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Abstract

Neutron macromolecule crystallography can determine the positions of hydrogen atoms in
proteins, thereby clarifying the protein structure and function as well as enzyme mechanisms. It
requires very large crystals to make up for the low flux of available neutron beams. Some techniques
have been developed to obtain large protein crystals. However, problems remain with the handling of
the crystal. Here we propose a novel crystallization technique that combines high-strength hydrogel
and seeding methods with fatty-acid binding protein and lysozyme. This novel approach enables safe
introduction of seeds into pre-equilibrated protein solutions without damage. Consequently, we can
grow large single crystals without forming twinned crystals and polycrystals. This technique is
expected to expand the scope of important proteins and may lead to an automated system for high-

resolution X-ray and neutron crystallography.
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Introduction

X-ray macromolecule crystallography is a powerful tool for determining the three-dimensional
(3D) structure of proteins with atomic resolution. The 3D structures of proteins provide useful
information on not only the structure-function relationship, but also the structure-based drug design.
However, X-ray crystallographers rarely use hydrogen atoms and hydration water molecules to gain
a more detail understanding of the protein structure.! Neutron macromolecule crystallography
provides insight into protein structure protonation details.” This technique yields better understanding
of the enzyme mechanism and promotes rational structure-based drug design. One important purpose
of neutron macromolecule crystallography is to obtain extremely large protein crystals (e.g., 1 to 6
mm’)' to compensate for the weak flux of the available neutron beam.>* To date, techniques for
obtaining large protein crystals include macroseeding,’ the slow-cooling method,” the
floating-and-stirring technique,’ the large-scale hanging drop method,® and top-seeded solution
growth.” '° However, several obstacles remain with these methods. For example, with the
macroseeding technique that is frequently utilized to enlarge protein crystals, we must pay
scrupulous attention when handling the seed crystal. A seed crystal is introduced into a
pre-equilibrated protein solution, and this cycle is repeated several times. However, it is often
difficult to use a seed crystal because protein crystals are usually very small and fragile."!

To overcome the disadvantage of very small and fragile seed crystals, we used high-strength
agarose and thermoreversible gelation synthetic polymer (TGP)12 hydrogels. Agarose and TGP are
used in protein crystallization to control nucleation of the protein crystals.”*'® They reduce
convection and prevent crystal sedimentation,'”’ resulting in high-quality protein crystals.18 We
recently developed a new method for growing protein crystals in high-strength hydrogels.'*® Our
recent study demonstrated that these high-strength hydrogels increase the crystal’s mechanical
stability while considerably reducing osmotic shock,”’ in part because incorporating hydrogel fibers
into the crystal during growth significantly strengthens the crystal.

Here we propose the novel combinational technique of seeding and reinforcing hydrogel-grown
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protein crystals using agarose or TGP hydrogels for neutron crystallography. To evaluate the
feasibility and efficacy of this new approach, we optimized this technique for human heart-type
fatty-acid binding protein (FABP3) and chicken egg-white lysozyme (LZM) using agarose or TGP
hydrogels. Furthermore, we grew larger high-quality crystals of FABP3 and LZM using repeat
seeding. These crystals were used for X-ray diffraction (XRD) measurements, followed by structural
analysis. No obvious differences were observed in the crystal data between the hydrogel-grown seed
and seed-grown crystals. The resulting electron densities were also clear for the entire polypeptide
consisting of these model proteins. We believe that this new approach expands the scope of target

proteins and may lead to an automated system for X-ray and neutron crystallographic analysis.
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Experimental
Protein and hydrogel preparations

The human heart-type fatty acid-binding protein (hFABP3) was expressed and purified according
to the previously described protocol.”® * Purity was verified using sodium dodecyl sulfate
polyacrylamide electrophoresis. Chicken egg-white lysozyme (LZM) was purchased from Seikagaku
Kogyo and used without further purification.

