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A microfluidic-based protein crystallization
method in 10 micrometer-sized crystallization
spaceT
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Hirofumi Tani,? Kenichi Yamashita,® Masakazu Sugishima,® Keiichi Watanabe,’
Manabu Tokeshi,® Paul J. A. Kenis® and Masaya Miyazaki*®

Protein crystallization and subsequent X-ray diffraction analysis of the three-dimensional structure are nec-
essary for elucidation of the biological functions of proteins and effective rational drug design. Therefore,
controlling protein crystallization is important to obtain high resolution X-ray diffraction data. Here, a sim-
ple microfluidic method using chips with 10 and 50 pum high crystallization chambers to selectively form
suitable single protein crystals for X-ray analysis is demonstrated. As proof of concept, three different types
of proteins: lysozyme, glucokinase from Pseudoalteromonas sp. AS-131 (PsGK), and NADPH-cytochrome
P450 oxidoreductase-heme oxygenase complex were crystallized. We demonstrate that the crystal growth
orientation depends on the height of the crystallization chamber regardless of the protein type. Our results
suggest that the confined micro space induces the protein molecules to adhere to a specific crystal face
and affects the growth kinetics of each crystal face. The present microfluidic-based protein crystallization
method can reform a suitable single protein crystal for X-ray analysis from aggregates of needle-shaped

Www.rsc.org/crystengcomm protein crystals.

Introduction

A combination of structure-based drug design (SBDD) and
high-throughput screening offers effective development of
new drugs and can minimize the development costs, time,
and labor."”” The computational modeling of a protein struc-
ture for SBDD requires correct and precise information about
the three-dimensional structure of the target proteins. There-
fore, high-resolution X-ray crystal structure analysis using
high quality protein crystals is indispensable for protein
structure determination. However, producing protein crystals
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of high diffraction quality depends strongly on the skills of
the persons growing the crystals and requires a trial and error
process. For the production of high quality protein single
crystals, large amounts of protein samples and crystallization
reagents need to be prepared in order to carry out many crys-
tallization trials. This is a serious drawback in the protein 3D
structure determination process, even though suitable protein
crystallization conditions might be found during an initial
screen. The aggregation of protein crystals must be prevented
for X-ray diffraction measurement, since an aggregated pro-
tein crystal makes analysis of the protein 3D structure diffi-
cult and lowers the resolution limit. For these reasons, devel-
opment of a method to form a protein single crystal suitable
for X-ray analysis is strongly desired.

In the last decade, a variety of techniques and methods
have been developed to facilitate protein crystallization
experiments.®® Microfluidics-based platforms offer promis-
ing approaches for the screening of protein crystallization
conditions and in situ X-ray analysis.®*" A microfluidic chip
is able to reduce the consumption of protein samples and
crystallization reagents because the required volume of one
protein crystallization trial is a few nanoliters to a few tens of
nanoliters. In addition, in situ X-ray analysis allows for a sim-
ple measurement process compared with conventional man-
ual handling of specimens for X-ray analysis. Recently, sev-
eral in situ X-ray analysis methods have been reported that
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improve the efficiency of diffraction data collection and can
be applied to membrane protein crystallography studies.">
We have also demonstrated the potential for droplet-based
microfluidics to obtain a protein single crystal.’>'® We found
that the droplet size was an essential parameter for control-
ling protein crystallization. A few hundred micrometer-sized
droplets achieved a diffusion-controlled protein crystalliza-
tion environment and isolated protein crystals formed in
each microdroplet. A precisely controlled space has a poten-
tial for generating a single protein crystal with high diffrac-
tion quality. However, the effects of a confined crystallization
space smaller than 50 pm are not well understood.

Herein, we report a simple method using microfluidic
chips with 10-50 um deep crystallization chambers to form
suitable protein crystals for X-ray protein crystallography.
Three different types of proteins - a typical model protein, a
cold adaptation enzyme, and a heme oxygenase complex -
were chosen for proof-of-concept experiments. Protein crystal
growth behavior in the confined micro space was also investi-
gated that led to the elucidation of a novel crystal growth
phenomenon regardless of the types of proteins.

