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Room-temperature crystallography using a microfl uidic 
protein crystal array device and its application to 
protein–ligand complex structure analysis

Room-temperature (RT) protein crystallography provides 
signifi cant information to elucidate protein function under 
physiological conditions. However, RT crystallography and 
RT crystallography-based protein–ligand complex analyses 
require the preparation and measurement of numerous 
crystals to avoid the X-ray radiation damage. Here, we report 
an RT crystallography technique using a microfl uidic protein 
crystal array device for protein–ligand complex structure 
analysis. We determined eight protein–ligand complex 
structures for the proof of concept experiment and found 
diff erences in the ligand coordination of the corresponding 
RT and conventional cryogenic structures.
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re crystallography using
a microfluidic protein crystal array device and its
application to protein–ligand complex structure
analysis†

Masatoshi Maeki, ‡*ab Sho Ito,‡cd Reo Takeda,‡e Go Ueno,b Akihiko Ishida, a

Hirofumi Tani, a Masaki Yamamoto bc and Manabu Tokeshi *a

Room-temperature (RT) protein crystallography provides significant information to elucidate protein

function under physiological conditions. In particular, contrary to typical binding assays, X-ray crystal

structure analysis of a protein–ligand complex can determine the three-dimensional (3D) configuration

of its binding site. This allows the development of effective drugs by structure-based and fragment-

based (FBDD) drug design. However, RT crystallography and RT crystallography-based protein–ligand

complex analyses require the preparation and measurement of numerous crystals to avoid the X-ray

radiation damage. Thus, for the application of RT crystallography to protein–ligand complex analysis, the

simultaneous preparation of protein–ligand complex crystals and sequential X-ray diffraction

measurement remain challenging. Here, we report an RT crystallography technique using a microfluidic

protein crystal array device for protein–ligand complex structure analysis. We demonstrate the

microfluidic sorting of protein crystals into microwells without any complicated procedures and

apparatus, whereby the sorted protein crystals are fixed into microwells and sequentially measured to

collect X-ray diffraction data. This is followed by automatic data processing to calculate the 3D protein

structure. The microfluidic device allows the high-throughput preparation of the protein–ligand complex

solely by the replacement of the microchannel content with the required ligand solution. We determined

eight trypsin–ligand complex structures for the proof of concept experiment and found differences in

the ligand coordination of the corresponding RT and conventional cryogenic structures. This

methodology can be applied to easily obtain more natural structures. Moreover, drug development by

FBDD could be more effective using the proposed methodology.
Introduction

The three-dimensional (3D) structure of a protein–ligand
complex provides signicant information to elucidate protein
functions and can be applied to drug discovery.1,2 In particular,
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structure-based (SBDD) and fragment-based (FBDD) drug
design strategies accelerate the development of novel drugs.
These methodologies provide indispensable information for
the in silico screening of ligand fragments.3,4 Thus, the combi-
nation of SBDD or FBDD with articial intelligence can lead to
cost-effective and high-throughput drug development in the
future.

High-throughput ligand screening based on protein crystal-
lography is still challenging in the elds of pharmaceutical
sciences and structural biology. Generally, diffraction data
collection for protein crystal structure analysis is carried out at
cryogenic temperature to avoid X-ray radiation damage. There-
fore, protein crystallography-based ligand screening requires
complicated and laborious procedures for several thousands of
candidate compounds and fragments. These processes include
protein crystallization, soaking of the protein crystal into
a ligand solution, soaking of the protein–ligand complex into
a cryoprotectant, freezing, setting up of the X-ray diffractometer,
and X-ray irradiation. Previously, these procedures were
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Concept of room-temperature (RT) protein crystallography
using the proposedmicrofluidic protein crystal array device. (a) Protein
crystals are sorted into microwells and sequentially measured to
collect partial X-ray diffraction data. (b and c) Partial diffraction data are
automatically processed and merged to obtain a complete diffraction
data set. (d) Three-dimensional (3D) protein structure is calculated
from the data set.
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View Article Online
manually handled using a cryo-loop for each crystal. However,
recently, automation of the 3D protein structure analysis
process, which includes automated sample changers as well as
fully automated data processing, has been developed to accel-
erate the structure determination process. Nevertheless, the
lack of a system or interface to connect the high-throughput
preparation process of the protein–ligand complex to auto-
mated measurement and data processing is the bottleneck of
the application of protein crystallography-based ligand
screening to SBDD and FBDD.