Sea plaque agarose hydrogel (agaroseSP)*® and TGP known as Mebiol gel were prepared
according to the previously described protocol.'®*® AgaroseSP was purchased from Takara Bio. The
gelling temperature of the agaroseSP is 299 to 303K. Here, 4.5% (w/v) agaroseSP solution was
prepared by slowly stirring agarose powder in water at room temperature (295K) and melted at 373K.
Before setting up the crystallization trials, the agaroseSP was remelted at 368K and maintained as
liquid at 308K. TGP was purchased from Mebiol, Inc. (Kanagawa, Japan, through Tkeda Scientific
Co., Ltd., Tokyo, Japan).'** TGP is a copolymer composed of thermoresponsive polymer blocks
and hydrophilic polymer blocks.” This polymer block is hydrophilic at temperatures below 293K
and hydrophobic at temperatures above 293K, forming cross-linking points and a homogenous 3D
network of Mebiol. The gelling temperature of TGP is 293K. TGP was dissolved in distilled water at

277K for 3 days. The 15% (w/v) TGP sol solution was prepared and then stored at 277K.

Crystallization and seeding

Seed crystals of the proteins were prepared using the batch method. In addition, large crystals
were grown by combining high-strength hydrogel and seeding. Purified FABP3 samples in buffer
(20mM Tris-HCI, 100mM NaCl, pH 8.0) were concentrated to 60mg/ml for crystallization. LZM was
dissolved in 0.1M sodium acetate buffer at pH 4.5 to protein concentrations of 60mg/ml. These
protein solutions were passed through a 0.22 um pore filter (Advantec DISMIC-25). The
crystallization solutions for seed crystals were prepared by mixing equal volumes (1.5ul) of protein

solution (FABP3, 60mg/ml; LZM, 60mg/ml), precipitating agent (FABP3, 60% PEG400; LZM, 9.0%
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NaCl), and hydrogel (FABP3, 4.5% agarose; LZM, 4.5% agarose or 15% TGP) at 310K for agarose
or 277K for TGP. The final agaroseSP (TGP) concentration was 1.5% (5.0%). AgaroseSP (1.5 to
2.0%) is able to maintain the sol state at 310K for 16 hours and gelates rapidly at less than 293K.
Therefore, the mixed drop solutions (4.5ul) were immediately loaded onto CombiClover plates
(Emerald BioSystems) during the sol state, and the plates were covered with 0.055mm-thick sealing
tape (NITTO DENKO CORPORATION). The crystallization conditions for obtaining large protein
crystals were the same as those for seed crystals except protein concentrations. The seed crystals
were carefully removed using Microknife and Crystal Remover tools (SOSHO, Inc., Osaka, Japan).
The processed hydrogels containing seed crystals could then be captured using a cryoloop with little
damage to the crystals, and they were introduced into the crystallization solutions without hydrogels
to obtain large protein crystals. Table 1 summarizes the crystallization and seeding conditions of the

proteins used in this study.

Data Collection and structure determination

XRD experiments were performed under cryogenic conditions. The hydrogel-grown seed crystals
were carefully removed using Microknife as described above. A thickness of the gel surrounding the
seed crystals was approximately 0.2 mm after the processing operation. Next, the seed-grown
crystals were soaked in cryoprotectant solution (FABP3, 55% PEG400; LZM, 30% glycerol) and
then directly flash-cooled in a stream of cold nitrogen gas at 100K on the goniometer head of the
XRD equipment. XRD data were collected using beamlines from the SPring-8 synchrotron radiation
sources (Harima, Japan) and a Rigaku R-AXIS V imaging plate using CuKa radiation produced with
a Rigaku ultra X18 rotating anode generator. These data were processed and scaled using
HKL-2000.® The deposited FABP3 (PDB ID 3WVM)®*® and LZM (PDB ID 193L)’" structure
coordinates were used as starting models for structural analysis of FABP3 and LZM. The model was
manually improved using COOT.*® Structural refinements were carried out using a restrained

least-squares refinement method in Refmac software® as implemented within the CCP4 package.
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The geometry of the refined model was validated using PROCHECK.* The data collection and
refinement statistics are summarized in Table 2. Representative portions of the (2|F,|—|F¢|)

electron-density map after refinement are depicted in Figure 4.
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Results and discussion
Combination of high-strength hydrogel and seeding methods