Experimental
Protein solutions and protein crystallization conditions

Hen egg white lysozyme was purchased from Hampton Re-
search (Aliso Viejo, CA, USA). Glucokinase from Pseudo-
alteromonas sp. AS-131 (PsGK) and NADPH-cytochrome P450
oxidoreductase-heme oxygenase complex (CPR-HO complex)
were prepared using an E. coli expression system and purified
by column chromatography as previously described.'”'® Lyso-
zyme was dissolved at 80 mg mL ™" in 100 mM sodium acetate
buffer (pH 4.5; Wako Pure Chemicals, Osaka, Japan). PsGK
was dissolved at 7.3 mg mL™" in 20 mM Tris-HCl buffer (pH
7.6), and 10 mM MgCl,. CPR-HO complex was prepared in
20 mM Tris-HCI buffer (pH 7.4) and was concentrated to 40
mg mL ™" by ultrafiltration. Microbatch and hanging drop va-
por diffusion methods were employed for the batchwise pro-
tein crystallization experiments. All solutions were filtered
through a 0.20 pm syringe filter (Minisart RC4 or RC25, Sar-
torius Stedim Biotech, Gottingen, Germany) prior to use in
the protein crystallization experiments. For microbatch crys-
tallization of lysozyme, an equal volume of lysozyme and the
precipitant solution (1.4 M NaCl in 100 mM sodium acetate
buffer pH 4.5) were mixed in a microtube. 2 pL aliquots of
this mixture were pipetted into a 96 well microtiter plate and
each filled well was covered with mineral oil (M8410, Sigma-
Aldrich). The wells were then sealed with Crystal Clear
Sealing Tape (HR3-511, Hampton Research) and the plate
was stored in an incubator at 20 °C. PsGK and CPR-HO com-
plex were crystallized by hanging drop vapor diffusion
method. For PsGK crystallization, Index 62 from Hampton
Research (0.2 M trimethylamine N-oxide dihydrate, 0.1 M
Tris-HCI (pH 8.5), and 20% (w/v) PEG MME 2000) was used
as a precipitant solution. CPR-HO complex was crystallized
using a mixture of 18% (w/v) PEG 6000, 0.2 M sodium ace-
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tate, and 0.1 M Tris-HCI (pH 8.6) as a precipitant solution.
Hanging drop crystallization (24-well VDX plate, Hampton
Research) was performed by pipetting the precipitant solu-
tion into the reservoir, following which 1 pL of protein solu-
tion and 1 pL of precipitant solution were mixed onto a sili-
conized glass cover slide (HR3-231, Hampton Research) and
the plate was then stored in an incubator at 4 °C and 20 °C
for PsGK and CPR-HO complex, respectively. Lysozyme crys-
tals formed after incubation for several hours. Crystals of
PsGK and CPR-HO appeared after incubation for a few
weeks.

For microfluidic chip-based protein crystallization, we
employed two different crystallization techniques, a typical
free-interface diffusion technique and a microseeding tech-
nique for the lysozyme crystallization and for the crystalliza-
tion of PsGK and CPR-HO complex, respectively. Fig. 1 shows
a photograph of the chip and a schematic illustration of the
chip used in the protein crystallization experiments. Micro-
seeding on chip was implemented as described previously."’
For the microseeding technique, the seed crystals of both
proteins were prepared by a hanging drop vapor diffusion
method. A schematic illustration of the experimental proce-
dure is shown in Fig. 2. Briefly, the crystallization solution (a
mixture of the protein and precipitant solutions) and the
seed solution (for the crystallization of PsGK and a complex
of CPR-HO; for the lysozyme crystallization, no seed solution
was used) were pipetted to the microfluidic chip and intro-
duced into the crystallization chamber by using a vacuum
pump. These solutions were mixed by free interface diffusion
via a normally closed valve for 5, 15, or 30 min. Each crystalli-
zation chamber is 0.67 mm wide, 0.75 mm high, and 10 or
50 um deep. The volume of crystallization solution was calcu-
lated to be 5 nL and 25 nL for 10 um deep chip and 50 pm
deep chip, respectively. Lysozyme and CPR-HO crystallization
experiments were carried out at 20 °C and the PsGK crystalli-
zation experiment was carried out at 4 °C.

A PsGK crystal was evaluated using an optical microscope
(ECLIPSE Ti-U, Nikon, Tokyo, Japan) and X-ray diffraction
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Fig. 1 Photographs and cross-sectional view of the microfluidic chip.
The microfluidic chip has 24 crystallization chambers. Each crystalliza-
tion chamber is 0.67 mm wide, 0.75 mm high, and 10 or 50 um deep.
The scale bar represents 300 um. Protein solutions are introduced to
the crystallization chambers by a vacuum pump that reduced the pres-
sure of the operating microchannel.
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Fig. 2 Protein crystallization experiment procedure using the
microfluidic chip. (1) The crystallization solution and the seed solution
were introduced to the crystallization chamber using a vacuum pump.
(2) The crystallization solution and the seed solution were mixed by
counter diffusion via the mixing valve. (3) Inlets of the microfluidic chip
were sealed with crystal clear sealing tape. The microfluidic chip was
stored in an incubator.

measurement. Lysozyme and CPR-HO complex crystals were
observed using the optical microscope.

