS ONE | www.plosone.org
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atoms, lateral electrostatic repulsions of neighboring protein
molecules will spontaneously force them into a narrow distribution
of orientations. Hence, the positively charged patches on the
protein molecules will be positioned close to the surface to
minimize repulsion. The high local supersaturation of adsorbed
molecules with a narrow distribution of orientations results in the
formation of a critical cluster comprised of neighboring molecules
with suitable bond angles on the silicate surface. The cluster acts as
a nucleus, leading to crystal growth in the supersaturation
conditions. Additional studies for investigating the adsorbed
proteins will help to understand the molecular mechanism of
heterogeneous nucleation.

In conclusion, fluorinated layered silicate promotes nucleation
of crystals of a wide range of proteins. We believe that application
of the silicate for screening will have a major impact in structural
biology.

Materials and Methods

Materials

Saponite was kindly donated by Kunimine Industries Co., Ltd.
(Tokyo, Japan). Montmorillonite was kindly donated by Dr. Takeo
Ebina (National Institute of Advanced Industrial Science and
Technology). Fluorohectorite, hectorite, K-tetrasilicic fluoromica
and Na-tetrasilicic fluoromica were obtained from CO-OP
Chemical Co., Ltd. (Tokyo, Japan). Sericite and pyrophyllite were
obtained from The Clay Science Society of Japan. Fluorophlogo-
pite was obtained from Topy Industries Co., Ltd. (Tokyo, Japan)
and Muscovite from Yamaguchi Mica Co., Ltd. (Aichi, Japan).
Talc was purchased from Nippon Talc Co., Ltd. (Osaka, Japan).
Hen egg-white lysozyme, bovine liver catalase, proteinase K from
Tritirachium album and bovine pancreas trypsin were obtained from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Aprotinin,
jack bean concanavalin A, thaumatin from Thaumatococcus danielli,
human serum albumin, Sigmacote and 24-well tray were obtained
from Sigma-Aldrich (St Louis, MO). Glucose isomerase from
Streptomyces  rubiginosus, xylanase from Trichoderma longibrachiatum,
Micro-Bridge, Crystal Screen, Crystal Screen 2, and Izit crystal
dye were obtained from Hampton Research (Aliso Viejo, CA).
Avidin from egg white was purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). L-Lactate dehydrogenase from Thermus caldophilus
GK24 was expressed and purified as described previously [44].
Coverslips were obtained from Matsunami Glass Ind., Ltd.
(Osaka, Japan). High vacuum grease was obtained from Dow
Corning Toray Co., Ltd. (Tokyo, Japan). Perfluorooctyltriethox-
ysilane was obtained from Tokyo Kasei Co., Ltd. (Japan). All other
chemicals were obtained from Nacalai Tesque, Inc., Wako Pure
Chemical Industries, Ltd. and Sigma-Aldrich.

Synthesis of fluorinated saponites

Fluoro-substituted saponites (F-Saps) were synthesized from gels
under hydrothermal conditions as described previously [35,36,45—
48]. The chemical composition of the gel phase was chosen to
correspond to the theoretical composition of saponite Nag 335(M-
23)(Alg 33515 67)O19(OH, ). The gels were prepared using water
glass as the silicon source, MgSOy, Aly(SO,); and NaF. The
mixture was hydrothermally treated in 3.0 L pressure vessels and
autoclaved at 250°C for 4 h under autogenous pressure. After
cooling the vessel, the solid product was washed twice in deionized
water to remove any unreacted Nal’ and then dried overnight at
105°C. Finally, the product was ground and the resulting silicate
powder used for protein crystallization. As the control material,
saponite without fluoride substitution was synthesized using
NaOH instead of NaF.
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Figure 5. Proposed model for heterogeneous nucleation of protein crystal on fluorinated layered silicate.
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Fluoro-alkylated saponites (FA-Saps) were also synthesized. The
silane solution was prepared by mixing 0.15-1.2 g of perfluorooctyl-
triethoxysilane and 240 mL of 90% methanol, and then 1.5 g of
saponite was dipped into the solution while stirring to give the
coverage of 9.6-76.5%. After stirring for 1 h at 60°C, the solid phase
was washed twice in deionized water and dried for 24 h at 60°C.