From the structural biology and crystallography view-
points, protein structure determination under cryogenic
conditions has signicantly contributed towards the under-
standing of protein structures and functions. However,
freezing of the protein crystals affects their structures in
several ways, such as restricting the side-chain conformation
and masking secondary binding sites, which contribute to
allosteric regulation.5–9 On the other hand, room-temperature
(RT) protein crystallography allows the elucidation of the 3D
structure in an environment that approaches physiological
conditions. In addition, RT protein crystallography should
provide better understanding of the interactions between the
target proteins and ligands, leading to more detailed
compound structural data. The major difference between cryo-
crystallography and RT protein crystallography (e.g., serial
femtosecond crystallography)10–12 is that in the latter tech-
nique, a number of protein crystals need to be measured to
determine the 3D structure. Because the X-ray radiation
damage is more serious in the RT technique, small wedges of
the diffraction data are collected from each crystal and
merged to determine the 3D structure. Thus, for RT protein
crystallography characterization, numerous preparations and
measurements of the protein–ligand complex crystals are
required and the automation methodology from sample
preparation to data processing is more signicant than that of
the conventional cryo-crystallography technique. RT protein
crystallography offers attractive advantages for structural
biology and drug discovery; however, a system or device that
can be applied to the automation of RT protein crystallog-
raphy, including ligand or fragment screening, is yet to be
developed.

Microuidic platforms are highly desirable technologies to
develop such an automated system and enable high-throughput
protein crystallization condition screening,13–18 low sample
consumption,19 control of protein crystal growth,20–23 in situ X-ray
diffraction measurement,24–28 and other applications.29–31 A
variety of microuidic devices have been reported for conventional
protein crystallography as well as for their application to serial
femtosecond crystallography using X-ray-free electron laser tech-
nology. Moreno-Chicano et al. reported a xed target device for
high-throughput protein–ligand structure determination appli-
cable for serial femtosecond crystallography.32 In the serial
femtosecond crystallography experiment, because one still image
can be taken from a crystal, a large number of crystals are required.
In contrast, with a synchrotron light source routinely utilized for
protein crystallography, a continuous image can be taken from
a crystal. Therefore, it is desirable to develop a dedicated device
This journal is © The Royal Society of Chemistry 2020
which can easily utilize in synchrotron using microuidics to
reduce sample consumption. Although RT protein crystallography
was demonstrated using microuidics such as cell trap devices,33

microwells,34,35 and microdroplets,36 protein–ligand complex 3D
structure analysis has not been well investigated to date due to the
lack of a device providing the high-throughput preparation of
numerous the protein–ligand complex crystals and automated
measurement systems. For application to RT protein–ligand
complex crystallography, the simultaneous preparation of protein–
ligand complex crystals prior to X-ray diffraction and sequential X-
ray diffraction measurements is a critical requirement, while
a user-friendly interface is also desirable for novice crystallogra-
phers such as biologists and pharmacologists.

In this study, we rst developed a microuidic device for RT
protein crystallography, in particular semi-automated protein–
Chem. Sci., 2020, 11, 9072–9087 | 9073
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ligand complex 3D structure analysis. Our measurement concept,
named the “protein crystal array,” is presented in Fig. 1. In this
concept, protein crystals are xed into microwells within the
microuidic device. A few microliters of protein crystal suspen-
sion is introduced by a micropipette and subsequent measure-
ment is attained by exposing each protein crystal to X-ray. We
determined 3D protein–ligand complex structures from the
multiple protein crystals sorted into the microwells with subse-
quent automated diffraction data processing. Ligand screening
for trypsin using eight model compounds was demonstrated for
the proof of concept experiment. The proposed method provided
protein–ligand complex information on the compound structure,
binding site, signicant functional groups, and hydrated water
molecules based on the 3D structures.
Fig. 2 (a) Three-dimensional (3D) perspective view of the microfluidic d
of 190 and 100 mm, respectively. (b) Top and cross-sectional views (mi
microfluidic device. The total number of the wells was 225 (3� 75 wells). T
COP, cyclic olefin polymer.

9074 | Chem. Sci., 2020, 11, 9072–9087
Experimental section
Materials

Thaumatin from Thaumatococus daniellii, trypsin from bovine
pancreatic, sodium chloride, sodium acetate, potassium
sodium tartrate, acetic acid, acetone, and 2-propanol were
purchased from Fujilm Wako Pure Chemical Corporation
(Osaka, Japan). Lysozyme chloride from egg white was
purchased from Nacalai Tesque (Kyoto, Japan). Selenourea and
trichloro(1H,1H,2H,2H-peruorooctyl)silane were purchased
from Sigma-Aldrich (St. Louis, MO, USA). N-(2-Acetamido)imi-
nodiacetic acid (ADA) and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were obtained from
Dojindo laboratories (Kumamoto, Japan). p-Toluenesulfonic
evice comprising microchannel and microwell array layers with depths
crowell diameters ¼ 70, 100, and 150 mm) and (c) photograph of the
he scale bar represents 1 cm. Definitions: PDMS, polydimethylsiloxane;

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Ligandmaterials used for (a) thaumatin, (b) lysozyme, and (c–m)
trypsin: (a) selenourea, (b) p-toluenesulfonic acid, (c) melatonin, (d)
aniline, (e) benzamidine, (f) 6-methoxytryptamine, (g) 5-methoxy-
tryptamine, (h) 5-chlorotryptamine, (i) serotonin, (j) 2-methyltrypt-
amine, and (k) 4-bromobenzamine. All the ligands used for trypsin,
aside from melatonin (c), were observed in the crystal structures.
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acid monohydrate and all ligands for trypsin were purchased
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Poly-
dimethylsiloxane (PDMS; SILPOT 184 W/C) was purchased from
Dow Corning Toray Co., Ltd. (Tokyo, Japan), while SU-8 3050
and the SU-8 developer were purchased from Nippon Kayaku
Co., Ltd (Tokyo, Japan). Silicon wafers were obtained from
Global Top Chemical (Tokyo, Japan) and cyclic olen polymer
(COP) lms, 40 mm in thickness, were purchased from Zeon
(Tokyo, Japan).