Here, we briefly describe some practical advantages of crystals grown in high-strength hydrogels.
Hydrogel-grown crystal trapped in hydrogel fibers exhibits increased tolerance to environmental
perturbations (e.g., evaporation and temperature change), as well as vibration generated during
transportation.”® *"* ** Hydrogel-grown crystals may thus overcome significant problems (e.g.,
evaporation, temperature change, and vibration) caused by introducing a seed crystal into a
pre-equilibrated protein solution. We could handle hydrogel-grown crystals without touching them
directly by easily capturing them from the solution using a cryoloop.'® '’ The hydrogel surrounding
the crystals protected them while serving as an anchor to fix them on the cryoloop, significantly
reducing physical damage to the crystals. Furthermore, crystal sedimentation was prevented, and the

crystals were immobilized in a crystallization drop,** !

enabling us to suppress the production of
polycrystal at the initial step of crystal growth and to select the best single crystal for the seeding

experiment under direct microscopic observation (Figure 1). With this method, the agarose-grown

seed crystal of FABP3 grew to 0.5% 0.2 X 0.2mm (0.020mm”), the agarose-grown seed crystal of
LMZ grew to 0.5 X 0.1 X 0.1mm (0.005mm”), and the TGP-grown seed crystal of LZM grew to 0.3 X
0.3 X 0.3 mm (0.027 mm°).

Crystals are usually produced in highly supersaturated solutions where spontaneous nucleation of
the crystals usually occurs. However, nuclei spontaneously generated in these solutions grow rapidly
after nucleation, leading to poor crystallinity and the formation of many polycrystals. Thus, these
crystals may be unsuitable for diffraction studies. In such cases, each condition must be optimized
separately. The seeding method, which introduces a seed crystal into an appropriately saturated
solution, is generally used to solve this problem. However, protein crystals are usually very small
and fragile. If the seed crystals become firmly attached to a crystal growth vessel, it is difficult to
remove them without significant damage. To solve this problem, we combined high-strength

hydrogel and seeding methods. Figure la illustrates the protocol for transporting the seed crystal

8
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using this combination of methods.

Optimization of crystallization conditions

We previously reported that the nucleation of proteins is significantly promoted by highly
concentrated hydrogels, solving serious repeatability problems caused by the low nucleation rate in
protein crystallization.'®* One feasible explanation for this phenomenon is that highly concentrated
hydrogels may trap more water molecules in the crystallization solution, and thereby decrease
protein solubility and promoted nucleation, resulting in high-quality crystals. However, conditions
for producing large high-quality crystals are often affected by the crystallization setup. Therefore, we
optimized the crystallization conditions of FABP3 and LZM by combining high-strength hydrogel
and seeding methods. First, hydrogel-grown seed crystals of FABP3 and LZM were obtained in
1.5% agarose or 5.0% TGP hydrogels at protein concentrations of 20mg/ml using the batch method.
The hydrogel concentrations were optimized at somewhat lower concentrations than usual (2.0%
agarose, 6.0% TGP) to control nucleation of protein crystals. Next, these seed crystals were
introduced into the same conditions without hydrogels. However, as depicted in Figure 2, the protein
concentration triggered nucleation of small crystals within one week. For FABP3, polycrystallization
of the seed crystal also occurred at protein concentrations of 6 or 9mg/ml, although the seed crystals
themselves also grew. These results suggest that no seed crystals grow as large high-quality crystals
under these conditions. Finally, hydrogel-grown FABP3 and LZM seed crystals were grown under
the same conditions but with protein concentrations of 3mg/ml for the FABP3 seed crystals and
10mg/ml for the LZM crystals (Table 1). The seed crystals grew larger, and no additional nucleation
was generated under these optimized conditions (Figures 1a, b, and ¢). Hydrogel-grown LZM seed
crystals were observed at the center of the seed-grown crystals. These results demonstrate that
crystals grew on only the hydrogel-grown seed crystals introduced into the crystallization solution.

As a result, an seed-grown crystal of FABP3 grew to 1.3 % 1.0 X 1.0omm (1.3mm®), and two

seed-grown crystals (agarose and TGP) of LZM each grew to 1.2 X 1.0 X 1.0mm (1.2mm°).