Characterization

Fluorine identification was carried out using a scanning electron
microscope (Hitachi S-800) equipped with an energy dispersive X-
ray (SEM-EDX) spectrometer (KEVEX Delta series) at an
operating voltage of 10 kV. Chemical composition was deter-
mined using X-ray photoelectron spectroscopy (XPS) (Rigaku
RIX1000). Nitrogen adsorption/desorption at liquid nitrogen
temperature were measured using an AUTOSORB-1 (Quanta-
chrome instruments, Boynton Beach, FL). Prior to the measure-
ment, each silicate was degassed for 3 h at 473 K under vacuum.
Specific surface area was determined from the adsorption data
ranging from relative pressure P/Py=0.05-0.30 according to the
Brunauer-Emmett-Teller (BET) method. Total pore volume was
estimated from the amount of nitrogen adsorption at the
maximum relative pressure. Pore distribution was calculated from
the adsorption data using the Barrett-Joyner-Halenda (BJH)
method. Cation exchange capacity (CEC) was determined by the
ammonium acetate method as described previously [49]. Zeta
potential was measured with an ELS-Z instrument (Otsuka
Electronics Co. Ltd., Tokyo, Japan). Hydrophobicity was
determined as described previously [50]. Fourier transform
infrared (FT-IR) spectra of FA-Saps were obtained on a Spectrum
100 FTIR spectrometer (Perkin Elmer, Boston, MA).

Crystallization

Twelve proteins were crystallized by the hanging-drop or sitting-
drop vapor diffusion technique using silicate dispersion as described
previously [20]. These proteins include albumin, aprotinin, avidin,
catalase, concanavalin A, glucose isomerase, L-lactate dehydroge-
nase, lysozyme, proteinase K, thaumatin, trypsin and xylanase.
Cirystallization conditions of proteins used are listed in Table S4. For
setting up the crystallization experiments, 5 ul. of each protein
solution was mixed with an equal volume of a precipitant solution
containing 0.1-0.8% F-Sap on a coverslip or a bridge coated with
silicon. The droplet was incubated at 293*=1 K in a sealed well
containing a reservoir solution. We also crystallized each protein in
the absence of silicate as a control. Izit crystal dye was used to
distinguish whether the crystal was a protein or a salt. All experiments
were carried out at least three times to test reproducibility.

Diffraction data of lysozyme crystals formed in the presence of
30% glycerol were collected with CCD camera at the BLOA
station of the Photon Factory, High Energy Accelerator Research
Organization (KEK). The crystals were directly flash-cooled under
a stream of nitrogen gas at 100 K without soaking in a
cryoprotectant. Diffraction images were indexed, integrated and
then scaled using the DPS/MOSFLM program suite.

@ PLoS ONE | www.plosone.org

Crystallization screening

Initial screening trials for suitable crystallization conditions of
lysozyme and glucose isomerase were established by sitting-drop
vapor diffusion technique using commercially available sparse-
matrix screening kits: Crystal Screen or Crystal Screen 2 from
Hampton Research. 5 pL. of 0.2% Fyg3-Sap dispersed in
deionized water was applied over a bridge and then dried at
room temperature under vacuum. The resulting bridges precoated
with the saponite were used for the screening experiments.
Lysozyme was dissolved in 20 mM sodium phosphate pH 7.0 to a
final concentration of 8.0 mg/mL. In glucose isomerase case it was
dissolved in 20 mM Tris-HCI pH 7.0 containing 1 mM MgCl, to
a final concentration of 13.0 mg/mL. 5 puL of each protein
solution was mixed with an equal volume of the precipitant
solution from the reservoir on the bridge. The droplet was
incubated at 293*1 K for two months in the sealed well. We also
crystallized each protein on the bridge without saponite as control.
Izit crystal dye was used to distinguish whether the crystal was a
protein or a salt. All experiments were carried out three times to
test reproducibility.

Protein adsorption

Batch adsorptions of lysozyme, xylanase and glucose isomerase
under each crystallization condition were carried out using F-Saps.
A 500 pL aliquot of each protein solution listed in Table S4 was
mixed with an equal volume of precipitant solution containing
1.0% F-Sap listed in Table S4, and then stirred for 3 h at
293*1 K. After centrifugation, the concentration of supernatant
was determined by the absorbance at 280 nm or Bradford assay.
All experiments were carried out at least three times to test
reproducibility.

Supporting Information

Figure S1 Schematic representation of typical layered
silicate having a 2:1 type structure.