Fabrication of the microfluidic chip

Microfluidic chips were fabricated by standard soft lithogra-
phy with minor modifications.”® Polydimethylsiloxane
(PDMS; SILPOT 184 W/C, Dow Corning Toray, Tokyo, Japan)
and a film of cyclic olefin copolymer (COC; TOPAS 6013, 50
pm thickness, Polyplastics Co., Ltd., Tokyo, Japan) were used
as the chip material. First, SU-8 masters for the fluid layer
(FL) and control layer (CL) were prepared using epoxy-based
photoresist SU-8 3050 (Nippon Kayaku Co., Ltd., Tokyo, Ja-
pan) spin-coated (50 um and 10 pm thickness) onto silicon
wafers and exposed to UV light (M-1S, Mikasa Co., Ltd, To-
kyo, Japan) through appropriate photomasks. The masters
were silanized by treatment with a vapor of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane  (Sigma-Aldrich).
The FL (crystallization chamber, 10 or 50 pm height) and CL
(operating microchannel, 50 pm height) masters were spin-
coated with PDMS to a thickness of 70 pum. The CL was
bonded to a 50 pm thick COC film substrate using an oxygen
plasma (CUTE-1MP/R, Femto Science, Gwangju, Korea) and
the assembly was peeled from the SU-8 master. Then, the as-
sembly was aligned to the FL and baked for at least 4 h at
80 °C.

On-chip X-ray diffraction measurement

A PsGK crystal was analyzed by on-chip X-ray diffraction mea-
surement on a synchrotron source (BL 07 at the SAGA Light
Source, Saga, Japan). The on-chip X-ray diffraction measure-
ment was made at a wavelength of 1.5 A, with 30 s exposure
and 1° oscillation and at 277 K. 90 diffraction images were
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collected. Detailed experimental procedures were reported
previously." Diffraction data were analyzed using XDS soft-
ware and the CCP4 suite programs. Molecular replacement
for PsGK was carried out using PDB 3VPZ data as the model.

Results and discussion

We selected polydimethylsiloxane (PDMS) and a cyclic olefin
copolymer (COC) as chip material because these polymers
are easily fabricated into microfluidic chips and exhibit good
optical and X-ray transmission properties.”* To confirm the
effects of the confined space on protein crystallization, two
types of microfluidic chips with 10 and 50 um deep crystalli-
zation chambers were fabricated. We used lysozyme, glucoki-
nase from Pseudoalteromonas sp. AS-131 (PsGK), and NADPH-
cytochrome P450 oxidoreductase-heme oxygenase complex
(CPR-HO complex) as model proteins.

Fig. 3 shows photographs of protein crystals formed by
batchwise methods and the microfluidic chip method. In the
case of batchwise methods, a number of protein crystals
formed in the crystallization droplet (2 uL) regardless of the
type of proteins. In particular, PsGK and CPR-HO complex
crystals significantly aggregated, as shown in
Fig. 3(b and c). These crystals were not suitable for X-ray crys-
tal structure analysis because the aggregations lower the dif-
fraction quality. On the other hand, single protein crystals
formed within the 50 um deep crystallization chambers in
the microfluidic chips, as shown in Fig. 3(d-f). For the crys-
tallization of PsGK and CPR-HO complex, the microseeding
technique was employed to control the protein crystallization.
The appropriate seeding conditions for PsGK were explored
to determine the best concentration of the seed solution, the
mixing time between the crystallization solution and the seed
solution, and the mixing solution ratio. Photos of crystals
grown under different conditions are reproduced in Fig. S1
and S2 in the ESLf The optimal protein crystal for X-ray

were

Fig. 3 Photographs of protein crystals formed by the (a) microbatch
method, (b, c) hanging drop vapor diffusion method, and the (d-f)
microfluidic chip method. (a, d) Lysozyme crystal, (b, e) PsGK crystal,
and (c, f) CPR-HO complex crystal. The scale bars represent 200 um.
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analysis could be formed with just the valve operation of the
microfluidic chip after an incubation of 2-3 weeks. Rod-
shaped PsGK and CPR-HO crystals formed in each crystalliza-
tion chamber, and the crystal shapes of these proteins were
not different from those obtained by the hanging drop vapor
diffusion method.