9
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X-ray diffraction studies

To examine the diffraction quality of seed-grown FABP3 and LZM crystals, XRD experiments
were performed under cryogenic conditions using seed-grown crystals soaked in crystallization
solution containing 55% (w/v) PEG400 or 30% (w/v) glycerol. For XRD measurements at SPring-8,
to evaluate the quality of the crystal growth layer that developed on the hydrogel-grown seed crystal,
a seed-grown LZM crystal was exposed to S0um X-ray beams focused on the layer that grew on an
agarose hydrogel-grown LZM seed crystal. In addition, other seed-grown crystals were exposed to
X-ray beams focused on the center of these crystals. The diffraction pattern exhibited sharp and clear
diffraction spots without splits or blurs (Figure 3), suggesting high crystallinity of the seed-grown
FABP3 and LZM crystals without forming twinned crystals and polycrystals. This result indicates
that seed-grown crystals conserve the same growth direction as seed crystals. The diffraction quality
of the seed-grown FABP3 and LZM crystals was satisfactory for 3D structure determination. These
experiment results suggest that hydrogel-grown seed crystals can be safely introduced into
pre-equilibrated protein solutions without suffering damage.

Next, these diffraction data were processed and scaled to compare the XRD data statistics of
hydrogel-grown and seed-grown crystals. This comparison indicated no significant differences in
unit-cell dimensions and estimated mosaicity (Table 2), although XRD data of agarose-grown and
seed-grown LZM crystals were collected using different X-ray sources and wavelengths. These
results confirm that the excess of hydrogels surrounding FABP3 and LZM seed crystals does not

significantly affect the XRD quality of crystals.

Crystal structure analyses and structural comparison
X-ray structural analyses were carried out to clarify differences in the structures of
hydrogel-grown and seed-grown crystals (Figure 4). The resulting electron densities were clear for

the entire polypeptide of FABP3 and LZM, thus demonstrating the high quality of the structural

10
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analysis. We compared the structures of hydrogel-grown crystals with the 3D structures determined
from the seed-grown FABP3 and LZM crystals. The root-mean-square deviations (RMSDs) were
evaluated to be 0.06A for 460 main-chain atoms between the agaroseSP-grown and seed-grown
FABP3 crystal structures. The RMSDs were an average of 0.20A for 516 main-chain atoms between
structures of the agaroseSP-grown and seed-grown LZM crystals with agaroseSP, and an average of
0.25A between structures of the TGP-grown and seed-grown LZM crystals with TGP. These results
clearly demonstrate that the structures of the seed-grown crystals were almost the same as those of

the hydrogel-grown crystals.

Advantages of the combinational technique

The novel combination of hydrogel and seeding methods for obtaining larger crystals has the
following advantages. First, hydrogel-grown seed crystals are protected by the high-strength
hydrogel surrounding the crystals, enabling direct contactless manipulation of very fragile crystals.
This technique is quite effective in repeated macroseeding experiments, since mechanical damage to
the protein crystals caused by direct contact generates nucleation and polycrystallization. Second, in
seeding experiments, the crystals are exposed to evaporation during manipulation (e.g., separating a
single crystal from a polycrystal, removing the crystal from the growth vessel, and transporting the
crystal to a new crystallization solution) under microscopic observation, because such treatment
provokes evaporation of the crystallization drop solution containing the crystals. As a result,
long-term exposure to evaporation seriously damages the seed crystals, resulting in drying out and
cracking. It is very difficult to carry out these operations without damaging the crystals. However, as
previously repor‘[ed,25 hydrogel-grown crystals have a high tolerance for environmental perturbations
under evaporation conditions, enabling us to manipulate seed crystals without significant damage.
Third, this method can be applied to manipulating microcrystals for seeding experiments by
removing the microcrystal with hydrogels, with the protein sample that can obtain only microcrystals.

Fourth, since this method reduces crystal sedimentation and fixes the crystal in a crystallization drop,

11
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we can easily manipulate the best single crystal under direct microscopic observation. These
advantages suggest that this technique is useful for automating microcrystal and macrocrystal

seeding operations.