(TTEF)

Figure $2 X-ray diffraction patterns of F0.188-Sap (A),
F0.114-Sap (B) and F0-Sap (C).

(TIF)

Figure 3 Nitrogen adsorption/desorption isotherms of
F0-Sap (A), F0.114-Sap (B) and F0.188-Sap (C).
(TIF)

Figure S4 Measured zeta potentials and hydrophobici-
ties of F-Saps in the condition for lysozyme crystalliza-
tion. Reported values are mean = SD, n=3.

(TIF)

Figure S5 Characterization of FA-Saps. FT-IR spectra of
FA-Saps with different coverage; Raw saponite (A), FA,-Sap (B),
FAg'G-Sap (C), FAlg'l-Sap (D), FA38.2-Sap (E), FA5744-Sap (F) and
FA76A5—Sap (G)

(TTF)
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Figure S6 Nucleation densities for lysozyme in the
presence of FA-Saps with different coverage. Crystalliza-
tion conditions: starting lysozyme concentration 20 mg/mlL,
precipitant agent sodium chloride 1.0 M in sodium acetate 0.2
M, pH 4.7. Reported values are mean * SD, n=6.

(TTF)

Table S1 Chemical compositions
obtained from XPS analysis.
DOC)

(wt%) of F-Saps

Table $2 CEC, specific surface area and surface charge
density of F-Saps.
(DOC)

Table S3 Data collection from lysozyme crystals.
(DOC)

Table S4 Crystallization conditions of proteins used in
this study.
(DOC)

References

1. Asheriec N (2004) Protein crystallization and phase diagrams. Methods 34:
266-272.

2. McPherson A (1999) Crystallization of biological macromolecules. Cold Spring
Harbor: Cold Spring Harbor Laboratory Press. pp 165-167.

3. Blow DM, Chayen NE, Lloyd LF, Saridakis E (1994) Control of nucleation of
protein crystals. Protein Science 3: 1638-1643.

4. Chayen NE (2004) Turning protein crystallisation from an art into a science.
Churr Opin Struct Biol 14: 577-583.

5. McPherson A, Shlichta P (1988) Heterogencous and epitaxial nucleation of
protein crystals on mineral surfaces. Science 239: 385-387.

6. Falini G, Fermani S, Conforti G, Ripamonti A (2002) Protein crystallization on
chemically modified mica surfaces. Acta Crystallogr D Biol Crystallogr 58:
1649-1652.

7. Tang L, Huang YB, Liu DQ, Li JL, Mao K, et al. (2005) Effects of the silanized
mica surface on protein crystallization. Acta Crystallogr D Biol Crystallogr 61:
53-59.

8. Tosi G, Fermani S, Falini G, Gavira Gallardo JA, Garcia Ruiz JM (2008)
Crystallization of proteins on functionalized surfaces. Acta Crystallogr D Biol
Crystallogr 64: 1054-1061.

9. Rong L, Komatsu H, Natsuisaka M, Yoda S (2001) Epitaxial nucleation of
protein crystal on poly-L-lysine modified surface. Jpn J Appl Phys 40:
6677-6678.

10. Rong L, Komatsu H, Yoda S (2002) Control of heterogeneous nucleation of
lysozyme crystals by using Poly-L-Lysine modified substrate. J Cryst Growth
235: 489-493.

11. Fermani S, Falini G, Minnucci M, Ripamonti A (2001) Protein crystallization on
polymeric film surfaces. J Cryst Growth 224: 327-334.

12. Sanjoh A, Tsukihara T (1999) Spatiotemporal protein crystal growth studies
using microfluidic silicon devices. ] Cryst Growth 196: 691-702.

13. Sanjoh A, Tsukihara T, Gorti S (2001) Surface-potential controlled Si-
microarray devices for heterogeneous protein crystallization screening. J Cryst
Growth 232: 618-628.

14. Chayen NE, Saridakis E, El-Bahar R, Nemirovsky Y (2001) Porous silicon: An
effective nucleation-inducing material for protein crystallization. ] Mol Biol 312:
591-595.

15. Rong L, Komatsu H, Yoshizaki I, Kadowaki A, Yoda S (2004) Protein
crystallization by using porous glass substrate. J Synchrotron Radiat 11: 27-29.