Fabrication of the microuidic devices

Fig. 2 illustrates a microuidic device for the proof of concept
experiments composed of a thin microchannel layer and
amicrowell array layer. To reduce the background scattering, we
selected a thin-layer microuidic device for the proof of concept
experiments. Each layer was fabricated by a standard so
lithography process.37 In brief, SU-8 3050 was poured onto
silicon wafers and washed with acetone and 2-propanol. The
silicon wafers were spin-coated (MS-A100, Mikasa Shoji, Tokyo,
Japan) to obtain 100 and 190 mm-thick SU-8 layers for the
microchannel and microwell array layers, respectively. We
fabricated three SU-8 molds for the microwell array layer with
microwell diameters of 70, 100, and 150 mm. The total number
of the wells was 225 (3� 75 wells). Aer the so baking process,
the silicon wafers with photomasks (12 700 dpi, Unno Giken
Co., Ltd., Tokyo, Japan) were exposed to ultraviolet (UV) light
using a mask aligner (M-1S, Mikasa Shoji). The silicon wafers
were baked onto a hotplate to cross-link the SU-8 and subse-
quently soaked into the SU-8 developer. The SU-8 molds were
treated with trichloro(1H,1H,2H,2H-peruorooctyl)silane vapor
and PDMS was poured onto the molds to create the micro-
channel and microwell array layers. The SU-8 molds for these
two layers were spin-coated using the spin coater to control the
thickness (200 and 120 mm, respectively) of each layer. The
PDMS-coated SU-8 molds were then baked on a hotplate and
subsequently bonded with COP lm by oxygen plasma treat-
ment (CUTE-1MP/R, Femto Science, Gwangju, Korea). Finally,
the microchannel and microwell array layers were cut out from
the molds and the microchannel was aligned to the microwell
array.21 To evaluate the mass production feasibility of the
microuidic device for protein–ligand screening, microuidic
devices solely comprising the PDMS microchannel and micro-
well layers (without a COP layer) were fabricated by a typical so
lithography technique.37 Degassed PDMS was poured onto the
silicon wafers, which were then baked in an oven for an hour at
80 �C. The microchannel and microwell array layers were then
bonded by oxygen plasma treatment. The total thickness of the
microuidic device was <4 mm to reduce background
scattering.

Preparation of the protein crystals and ligand solutions

The purchased proteins were used for the crystallization
experiments without further purication. Thaumatin, lysozyme,
and trypsin were used as model proteins. The protein concen-
trations were measured using a NanoDrop™ instrument (ND-
ONE-W, Thermo Scientic, Tokyo, Japan). The protein and
This journal is © The Royal Society of Chemistry 2020
precipitant solutions were ltered through 0.2 mm syringe lters
(Minisart RC4 or RC25, Sartorius Stedim Biotech, Gottingen,
Germany). For thaumatin and lysozyme, the protein solutions
were mixed with each precipitant solution and stored in an
incubator (MIR-154-PJ, Panasonic, Osaka, Japan) at 20 �C. The
thaumatin crystal suspension was prepared by mixing 40 mg
mL�1 thaumatin solution in 0.1 M ADA buffer at pH 6.5 with
1.5 M potassium sodium tartrate in 50 mM HEPES buffer at pH
7.5. The lysozyme crystal suspension was prepared by mixing
50 mg mL�1 lysozyme solution in 50 mM acetate buffer at pH
4.6 with 1.0 M sodium chloride and 50 mM acetate buffer at pH
4.5. Trypsin crystals were prepared by the vapor diffusion
method. The trypsin was dissolved to 30–60mgmL�1 in a buffer
containing 25 mMHEPES at pH 7.0 and 5mM calcium chloride.
Crystals of the apo form were grown at 277 K aer a few days
with a reservoir solution of 30% polyethylene glycol 3350, 0.2 M
lithium sulfate, and 0.1 M Tris–HCl (pH 8.5).