Conclusion

Large crystals of FABP3 and LZM were successfully obtained by combining high-strength
hydrogel and seeding techniques, demonstrating that this method may be applied for general use. In
this study, we found that the crystal layer that developed on hydrogel-grown seed crystals has the
following characteristics. In macroseeding, spontaneous nucleation frequently occurs during crystal
growth, causing polycrystallization of seed crystals. The diffraction spots of a seed-grown crystal
using this technique made the crystal suitable for 3D structure determination without splitting or
blurring, indicating a single crystal. Also, comparison of the diffraction data statistics of seed crystal
and those of seed-grown crystal exhibited no distinct differences. Thus, the use of the
hydrogel-grown crystals as seed crystals enables us to grow large high-quality single crystals without
causing damage. This novel combinational technique poses the possibility of developing a fully

automated system for generating large single protein crystals.

12
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Figure legends

Figure 1

Photographs of seeding experiments with hydrogel-grown seed crystals. (a) Schematic diagram of
the protocol for transporting seed crystals using a combination of high-strength hydrogel and
macroseeding methods. (b) Photographs of agarose-grown FABP3 seed crystal before seeding, just
after seeding, and after 1 to 14 days. (c) Photographs of agarose-grown LZM seed crystal before
seeding (left) and after 58 days (right). (d) Photographs of TGP-grown LZM seed crystal before
seeding (left) and after 60 days (right). (c, d) The dotted circles indicate seed crystals. The

hydrogel-grown crystals can be seen at the center of the large crystals.

Figure 2

Photographs of spontaneous nucleation during macroseeding experiments. (a) Agarose-grown
FABP3 seed crystals grown at protein concentrations of 6mg/ml just after seeding (left) and after 7
days (right). (b) Agarose-grown FABP3 seed crystals grown at protein concentrations of 9mg/ml just
after seeding (left) and after 7 days (right). (c) Agarose-grown LZM seed crystals grown at protein
concentrations of 20mg/ml after 7 days. (d) TGP-grown LZM seed crystals grown at protein

concentrations of 20 mg/ml after 7 days.

Figure 3

XRD patterns of hydrogel-grown and seed-grown crystals. (a) Agarose-grown FABP3 crystal. (b)
As-grown FABP3 crystal containing agarose-grown seed crystal. (c) Agarose-grown LZM crystal.
(d) Seed-grown LZM crystal containing agarose-grown seed crystal. (e) TGP-grown LZM crystal. (f)

TGP-grown LZM crystal containing TGP-grown seed crystal.

Figure 4
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Electron density maps contoured at 2.0c with (2|F,|-|F.|) amplitudes. These maps are calculated
using the diffraction data from hydrogel-grown and seed-grown crystals. (a) Agarose-grown seed and
seed-grown FABP3 crystals. The map resolution of agarose-grown FABP3 crystals is 1.50A, and that
of seed-grown FABP3 crystals is 1.60A. (b) Agarose-grown seed and seed-grown LZM crystals. The
map resolution of agarose-grown LZM crystals is 1.50A, and that of seed-grown LZM crystals is
1.55A. (c) TGP-grown seed and seed-grown LZM crystals. The map resolutions of TGP-grown and

seed-grown LZM crystals are 1.50A.
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Table 1. Crystallization and seeding conditions

Page 18 of 24

Proteins
(source)

FABP3
(human)

LZM
(chicken egg-white)

Crystallization conditions
Hydrogel conc. (w/v)