16. Stolyarova S, Saridakis E, Chayen NE, Nemirovsky Y (2006) A model for
enhanced nucleation of protein crystals on a fractal porous substrate. Biophys J
91: 3857-3863.

17. Chayen NE, Saridakis E, Sear RP (2006) Experiment and theory for
heterogeneous nucleation of protein crystals in a porous medium. Proc Natl
Acad Sci U S A 103: 597-601.

18. Asanithi P, Saridakis E, Govada L, Jurewicz I, Brunner EW, et al. (2009)
Carbon-nanotube-based materials for protein crystallization. ACS Appl Mater
Interfaces 1: 1203-1210.

19. Sugahara M, Asada Y, Morikawa Y, Kageyama Y, Kunishima N (2008)
Nucleant-mediated protein crystallization with the application of microporous
synthetic zeolites. Acta Crystallogr D Biol Crystallogr 64: 686-695.

20. Takehara M, Ino K, Takakusagi Y, Oshikane H, Nureki O, et al. (2008) Use of
layer silicate for protein crystallization: effects of Micromica and chlorite
powders in hanging drops. Anal Biochem 373: 322-329.

21. Kimble WL, Paxton TE, Rousscau RW, Sambanis A (1998) The effect of
mineral substrates on the crystallization of lysozyme. J Cryst Growth 187:
268-276.

@ PLoS ONE | www.plosone.org

Protein Crystallization Using Layered Silicate

Table S5 Protein crystallization screening with Fy ;g3-
Sap in combination with the commercially available
sparse-matrix screening kits.

DOC)

Acknowledgments

We thank Dr. Takeo Ebina (National Institute of Advanced Industrial
Science and Technology) for providing a sample of montmorillonite. We
thank Drs. Tadashi Nakabayashi and Yukinobu Uchiyama, and Mr. Sojiro
Fujioka (Tokyo University of Science) for valuable suggestions and
discussions. We thank Mr. Jesus Izaguirre for proofreading. We thank
the reviewers for their constructive comments and suggestions, which
significantly improved this manuscript.

Author Contributions

Conceived and designed the experiments: K.Ino. Performed the experi-
ments: K.Ino IU K.Iwabata YT MK KK KA YS MN. Analyzed the data:
K.Ino IU K.Iwabata YT MK KK KA YS MN TT FM HT KS. Wrote the
paper: K.Ino.

22. Paxton TE, Sambanis A, Rousseau RW (1999) Mineral substrates as
heterogeneous nucleants in the crystallization of proteins. J Cryst Growth
198/ 199: 656-660.

23. Darst SA, Edwards AM (1995) Epitaxial growth of protein crystals from two-
dimensional crystals on lipid layers. Curr Opin Struct Biol 5: 640-644.

24. Edward AM, Darst SA, Hemming SA, Li Y, Kornberg RD (1994) Epitaxial
growth of protein crystals on lipid layers. Nat Struct Biol 1: 195-197.

25. Sun LH, Xu CY, Yu F, Tao SX, Li J, et al. (2010) Epitaxial growth of
trichosanthin protein crystals on mica surface. Cryst Growth Des 10:
2766-2769.

26. Hemming SA, Bochkarev A, Darst SA, Kornberg RD, Ala P, et al. (1995) The
mechanism of protein crystal growth from lipid layers. J Mol Biol 246: 308-316.

27. Liu YX, Wang X]J, Lu J, Ching CB (2007) Influence of the roughness,
topography, and physicochemical properties of chemically modified surfaces on
the heterogencous nucleation of protein crystals. J Phys Chem B 111:
13971-13978.

28. Punzi JS, Luft J, Cody V (1991) Protein crystal growth in the presence of
poly(vinylidene difluoride) membrane. J Appl Cryst 24: 406-408.

29. Curcio E, Fontananova E, Di Profio G, Drioli E (2006) Influence of the
structural properties of poly(vinylidene fluoride) membranes on the heteroge-
neous nucleation rate of protein crystals. ] Phys Chem B 110: 12438-12445.

30. Georgieva DG, Kuil ME, Oosterkamp TH, Zandbergen HW, Abrahams JP
(2007) Heterogeneous nucleation of three-dimensional protein nanocrystals.
Acta Crystallogr D Biol Crystallogr 63: 564-570.

