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X-ray crystallography is an established technique for ligand screening in
fragment-based drug-design projects, but the required manual handling steps —
soaking crystals with ligand and the subsequent harvesting — are tedious and
limit the throughput of the process. Here, an alternative approach is reported:
crystallization plates are pre-coated with potential binders prior to protein
crystallization and X-ray diffraction is performed directly ‘in situ’ (or in-plate).
Its performance is demonstrated on distinct and relevant therapeutic targets
currently being studied for ligand screening by X-ray crystallography using
either a bending-magnet beamline or a rotating-anode generator. The possibility
of using DMSO stock solutions of the ligands to be coated opens up a route to
screening most chemical libraries.

1. Introduction

X-ray crystallography is now the method of choice to obtain
structural information for biological macromolecules at high
resolution. By mid-2014, 90 000 crystal structures had been
deposited in the Protein Data Bank (PDB; http:/
www.rcsb.org/pdb; Rose et al.,, 2011). In the field of rational
drug design, X-ray crystallography is essential to precisely
determine the mode of binding of known or potential binders,
including weak binders, in order to guide lead optimization
(Murray & Blundell, 2010). Indeed, fragment-based drug
design has attracted great interest and has shown very
promising results in recent years (Baker, 2013).

In the last two decades, major improvements have been
achieved in sample production and crystallization as well as
in X-ray sources, experimental setup and data processing
(Cymborowski et al., 2010). Automated crystallization assays
are performed using dedicated robots and pre-established
conditions. Nanodispensers have significantly improved the
throughput of crystallogenesis by decreasing the amount of
material needed. The use of these approaches is now wide-
spread and routinely achieves high efficiency.

Until recently, handling and mounting macromolecular
crystals to bring them into the X-ray beam has been a difficult
or delicate step that has been performed manually. This
important bottleneck has recently been resolved. Indeed,
several approaches have been described to provide a more
convenient way of bringing a crystal into an X-ray beam. They

Acta Cryst. (2015). D71, 1777-1787

http://dx.doi.org/10.1107/51399004715010342

1777


http://crossmark.crossref.org/dialog/?doi=10.1107/S1399004715010342&domain=pdf&date_stamp=2015-07-31

research papers

rely on growing crystals on supports that are directly amen-
able to in situ X-ray diffraction (Jacquamet et al., 2004; Bingel-
Erlenmeyer et al, 2011; le Maire et al, 2011) or to laser
ablation prior to crystal cooling (Cipriani et al., 2012), and
more recently directly onto cryoloops (Yin ef al., 2014). The
advantages are threefold: (i) rapid access to relevant diffrac-
tion information (crystal quality and an up to atomic resolu-
tion structure), (ii) the potential for complete automation and
(iii) minimal manipulation of individual crystals to preserve
crystal integrity prior to X-ray exposure.

All of the above developments significantly accelerate the
determination of new macromolecular structures, even for
membrane proteins (Axford et al, 2015). This makes many
new targets available for ligand screening. However, the
addition of small chemical compounds remains a complex and
tedious task whose automation is challenging. Indeed, some
automation has been proposed and applied to two therapeutic
targets (Davies et al., 2009; Newman et al., 2009). In one case,
pre-coating crystallization plates with the desired ligands
before or parallel to protein crystallization was devised, but
only soaking was subsequently used (Davies et al., 2009). In
the second case, automatic addition of ligand was based on
classical pipetting to add the ligand to preformed crystals
(Newman et al., 2009). Nevertheless, ligand soaking is still
performed manually by the majority of crystallographers and
novel approaches are necessary to address this problem. Three
types of limitation might explain the limited success of the
above two approaches. Firstly, we failed to reproduce efficient
soaking using automatic pipetters, as in our cases the crystal
crashed (dissolved or shattered) upon the addition of ligand
solution. The alternative soaking by prior coating (as reviewed
recently by Davies, 2014) still relies on protein crystal transfer
onto pre-coated wells for ligand soaking. Thus, it requires
physical manipulation of individual crystals, delicate and time-
consuming addition of ligands, transfer of soaked crystals into
cryoprotectants and cooling, all of which are steps that could
potentially damage macromolecular crystals. Accordingly,
macromolecule-ligand co-crystallization directly onto pre-
coated wells represents an attractive alternative that could be
tested. However, the use of methanol as a rapidly evaporating
solvent makes the pipetting and storage of chemical
compounds more complex (Davies, 2014) with, in addition, a
mild toxicity issue.