We observed interesting protein crystallization behavior in
the confined crystallization space. Fig. 4 shows the protein
crystals formed in the 10 pm depth microfluidic chip. In the
case of lysozyme crystallization, the (110) face was mainly ori-
ented parallel to the substrate, as shown in Fig. 4(a and b).
In contrast, lysozyme crystals from the microbatch method
and the 50 um depth microfluidic chip method did not show
preference for any specific orientation of crystal growth. As
shown in Fig. 4(c), the percentage of the (110) faces grown in
the 10 pm depth microfluidic chip was almost 100%, which
was twice that in the 50 pm depth microfluidic chip. Further-
more, the growth direction of lysozyme crystals also differed
from the typical crystallization direction, as shown in
Fig. 4(b). Seventy percent of the lysozyme crystals grew along
the M axis in the 10 um depth microfluidic chip. According
to the literature, the M axis grows prior to the L, axis under
low supersaturation conditions.>” These results indicate that
the size of the crystallization space affected the protein crys-
tal growth. In other words, the confined crystallization space
promoted the adsorption of protein molecules to a specific
crystal face and changed the growth kinetics of each crystal
face. We assume that the concentration gradient formed
around the crystal after nucleation and crystal growth at an
early stage, and consequently, a diffusion-controlled crystalli-
zation environment like that of a microgravity environment
was achieved by the confined crystallization space due to the
suppression of natural convection.>*>*

The growth time course of lysozyme crystals in the 10 um
depth microfluidic chip is shown in Fig. S3.t After a 1 h incu-
bation, the (110) crystal was not oriented to the substrate;
however, we eventually obtained the (110) crystal oriented
parallel to the substrate. This suggests that the shape of the
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Fig. 4 (a, b) Photographs of the lysozyme crystals formed in the
microfluidic chip with 10 um deep crystallization chambers. (c)
Percentage of the crystal faces oriented parallel to the substrate. We
observed 100-150 crystallization chambers.
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crystal and the oriented crystal face did not dominate at the
nucleation stage. To confirm the site-specific protein molecu-
lar adsorption on the crystal face and the potential of the
microfluidic-based crystallization approach for generating
high quality protein crystals, we investigated PsGK crystalliza-
tion using the 10 pum depth microfluidic chip. Plate-shaped
PsGK crystals formed in the microfluidic chip and the crystal
shape was dramatically different compared with that of the
50 um depth microfluidic chip (Fig. 5(a and b)). As shown in
Fig. 5(c), the plate-shaped PsGK crystals represented almost
60% of the crystals formed in the 10 pm depth microfluidic
chip. In contrast, the plate-shaped crystals were seldom ob-
served in the 50 um depth microfluidic chip, and mainly rod-
shaped PsGK crystals formed in the chambers. The percent-
age of plate-shaped crystals depended only on the crystalliza-
tion space, and the crystallization conditions (mixing time,
dilution ratio of the seed solutions and mixing ratio) did not
affect the shape of the PsGK crystals.

The plate-shaped PsGK crystals were analyzed by in situ
X-ray diffraction measurement on a synchrotron radiation
source at a wavelength of 1.5 A at 277 K. Table 1 shows the
crystallographic data of the PsGK crystals grown using the
hanging drop vapor diffusion method and the microfluidic
chip method. The PsGK crystals diffracted to a resolution
limit of 2.8 A without cryoprotection, which is the pre-
treatment for X-ray diffraction measurement. The space
group for the crystal formed by the microfluidic chip method
was determined as P3,21, which is the same as that reported
for the crystal formed by the hanging drop vapor diffusion
method. The unit cell of the PsGK crystal formed by the chip
method is larger than that of the PsGK crystal formed by
hanging drop vapor diffusion.'® Typically, protein crystals
contain many water molecules in the unit cell. Hence, the
unit cell of a protein crystal decreases because of rapid dehy-
dration that occurs with cryoprotection. In the present study,
we did not use cryoprotection of the PsGK crystal; therefore,
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Fig. 5 (a, b) Photographs of the plate-shaped PsGK crystals formed in
the microfluidic chip with 10 um deep crystallization chambers. (c)
Percentage of the plate-shaped PsGK crystals formed under different
mixing times. We observed 150-200 crystallization chambers. The
scale bars represent 100 um.
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Table 1 Crystallographic data of PsGK crystals prepared using the 10 um depth microfluidic chip method and the hanging drop vapor diffusion method

Parameter Chip method (277 K) Hanging drop vapor diffusion method” (100 K)
Space group P3,21 P3,21