Fig. 3 displays the structures of the ligands used in this study
for (a) thaumatin, (b) lysozyme, and (c–k) trypsin. We used
selenourea and p-toluenesulfonic acid as the ligands for thau-
matin and lysozyme, respectively. For thaumatin, 100 mM
selenourea in 1.5 M potassium sodium tartrate and 50 mM
HEPES buffer at pH 7.5 were used as the ligand solution. For
lysozyme, p-toluenesulfonic acid was dissolved in 1.0 M sodium
chloride at pH 4.5 and 0.1 M acetate buffer, and its concentra-
tion was adjusted to 300 mM. We also employed nine ligands
for trypsin, namely (c) melatonin, (d) aniline, (e) benzamidine,
(f) 6-methoxytryptamine, (g) 5-methoxytryptamine, (h) 5-
Chem. Sci., 2020, 11, 9072–9087 | 9075
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Fig. 4 Schematic illustration of the protein crystal sorting and ligand screening experiments: (a) Degassing of the microfluidic device for 10 min.
(b) Filling of the microchannel with a precipitant solution using a micropipette. (c) Pipetting of the protein crystal suspension (few microliters)
onto the inlet and subsequent pipetting out from the outlet; the protein crystals remain trapped in the microwells. (d) Washing with the
precipitant solution to remove the untrapped crystals. (e) Introduction of the ligand solution into themicrochannel to prepare the protein–ligand
complex crystals simultaneously.
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chlorotryptamine, (i) serotonin, (j) 2-methyltryptamine, and (k)
4-bromobenzamine. The hydrophobic ligands (aniline, 6-
methyoxytryptamine, 5-methoxytryptamine, 4-bromobenzami-
dine) were dissolved in a reservoir solution with 10–20%
dimethyl sulfoxide (DMSO), while the hydrophilic ligands were
dissolved in the reservoir solution. A concentration of 50 mM
was used for all ligands aside from aniline (500 mM).
Microuidic sorting of the protein crystals and application to
ligand screening

Fig. 4 presents a schematic illustration of the protein crystal
sorting and ligand screening experiments. The microuidic
devices were degassed, using a vacuum pump and desiccator,
for 10 min prior to the sorting experiment (Fig. 4a). The
microuidic device was then removed from the desiccator and
a washing solution, prepared by mixing the buffer solution for
the protein with the precipitant solution, was pipetted onto the
microuidic device inlet to ll the microchannel with the
solution (Fig. 4b). About 10 mL protein crystal suspension was
also pipetted onto the inlet (Fig. 4c). The liquid from the lled
microchannel was then pipetted out from the outlet to sort the
protein crystals into the microwells. Next, 2 mL of the micro-
channel content was aspirated through the outlet in 2 s and the
9076 | Chem. Sci., 2020, 11, 9072–9087
collected solution was redropped onto the inlet. This crystal
sorting process was repeated vefold. The untrapped protein
crystals were then removed using 10 mL of the washing solution
(Fig. 4d). For the preparation of the protein–ligand complexes,
the ligand solutions were introduced into the microchannels
aer the washing step (Fig. 4e). The protein crystals were then
soaked into the ligand solution for 5 min to obtain the protein–
ligand complex. These procedures were carried out on-site at
the synchrotron facilities prior to the X-ray diffraction
measurement. To compare the differences in the 3D structures,
ash-cooled soaking crystals using liquid nitrogen with addi-
tional 20% glycerol as the cryoprotectant were prepared with the
same ligand concentrations.
X-ray diffraction measurement and crystal structure analysis

X-ray diffraction data were collected at the beamline BL26B2,38

SPring-8 (Japan). The experimental procedures were slightly
modied from our previously reported on-device X-ray diffrac-
tion measurement procedures.26 Both the thin-layer (PDMS–
COP) and thick-layer (PDMS only) microuidic devices were
xed on a goniometer head using a holing tool (Fig. 5). This tool
was used to x the device with screws to prevent it from bending
and shiing during the diffraction experiments. Notably,
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Holding to fix the microfluidic devices for the X-ray diffraction experiment. (a) Schematic illustration and (b) photograph of the holder,
onto which the microfluidic device was fixed, which was (c) mounted on a goniometer.
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because of radiation damage, a hundredth X-ray dose limitation
was imposed on the room-temperature (RT) experiment. This
resulted in a shorter period of total exposure, and thus a smaller
number of oscillation frames, per crystal compared to that of
the cryo-temperature experiment. In this study, three to twenty
crystals were used for collecting each complete dataset.

All the diffraction experiments were performed using
Beamline Scheduling Soware (BSS),39 the data collection
graphical user interface (GUI) at the SPring-8 PX beamlines. The
irradiation points on each crystal were manually determined, by
identication from the digital microscope image, and then
registered to a list in the BSS GUI. Once all the irradiation points
were specied, the diffraction experiment was performed
automatically by BSS. The diffraction data were measured at
a wavelength of 1.0 Å, aside from 4-bromobenzamidine (0.918
Å), with 0.5 s exposure time and a 0.5� oscillation step at RT. The
X-ray beam size was 100 mm (full width at half maximum) and
Gaussian-shape, and the photon ux was 1.2 � 1011 photons
per s at 1.0 Å. To avoid radiation damage, the X-ray diffraction
data were only collected at an oscillation angle of 20� per one
protein crystal trapped into the microwell (total of 20 s exposure
for each crystal). In case of the data set collection at 1.0 �A, the
total absorbed dose calculated by RADDOSE Ver. 2 corresponds
to 128 kGy.40 The protein crystals trapped into the microwells
were sequentially measured and the collected diffraction data
were automatically processed by KAMO.41–43 In the merging
This journal is © The Royal Society of Chemistry 2020
process, a hierarchical clustering method based on the unit-cell
dimensions using the normalized structure factors was per-
formed by XSCALE with outlier rejection protocol implemented
in KAMO. For the crystals under cryo-conditions, complete
diffraction datasets for each complex structure were collected
using single crystals and each dataset was also processed by
KAMO. The initial phases of the structure factors were solved by
phenix.phaser using a search model (PDB code: 1RQW, 193L,
and 1S0Q for thaumatin, lysozyme, and trypsin, respectively).
Structure renements were performed with the phenix program
suite44,45 and COOT.46
Results and discussion
Sorting of the protein crystals into the microwells