Here, we describe the convenient combination of in situ
diffraction and an optimized delivery of ligands prior to the
crystallization step. It is based on coating the crystallization
wells with the desired small molecules and allowing the
solvent to evaporate prior to setting up protein crystallization
in a classical way. To alleviate the problems of methanol use
(toxicity and storage), we switched to DMSO as a more
convenient solvent that is used in the vast majority of
medicinal chemistry work. Furthermore, we have set up ‘dry’
co-crystallization directly in 96-well plates compatible with in
situ diffraction. We tested this approach on several therapeutic
targets as relevant test cases. Diffraction was performed using
either an X-ray beam from a synchrotron source or a rotating-
anode generator to collect data sets at room temperature.

Evaluating the feasibility of recording the complete data set in
situ using a rotating-anode source at a 1.54 A wavelength was
important as higher radiation damage can be expected during
such experiments. Our results suggest that the combination of
‘dry’ co-crystallization and in sifu diffraction can accelerate
ligand screening by X-ray crystallography.

2. Materials and methods
2.1. Plate preparation for in situ ligand screening

Firstly, the evaporation behaviour of several solvents on
96-well CrystalQuick X plates (Greiner Bio-One) was tested.
These crystallization plates possess an optimized geometry to
allow in situ diffraction (le Maire et al., 2011). Various volumes
(0.2, 0.5 and 1.0 pl) of the desired solvent were dispensed into
the square drop wells and left to evaporate. The evaporation
was monitored by visual survey. It appeared that at least 1 pl
was necessary to fully cover the bottom of the drop well and to
make sure that the ligand would be deposited over the whole
surface. Accordingly, all of the following experiments were
performed using this volume for ligand deposition.

For ligand screening, stock solutions of chemical
compounds were prepared in DMSO or ultrapure water at a
concentration of 10 mM. Plates were pre-coated by dispensing
1 plligand solution into each well using an automatic nanolitre
dispenser (Cartesian HoneyBee X8; Genomic Solutions Inc.).
The same ligand was dispensed along a 12-well row to ensure
that sufficient crystals could be grown and tested. The plates
were then left under the laboratory hood for one week to
eliminate DMSO or water solvent while being protected with
filter paper to prevent dust from entering the well.

Crystallization drops were prepared with crystallization
robots. The wells were filled with 40 pl crystallization buffer,
and 500 nl of the reservoir was mixed with 500 nl of the
protein sample prior to deposition at the drop location. The
plate was then sealed with a transparent plastic film (Greiner
G-676070) and kept at 18°C until beam time was made
available.

2.2. Protein expression, purification and crystallization

For the tests, we used three well behaved proteins
previously studied in the laboratory (see below) and one other
protein frequently used as gold standard in the field of X-ray
crystallography (hen egg-white lysozyme). They readily crys-
tallize and diffract well. Furthermore, we took advantage of
the different space groups (i.e. monoclinic and tetragonal) to
evaluate the limits of the currently available range of orien-
tation angles for the plates.

2.2.1. Hen egg-white lysozyme. Lysozyme was purchased
from Sigma (catalogue No. L6876) and was dissolved in
ultrapure water at a concentration of 120 mg ml~" and then
filtered through a 0.22 um filter. Lysozyme crystals were grown
using the sitting-drop vapour-diffusion method at 18°C in the
pre-coated plates. Drops were formed by mixing 0.5 pl protein
solution with an equal volume of mother liquor consisting of
100 mM sodium acetate pH 4.6, 4% (w/v) NaCl and were
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Table 1

Crystallographic data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Protein ID Lysozyme CypD CypD CypD CypD CypD PPARy
Ligand BAM EA4 EA4 EA4 716 716 BRL
Data collection
Crystal mouting In situ In situ In situ Cryoloop In situ Cryoloop In situ
Beamline BM30A In-house BM30A In-house BM30A ID29 BM30A
Wavelength (A) 0.9797 1.542 0.9797 1.542 0.97922 0.9793 0.9797
Temperature (K) 298 298 298 100 298 100 298
Space group P432,2 P4.2,2 P4.2,2 P4.2,2 P4.2,2 P4,2,2 P452,2
Unit-cell parameters
a (A) 793 57.9 57.9 56.4 579 573 66.9
b (A) 793 57.9 57.9 56.4 579 573 66.9
¢ (A) 38.1 88.5 88.5 87.0 88.6 87.5 157.4
a=pB=y() 90.0 90.0 90.0 90.0 90.0 90.0 90.0
Resolution (A) 38.1-1.35 29.5-2.23 48.4-1.50 28.2-1.93 48.5-1.45 48.0-1.03 47.4-2.45
Roym OT Rierge 0.090 (0.280) 0.052 (0.121) 0.047 (0.228) 0.031 (0.188) 0.102 (0.412) 0.087 (0.216) 0.154 (0.477)
(Ilo(1)) 2.5 (1.6) 18.8 (11.5) 12.1 (3.5) 9.1 (3.5) 7.0 (2.5) 18.8 (3.9) 7.4 (4.7)
Completeness (%) 99.5 (98.9) 98.1 (99.6) 73.1 (78.5) 97.5 (84.0) 99.2 (93.9) 96.9 (79.4) 90.0 (77.8)
Multiplicity_ 4.3 (3.9) 4.5 (4.3) 2.8 (2.6) 4.1 (4.8) 2.0 (1.8) 10.5 (3.3) 4.4 (3.7)
Wilson B (A?) 12.4 14.0 52 13.2 8.6 7.7 41.1
No. of crystals 1 2/3 1 1 1 1 12
Refinement
No. of reflections 21988 6820 16982 10358 25914 32279 12485
Ryork/Riree (%) 13.8/16.5 17.9/23.8 13.4/16.5 20.8/27.0 13.4/15.5 12.3/16.2 19.3/22.2
No. of atoms
Protein 1072 1245 1260 1232 1256 1302 2053
Ligand 9 18 18 18 32 32 28
Water 95 65 91 223 106 463 25
B factors (Az)
Protein 16.6 171 9.6 15.8 11.9 12.2 44.6
Ligand 18.7 151 10.2 17.5 19.9 14.9 58.1
Water 29.5 22.6 19.8 24.1 255 238 413
R.m.s.d., bond (A) 0.007 0.009 0.007 0.007 0.007 0.011 0.004
R.m.s.d., angles (°) 1.239 1.321 1.300 1.470 1.303 1.660 0.799
PDB code 4xn6 4xnc 4zsc 3rdc 4zsd 4j5¢ 4x1d