Dimensions (A) a=h=100.01, c = 59.85 a=bh=98.61,c=59.73

Resolution (A) 50.00-2.84 19.36-1.69

“ Data for the crystal formed by the hanging drop vapor diffusion method were reported by Oda et al. in the PDB. The PDB ID of PsGK is 3VPZ.

the diffraction intensity gradually decreased during the X-ray
analysis due to crystal degradation."” Although, the X-ray data
were enough to resolve the protein structure to the level of
amino acid residue side chains, a higher resolution data
would be needed to calculate an atomic-level precise 3D pro-
tein structure. Typically, the size of the protein crystal and
the flux of the X-ray beam affect the diffracted intensity. The
thickness of the PsGK crystal was less than 10 um due to the
size limitation of the crystallization chamber. Thus, there
were low diffraction intensity crystal planes. Even though this
might affect achieving a higher resolution limit, we consider
these problems to be addressable by using a high flux syn-
chrotron X-ray beam.

From the results of X-ray analysis, we confirmed that the
plate-shaped crystal and the rod-shaped crystal had the same
crystallographic parameters. Crystal growth and dissolution
of seed crystals were competitive processes. Most of the seed
crystals were dissolved because micro seeds were thermody-
namically unstable due to their large surface area. When a
seed grew to a micrometer sized crystal, a concentration gra-
dient formed around the crystal as shown in Fig. 6. Then, the
hexagonal face of the PsGK crystal was oriented parallel to
the substrate of the 10 um depth microfluidic chip at the
crystal growth stage. In this chip, transport of protein mole-
cules was suppressed compared with the batchwise method
and 50 um depth microfluidic chip method. The crystalliza-
tion environment could change the growth kinetics of each
crystal face. Protein crystallization experiments in a special
environment, such as microgravity, a magnetic field, or an
electric field, have obtained high quality protein crystals and

l = ®
=] PsGK crystal ~ PsGK molecule
(a) 10 ym

) growth
,\ Fnna g | —

(b) 50 pm Low protein concentration region
o © % growth

ESN K — \

High protein concentration region

Fig. 6 Schematic illustration of the PsGK crystal growth process in
microfluidic chips with crystallization chambers of (a) 10 pm and (b) 50
um depths.
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affected the protein crystallization behavior.>>>” Suppression

of the natural convection or the magnetic field orientation ef-
fect are expected to be the main factors changing the crystal
growth behavior, although a detailed crystal growth mecha-
nism has not been elucidated. Sazaki et al. and Yin et al. also
reported that the magnetic field affected the crystal growth
rate ratio of each crystal face.”®**? Though not protein crystal-
lization, ice crystallization shows a unique crystal growth
behavior.** > Typical hexagonal ice crystals have mainly two
crystal faces, the (0001) and the (1010), which correspond to
the bottom face and the prismatic face, respectively. The crys-
tallization temperature, namely the supersaturation condi-
tion, changes the crystal growth rate of each face. The pris-
matic face is grown prior to the bottom face at the
temperatures from 0 °C to -4 °C and from -10 °C to —20 °C.
As a result, the hexagonal plate-shaped ice crystals form.
However, the growth rate of the bottom face is faster than
that of the prismatic face at low temperature (<-20 °C) and
from -4 °C to -10 °C, leading to hexagonal rod-shaped crys-
tals. We consider that the confined crystallization space
effected diffusion-controlled protein crystallization and in-
duced the change in growth rate ratio of each crystal face.
Consequently, the needle-shaped crystals or the rod-shaped
crystals were reformed to the plate-shaped PsGK crystals.

Conclusions

In conclusion, we have investigated the protein crystal growth
behavior in confined space using microfluidic chips with the
aim of developing a simple methodology for forming high
diffraction quality protein crystals. Our microfluidics-based
protein crystallization method was able to control the aggre-
gation of protein crystals without any complicated proce-
dures, external equipment, capping reagents, or a special
crystallization environment. Even though aggregated protein
crystals such as plate-shaped or needle-shaped crystals were
obtained by a conventional batchwise method, our micro-
fluidic chip crystallization method can reform a single pro-
tein crystal suitably for X-ray analysis. Moreover, the protein
crystal shape can be controlled by the depth of the crystalliza-
tion chamber. Additional experiments are required to eluci-
date the protein crystallization behavior in the confined
space. We have good expectations that our microfluidic chip
protein crystallization approach will become a universal
methodology for forming not only high quality protein crys-
tals but also other functional materials.

This journal is © The Royal Society of Chemistry 2016
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