The concept of our measurement system using a microuidic
protein crystal array device is illustrated in Fig. 1. Fig. 4 also
shows a schematic illustration of the protein crystal sorting and
the preparation process of the protein–ligand complex using
the microuidic device. Each microuidic device consists of
a microchannel layer and a microwell layer and the protein
crystals were sorted by self-sedimentation and subsequently
xed to themicrowells (Fig. 2 and 4c). Fixing into themicrowells
was based on two factors: (1) proteins can easily adsorb onto the
PDMS surface by hydrophobic and electrostatic interactions
and (2) the space limitation of the microchannel against the
Chem. Sci., 2020, 11, 9072–9087 | 9077
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Fig. 6 (a) Photograph of the thaumatin crystals used for the sorting
experiments. The scale bar represents 150 mm. (b–e) Sorting patterns
of the protein crystals in the microwell. The scale bar represents 100
mm. (b) Single sorting, (c) multiple sorting of crystals with a large size
difference, (d) multiple sorting of crystals of similar size, and (e) empty
microwell; microwell diameter¼ 100 mm. (f) Relationship between the
microwell size and sorting patterns using thaumatin crystals. We
counted 150–250 microwells for each microwell size. The error bars
mean the standard deviation calculated from at least three repro-
ducibility experiments. Definitions: measurable, percentage of the
measurable microwells (b and c); multiple diffraction, percentage of
the microwell sorted crystals of the same size (d); empty, percentage
of empty microwells (e).
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protein crystals affects crystal xing. The protein crystals that
were sorted into the microwells were continuously X-ray irra-
diated to collect the partial diffraction data at an oscillation
angle of 20� per one crystal. Contrary to the conventional
measurement method, the partial X-ray diffraction data from
numerous protein crystals were merged to determine the 3D
protein structure. For application of the microuidic device to
ligand screening, several solutions, including the protein crystal
suspension, washing solution, and ligand solution, were intro-
duced into the microchannel and microwells to wash the excess
protein crystals and prepare the protein–ligand complexes, as
shown in Fig. 4. Therefore, protein crystal should be xed into
the microwells to prevent the ow out of the crystals. The
characteristics of the PDMS surface and the microchannel
ensured that the protein crystals would be strictly xed into the
microwells to reduce the loss of protein crystals when replacing
the solutions.

We next investigated the basis of our measurement concepts,
namely sorting protein crystals into the microwells and
replacing the solution in the microchannel. Movies S1 and S2†
demonstrate the sorting step of the protein crystals into the
microwells and the washing step in the microchannel, respec-
tively. At the sorting step, we observed the sedimentation of the
protein crystals in the depth direction, whereby the protein
crystals were trapped into the microwells (Movie S1†). In addi-
tion, the sorted protein crystals were strictly xed into the
microwells and did not ow out from the microwells, even
under high ow conditions (Movie S2†). On the other hand, the
protein crystals that were sedimented onto the microchannel
(not in the microwell) were easily removed during the washing
step. The sorted protein crystals were continuously soaked with
the ligands by introducing the ligand solution into the micro-
channel. Contrary to the traditional ligand soaking method, our
method allows the simultaneous preparation of the protein–
ligand complex simply by pipetting. This advantage is indis-
pensable for X-ray diffraction measurement at RT, which
requires tens of protein crystals to avoid any reduction in the X-
ray diffraction intensity by radiation damage. Furthermore,
numerous protein crystals were xed into the periodically
arrayed microwells. This allowed us to avoid the manual
handling of the fragile protein crystals and the setting up of
protein crystals onto the X-ray diffractometer.

Several types of platforms have been reported for serial X-ray
diffraction measurement.33,36 However, in all the reported cases,
the protein crystals were randomly placed into the platforms
and thus, the position irradiated by X-ray was not determined in
the platforms. Lyubimov et al. reported the application of a cell
trap device47 for X-ray diffraction measurement.33 They
demonstrated effective protein crystal capture using the cell
trap device. However, the cell trap device required a syringe
pump and stacking of the protein crystals was observed at the
trap array. In contrast, our proposed microuidic device only
requires the use of a micropipette and the stacked protein
crystals can be easily removed with the washing and ligand
solutions. Thus, we considered the microwell-based platform
suitable for on-site RT crystallography and application to ligand
screening on the beamline at the synchrotron facility.
9078 | Chem. Sci., 2020, 11, 9072–9087
Microwell size optimization for X-ray diffraction
measurement