Protein conc. (mg/ml)
Precipitant agent (w/v)
Buffer

pH

Seeding conditions
Protein conc. (mg/ml)
Precipitant agent (w/v)
Buffer
pH

1.5% agarose

20

20% PEG400
0.1M Tris-HC1
8.5

3

20% PEG400
0.1M Hepes-NaOH
8.5

1.5% agarose,
or 5.0% TGP

20

3.0% NaCl

0.1M Na acetate

4.5

10

3.0% NacCl
0.1M Na acetate
4.5

18



Page 19 of 24

CrystEngComm
Table 2 X-ray diffraction data statistics
Proteins FABP3 FABP3 Lysozyme Lysozyme Lysozyme Lysozyme Lysozyme Lysozyme
Crystals grown in Agarose Agarose Agarose Agarose Agarose TGP TGP TGP
Crystals Seed Seed-grown Seed Seed-grown-1  Seed-grown-2  Seed Seed-grown-1  Seed-grown-2
Source In-house In-house In-house SPring-8 SPring-8 SPring-8 SPring-8 SPring-8
Detector R-axis V R-axis V R-axis V MX225HE MX225HE MX225HE MX225HE MX225HE
Wavelength (A) 1.54 1.54 1.54 0.90 0.90 0.90 0.90 0.90
Space group P212121 P212121 P43212 P43212 P43212 P43212 P43212 P43212
Unit-cell parameters (A)
a 54.5 54.6 78.4 78.2 77.6 78.1 78.0 78.1
b 70.0 70.2 78.4 78.2 77.6 78.1 78.0 78.1
c 339 339 36.9 37.0 37.2 37.2 37.4 37.3
Resolution (A) 50 —-1.50 50 —-1.50 50 —-1.50 50 - 1.60 50 —-1.50 50 —-1.50 50 —-1.55 50 -1.50
(High-resolution shell) (1.53-150) (1.53-1.50) (1.53-1.50) (1.63-1.60) (1.53-1.50) (1.53-1.50) (1.58-1.55) (1.53-1.50)
No. of reflections 144,478 133,111 266,835 189,495 234,705 102,166 215,964 241,359
Oscillation angle (°) 0.25 0.25 1.00 1.00 1.00 1.00 1.00 1.00
Total rotation angle (°) 180 180 200 180 180 90 180 180
No. of unique reflections 21,419 21,448 19,055 15,804 18,810 17,875 17,249 19,109
Redundancy 6.7 (5.3) 6.2 (4.0) 14.0 (7.4) 12.0 (10.5) 12.5 (11.0) 5.7 (2.0) 12.5 (10.6) 12.6 (10.5)
Mean //c(1) 42.4 (23.9) 42.0 (17.2) 32.1 (15.0) 7.0 (2.7) 7.4(2.3) 18.9 (8.4) 9.7 (4.8) 9.0(3.1)
Completeness (%) 99.4 (89.6) 99.0 (93.0) 99.8 (98.9) 99.9 (99.9) 100 (99.9) 93.9 (83.1) 99.2 (98.1) 99.2 (99.8)
Rinerge (%0)" 2.6 (7.8) 3.8(9.3) 5.0 (15.3) 9.3 (57.8) 8.4 (58.1) 6.9 (10.8) 6.7 (57.6) 5.7 (50.9)
Rpim (%) 1.1 (3.6) 1.6 (5.0) 1.4 (5.9 2.7 (18.3) 2.4 (18.0) 2.9 (8.7) 1.9 (18.2) 1.6 (16.0)
CC;, in high-resolution 0.99 0.98 0.98 0.83 0.85 0.96 0.93 0.86
Mosaicity (°) 0.52 0.51 0.57 0.49 0.42 0.34 0.36 0.33
Refinement
Resolution range (A) 43.04-1.50  43.04-1.50 55.51-1.50 55.51-1.60  54.91-1.50 55.23-1.50 55.19-1.55 55.26 -1.50
No. of reflections 20,275 20,329 18,032 14,983 17,811 16,928 16,350 18,102
Rcrystb/RfreeC 0.15/0.18 0.15/0.18 0.16/0.17 0.17/0.21 0.18/0.22 0.16/0.19 0.17/0.20 0.17/0.19
No. of water molecules 174 178 177 177 172 137 139 145
RMSD bond length (A) 0.024 0.023 0.019 0.019 0.019 0.021 0.019 0.022
RMSD bond angle (°) 2.2 2.2 1.9 1.8 1.8 2.0 1.9 2.0

A. Rierge = Yy Mi(hkl) - <I(hkl)>|/ Y i 1i(hkl), where I;(hkl) is the ith observed intensity of reflection Akl and <I(hkl)> is the average intensity over
symmetry-equivalent measurements. Values in parentheses are for the highest resolution shell.

b. Reye =2 ||F,| — |Fell/ 2 |F,| calculated from 95% of the data, which were used during refinement.
C. Riee =2 ||F,| — |Fe|[/ Z |F,| calculated from 5% of the data, which were used during refinement.
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Figure 1.
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Figure 1.
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Figure 2.

(a) FABP3, 6 mg/ml

Seeding 0.2mm 7days
(b) FABP3, 9 mg/ml
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Figure 3.
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Figure 4.
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