31. D’Arcy A, Mac Sweeney A, Haber A (2003) Using natural seeding material to
generate nucleation in protein crystallization experiments. Acta Crystallogr D Biol
Crystallogr 59: 1343-1346.

32. Thakur AS, Robin G, Guncar G, Saunders NFW, Newman J, et al. (2007)
Improved success of sparse matrix protein crystallization screening with
heterogeneous nucleating agents. PLoS ONE 2(10): e1091.

33. Kallio JM, Hakulinen N, Kallio JP, Niemi MH, Karkkiinen S, et al. (2009) The
contribution of polystyrene nanospheres towards the crystallization of proteins.
PLoS ONE 4(1): e4198.

34. Utracki LA, Sepehr M, Boccaleri E (2007) Synthetic, layered nanoparticles for
polymeric nanocomposites (PNCis). Polym Adv Technol 18: 1-37.

35. Oya A, Omata Y, Otani S (1986) Thermal degradation behaviour of
fluorosaponite-o-naphtylamine complex under nitrogen. J Mater Sci 21:
1227-1232.

36. Sugiyama H, Oya A, Otani S (1988) Syntheses and thermal degradation
behaviours of saponite-a-naphthylamine complexes: effects of substitution of
OH in saponite by fluorine. J] Mater Sci 23: 1764-1768.

37. Perez D, Burlitch JM (1995) Sol-gel synthesis of fluoride-substituted talc. Chem
Mater 7: 2277-2283.

38. Daly SM, Przybycien TM, Tilton RD (2003) Cioverage-dependent orientation of
lysozyme adsorbed on silica. Langumuir 19: 3848-3857.

39. Wertz CF, Santore MM (2002) Adsorption and reorientation kinetics of
lysozyme on hydrophobic surfaces. Langmuir 18: 1190-1199.

40. Vogels RJMJ, Kloprogge JT, Geus JW (2005) Synthesis and characterization of
saponite clays. American Mineralogist 90: 931-944.

41. Vogels RJM]J, Kerkhoffs MJHV, Geus JW (1995) Non-hydrothermal synthesis,
characterisation and catalytic properties of saponite clays. Stud Surf Sci Catal
91: 1153-1161.

42. Adams JM, Evans S (1979) Determination of the cation-exchange capacity (layer
charge) of small quantities of clay minerals by nephelometry. Clays Clay Miner
27: 137-139.

July 2011 | Volume 6 | Issue 7 | e22582



43.

44.

46.

Vasina EN, Déjardin P (2004) Adsorption of a-chymotrypsin onto mica in
laminar flow conditions. Adsorption kinetic constant as a function of tris buffer
concentration at pH 8.6. Langmuir 20: 8699-8706.

Koide S, Iwata S, Matsuzawa H, Ohta T (1991) Crystallization of allosteric L-
lactate dehydrogenase from Thermus caldophilus and preliminary crystallo-
graphic data. J Biochem 109: 6-7.

. Reinholdt M, Miehé-Brendlé J, Delmotte L, Le Dred R, Tuilier MH (2005)

Synthesis and characterization of montmorillonite-type phyllosilicates in a
fluoride medium. Clay Minerals 40: 177-190.

Jaber M, Miche-Brendle J (2005) Influence du milieu de synthése sur la
cristallisation de saponite: proposition de mécanisme réactionnel en milieu acide
et basique. Compte Rendu de Chimie 8: 229-234.

@ PLoS ONE | www.plosone.org

47.

48.

49.

50.

Protein Crystallization Using Layered Silicate

Kloprogge JT, Breukelaar J, Jansen JBH, Gues JW (1993) Development of
ammonium-saponites from gels with variable ammonium concentration and
water content at low temperatures. Clays Clay Miner 41: 103-110.

Bisio C, Gatti G, Boccaleri E, Marchese L, Bertinetti L, et al. (2008) On the
acidity of saponite materials: a combined HRTEM, FTIR, and solid-state NMR
study. Langmuir 24: 2808-2819.

Schollenberger CJ, Simon RN (1946) Determination of exchange capacity and
exchangeable bases in soil-ammonium acetate method. Soil Sci 59: 13-24.
Kubota M, Nakabayashi T, Matsumoto Y, Shiomi T, Yamada Y, et al. (2008)
Selective adsorption of bacterial cells onto zeolites. Colloids Surf B Biointerfaces
64: 88-97.

July 2011 | Volume 6 | Issue 7 | e22582