The microwell size is also a signicant parameter to control
the sorting of the protein crystals. Thus, we next optimized the
size of the microwells to effectively sort the protein crystals
into them. Typically, protein crystals exhibit a wide size
distribution compared to those of cells and other micrometer-
sized particles. For the thaumatin crystals, the size distribu-
tions used in this study were in the range 70–160 mm in the
long axis direction (Fig. 6a). For the X-ray diffraction
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Two-dimensional (2D) diagram of the crystal orientations. Each point displays the indexed crystals of lysozyme and thaumatin, with 24
and 32measured crystals, respectively. The crystal orientations were referred from the UBmatrix calculated by XDS software. Distances between
the center of the circle and each blue point indicate an axis of the unit cell. Most crystals in the microfluidics were correctly indexed and oriented
randomly. (b) Relationship between the crystallographic statistics (resolution and completeness) and number of measured crystals. The number
of merged data was 22 and 31 for lysozyme and thaumatin, respectively.
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measurement, single sorting (one microwell containing one
protein crystal; Fig. 6b) was established as the best condition
out of the four tested sorting cases (Fig. 6b–e). When the
average size of the protein crystals was smaller than the
microwell size, the percentage of multiple sorting was pre-
dicted to increase (Fig. 6c and d). However, we conrmed that
weak X-ray diffraction patterns from minor components could
be eliminated at the analytical process if they exhibited large
size differences. Therefore, we dened the single- and multi-
sorted crystals with a double or large size difference as the
measurable crystals (Fig. 6b and c). Fig. 6f illustrates the
relationship between the microwell size and sorting patterns
using thaumatin crystals. The sorting percentages were
calculated from eqn (1):
This journal is © The Royal Society of Chemistry 2020
Sorting rate ¼ number of crystal

sorted microwells/total number of microwells (1)

Three types of microwells, 70, 100, and 150 mm in diameter,
were employed for the sorting experiment. The results revealed
the 150 mm microwell as the best of the three devices, with
higher than 40% measurable crystals. We also conrmed that
the percentage of empty microwells decreased with increasing
microwell size. In contrast, the percentage of the multi-sorted
microwells increased with increasing microwell size. These
observations reveal that the proposed microuidic device
enables optimization of the microwell structure depending on
the target protein crystal characteristics, namely the crystal size
Chem. Sci., 2020, 11, 9072–9087 | 9079
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Fig. 8 Omit maps for the (a) thaumatin–selenourea and (b) lysozyme–p-toluenesulfonic acid complexes. The mFo–DFc map was contoured at
2.0s. Values on each figure represent the resolution of the outer shell.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/2

8/
20

25
 8

:0
6:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and shape. Thus, this measurement principle shows great
potential as a versatile methodology for the X-ray protein
structure analysis of a protein–ligand complex at RT.

Proof of concept experiments using the microuidic-based
protein crystal array device

We next validated the microuidic-based measurement
method for application to protein–ligand structure analysis.
Table 1 Crystallographic statistics of lysozyme, the lysozyme–p-tolue
complex. Values in brackets are for the highest resolution shell

Statistics Lysozyme Lysozyme c

Space group P43212 P43212
Unit cell [Å, �] a ¼ b ¼ 79.21 a ¼ b ¼ 79

c ¼ 38.26 c ¼ 38.18
a ¼ b ¼ g ¼ 90 a ¼ b ¼ g

Resolution limit [Å] 50–1.80 (1.91–1.80) 50–2.10 (2.
Redundancy 21.56 (21.10) 20.90 (21.0
Completeness [%] 100 (100) 99.9 (99.8)
Rmeas [%] 44.2 (271.8) 58.3 (287.6
CC1/2 [%] 98.4 (73.5) 98.4 (69.9)
Measured crystals 24 28
Merged data 22 19

9080 | Chem. Sci., 2020, 11, 9072–9087
For the proof of concept experiment, thaumatin and lysozyme
were measured using the microuidic device on the BL26B2
beamline of SPring-8. A preferred orientation distribution of
the protein crystals to the X-ray beam would also be signicant
for the collection of the complete X-ray diffraction data from
a small angle range (20�) per one protein crystal. Fig. 7a
illustrates the 2D diagram of the crystal orientations. The
distances between the center of the circle and each blue point
nesulfonic acid complex, thaumatin, and the thaumatin–selenourea

omplex Thaumatin Thaumatin-complex

P41212 P41212
.12 a ¼ b ¼ 58.61 a ¼ b ¼ 58.96

c ¼ 151.80 c ¼ 151.80
¼ 90 a ¼ b ¼ g ¼ 90 a ¼ b ¼ g ¼ 90
23–2.10) 50–1.80 (1.91–1.80) 50–1.80 (1.91–1.80)
1) 8.52 (8.59) 21.68 (21.78)

99.5 (99.9) 99.9 (100)
) 29.3 (157.7) 30.3 (170.9)

97.8 (62.1) 99.2 (81.1)
13 32
11 31

This journal is © The Royal Society of Chemistry 2020
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indicate the axis of the unit cell. Most crystals in the micro-
uidics were correctly indexed and oriented randomly. We
measured 24 and 31 crystals for lysozyme and thaumatin,
respectively. As a result, the protein crystals were randomly
oriented to the X-ray beam. This result indicates that our
method can determine the 3D protein structures by merging
the diffraction data xed into the microwells. The number of
protein crystals necessary to determine the 3D structure
depends on the space group.
Fig. 9 Room-temperature (RT) structures of the trypsin–ligand comple
zamidine (1.50 Å), (c) 6-methoxytryptamine (1.65 Å), (d) 5-methoxytryptam
methyltryptamine (1.30 Å), and (h) 4-bromobenzamine (1.55 Å). Values on
outer shell. ThemFo–DFcmapwas contoured at 2.0s. Ligand screening o
eight out of nine ligands were observed in the binding site of trypsin.

This journal is © The Royal Society of Chemistry 2020
The maximum resolution and data completeness were
adopted as the benchmarks to evaluate the diffraction data.
Based on the measurement principle and data in Fig. 7a, we
concluded that themaximum resolution and data completeness
could be improved by increasing the number of measured
crystals. Fig. 7b presents the statistics of the X-ray diffraction
data of lysozyme and thaumatin. Both the resolution and
completeness were improved with increasing number of
measured crystals. The lysozyme and thaumatin space groups
x determined by the microfluidic device: (a) aniline (1.85 Å), (b) ben-
ine (1.35 Å), (e) 5-chlorotryptamine (1.60 Å), (f) serotonin (1.80 Å), (g) 2-
each figure and inside the parentheses represent the resolution of the
f trypsin was performed using nine ligands and the electron densities of

Chem. Sci., 2020, 11, 9072–9087 | 9081
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(Å
)

54
.7
1,

58
.5
7,

66
.8
3

54
.7
4,

58
.5
3,

66
.6
2

54
.6
1,

58
.5
6,

66
.8
6

54
.2
4,

56
.9
0,

66
.6
7

54
.3
8,

58
.5
7,

66
.6
6

54
.5
6,

58
.6
7,

66
.5
0

54
.8
4,

56
.9
0,

66
.5
7

54
.1
1,

57
.0
7,

66
.1
7

a
,b

,g
(�
)

90
.0
0,

90
.0
0,

90
.0
0

90
.0
0,

90
.0
0,

90
.0
0

90
.0
0,

90
.0
0,

90
.0
0

90
.0
0,

90
.0
0,

90
.0
0

90
.0
0,

90
.0
0,

90
.0
0

90
.0
0,

90
.0
0,

90
.0
0

90
.0
0,

90
.0
0,

90
.0
0

90
.0
0,

90
.0
0,

90
.0
0

R
es
ol
ut
io
n
(Å
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are P43212 and P41212, respectively. Theoretically, the X-ray
diffraction data at 90� per one crystal is required to collect the
complete dataset, whereby the maximum resolution increases
with increasing number of measured crystals. However, our
method could determine the complete 3D lysozyme and thau-
matin structures from at least three crystals randomly oriented
to the X-ray beam. In addition, contrary to conventional protein
crystallography, no manual crystal exchanges were required,
giving our proposed system a strong advantage for RT protein–
ligand complex structure analysis.
Fig. 10 Alternate conformations of (a) 5-chlorotryptamine and (b) 5-me
2mFo–DFcmap of each ligand was contoured at 1.0s. Red dashed circles
alternate conformations were only observed in the cryogenic structures

9084 | Chem. Sci., 2020, 11, 9072–9087
We also attempted to measure the ligand complex of the
thaumatin and lysozyme crystals as model proteins. Thus, aer
sorting the thaumatin/lysozyme crystals, the solution within the
microuidic device was replaced with the ligand solutions (sele-
nourea/p-toluenesulfonic acid). Fig. 8 and Table 1 illustrate the
omit maps and crystallographic data of the thaumatin–sele-
nourea and lysozyme–p-toluenesulfonic acid complexes. At the
binding sites, the differences in the electron densities of sele-
nourea and p-toluenesulfonic acid were clearly observed from the
merged X-ray diffraction data. Moreover, the crystallographic data
thoxytryptamine were only observed in the cryogenic structures. The
represent themain alternate conformationmoiety of the ligands. Clear
(red circles).

This journal is © The Royal Society of Chemistry 2020
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statistics obtained from the numerous protein crystals were
accurate enough to identify the binding sites of the ligands.

Coupling of the microuidic-based protein crystal array
device and automated diffraction image processing system
(KAMO) improves the throughput of the protein–ligand
complex 3D structure determination at RT. Moreover, RT crys-
tallography leads to the better understanding of the physio-
logical protein structure and functions. Thus, the features of
our approach, namely RT crystallography using a protein crystal
array device, provide many advantages for SBDD and FBDD,
including ligand screening.
Fig. 11 Extra binding sites in (a) benzamidine and (b) aniline observed
only under cryo-conditions. Electron density maps from benzamidine
and aniline were observed (mFo–DFc map contoured at 2.0s). These
binding sites are physiologically meaningless because trypsin does not
have binding regions in these sites.
Application to the ligand screening of trypsin

We next applied our method to the ligand screening of trypsin.
This process required several microuidic devices correspond-
ing to the number of ligand compounds. Thus, we used thick-
type microuidic devices to evaluate the feasibility of mass
production of the microuidic device. We selected eight ligands
for the ligand screening experiments as listed in Fig. 3. Mela-
tonin (Fig. 3c) was selected as the negative control compound
because it does not bind to trypsin. Benzamidine (Fig. 3e) was
selected for this screening because the compound is a known
trypsin inhibitor. The other ligands were selected based on their
structural similarity to benzamidine; i.e., their molecular
weights and functional groups (most ligands have a basic
functional group). In our knowledge, six structures other than
benzamidine–trypsin complex and aniline–trypsin complex are
novel complex structures.

For comparison, diffraction data from cryo-cooled samples
of all the tested complexes were also collected. All the X-ray
diffraction experiments using the microuidic device could
cover sufficient data completeness. Aside from melatonin, the
electron density corresponding to each ligand was clearly
observed at the ligand binding site of trypsin (Fig. 9). These
results indicate that the thick-type microuidic device also
makes the use of RT crystallography and its application to
ligand screening possible. The microuidic device was fabri-
cated by a rapid prototyping process and used disposable. This
is a major advantage for the ligand screening to prevent cross-
contamination. Notably, the high-resolution limits of the
datasets from the proposed microuidic device were lower than
those afforded under cryo-conditions (Table 2). This was mainly
attributed to the thermal uctuations of the protein molecules
in the RT crystals being higher than those of the cryogenic
crystals. As expected, the Wilson B-factors of the datasets and
averaged B-factors of the structures at RT tended to be higher
than those observed under cryogenic conditions, and the
occupancies of the compounds for both conditions were almost
the same (Table 2). This indicates that the structural analysis of
the protein–ligand binding interactions at RT potentially
provides results comparable to those attained by cryogenic
crystallography.

Interestingly, the structures of 5-chlorotryptamine and 5-
methoxytryptamine attained under RT and cryogenic condi-
tions were slightly different. Thus, the two ligands adopted
alternate conformations only under cryo-conditions (Fig. 10),
This journal is © The Royal Society of Chemistry 2020
possibly due to the presence of a cryoartifact, i.e. an external
force on the ash cooling. Furthermore, for both benzamidine
and aniline, additional ligand-bound sites were only observed
under cryogenic conditions (Fig. 11). It is well known that
trypsin has a single binding site48 located near Asp194, and all
the binding sites of the additional ligands observed in benza-
midine and aniline were located at the surface of the protein
molecules. These results indicate that the extra ligands ob-
tained under cryo-conditions in this study are physiologically
meaningless. These binding sites are also considered to be
artifacts caused by freezing, and such non-physiological ligand
binding is undesirable in the ligand optimization process for
FBDD. This implies that in situ crystallography might have an
advantage in ligand screening, especially when the binding
affinity of a ligand is weak.

The collective results reveal that compared to the method-
ology currently in use, ligand screening using the proposed
microuidic-based protein crystal array device can provide
more natural structures at ease, while drug development by
FBDD could be more effective.
Conclusion

In this study, we developed microuidic devices named
“protein crystal array devices” for RT protein crystallography
applicable for protein–ligand complex 3D structure analysis. We
conrmed the concept of the microuidic sorting of protein
crystals into microwells. Owing to the strong xing of the
protein crystals to the microwells, the protein crystals could be
spontaneously sorted solely by a pipetting procedure and were
subsequently measured at RT. The collected X-ray diffraction
data from the multiple protein crystals were automatically
processed and merged to determine the 3D protein structure.
Notably, our approach did not require any external apparatus
Chem. Sci., 2020, 11, 9072–9087 | 9085
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such as syringe pumps and skilled handling for protein crys-
tallography and microuidics.

The protein crystal array device allowed the simultaneous
preparation of multiple protein–ligand complex crystals by
replacing the microchannel content with each ligand solution.
We determined eight trypsin–ligand complex structures at RT
and found differences in the congurations of two compounds,
compared to the cryogenic counterparts, as well as extra
binding sites to trypsin in the cryogenic structures. Therefore,
we supposed that the protein–ligand complex analysis based on
RT protein crystallography might allow a more detailed under-
standing of protein–ligand interactions, even for interactions
with weak affinities. Owing to these features, RT crystallography
using our microuidic device shows great potential for appli-
cation to ligand screening for SBDD and FBDD. In the present
study, we carried out RT crystallography using the microuidic
device manually to demonstrate the simplicity of our approach.
However, the microuidic device can also be integrated to
multi-microchannels and -microwells for high-throughput
ligand screening to accelerate the automation of RT crystal-
lography and ligand screening. The advantage of our device
which allows simple and easy handling of samples would be
a great benet for developing an automated system of sample
preparation. We believe that the proposed protein–ligand
complex structure analysis and its application to ligand
screening at RT can provide signicant information for the
better understanding of protein function under physiological
conditions and the development of new drugs.
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