+ The first number is the number of crystals used to solve the structure and the second number is the number of crystals collected.

equilibrated over 40 pl of the same solution. Crystals formed
in about 1-2 d.

2.2.2. Human cyclophilin D K1751 mutant. Purification of
the K175 mutant of human cyclophilin D (CypD) was
performed as described previously (le Maire er al., 2011).
CypD KI1751 crystals were grown using the sitting-drop
vapour-diffusion method at 18°C in the pre-coated plates.
Drops were formed by mixing 0.5 pl protein solution with an
equal volume of mother liquor consisting of 25%(w/v) PEG
4000 and were equilibrated over 40 pl of the same solution.
Crystals formed overnight. The crystallization procedure was
optimized by the seeding method using the Seed Bead
protocol (Hampton Research). A stock solution for seeding
was prepared from one crystal vortexed in a microcentrifuge
tube with 500 pl reservoir solution. Serial dilutions were
prepared and the optimal dilution was determined by trial
assays. For data collection at 100 K, crystals were cryopro-
tected by brief immersion in oil.

2.2.3. Human wild-type PPARy LBD. Wild-type PPARy
LBD (GIn203-Tyr477) was cloned into the pET-15b vector.
Gene expression was induced in Escherichia coli BL21 (DE3)
cells overnight at 20°C in LB medium without any ligand and
the protein was purified in the apo form. The cell lysate (in

20 mM Tris pH 8.0, 500 mM NaCl) was first applied onto a
nickel affinity column (HiTrap 5 ml; GE Healthcare). The
eluted protein was further purified by size-exclusion chroma-
tography (Superdex 75 HR 26/60; GE Healthcare) and was
then concentrated to 4.5 mg ml™" and stored at 40°C in gel-
filtration buffer (20 mM Tris pH 8.0, 150 mM NaCl, 5 mM
DTT, 10% glycerol). Crystals were obtained in 3-4 M sodium
formate pH 7-7.5. Crystals formed in about 1-2 d (Zhang et
al., 2011).

2.2.4. Rat ERK2. The overproduction and purification of rat
Erk2 protein were performed using standard protocols as
described previously (le Maire et al., 2011). Erk2 crystals were
grown in the pre-coated plates using the sitting-drop vapour-
diffusion method at 18°C. Drops were formed by mixing 0.5 pl
protein solution with an equal volume of mother liquor
consisting of 100 mM MES pH 6.5, 200 mM ammonium
sulfate, 20 mM S-mercaptoethanol, 26%(w/v) PEG MME
2000 and were equilibrated over 40 pl of the same solution.
Crystals formed in about 3-6 d. The crystallization procedure
was optimized by the seeding method using the Seed Bead
protocol as in the case of CypD (see above). For cryo data
collection, crystals were cryoprotected by brief immersion in
oil.
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Table 2
Crystallographic data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Protein ID Erk2 Erk2 Erk2 Erk2 Erk2 Erk2
Ligand 1 1 1 2 2 2
Data collection
Crystal mouting In situ In situ Cryoloop In situ In situ Cryoloop
Beamline BM30A In-house In-house BM30A In-house BM30A
Wavelength (A) 0.97922 1.542 1.542 0.97970 1.542 0.97970
Temperature (K) 298 298 100 298 298 100
Space group P2, P2, P2, P2, P2, P2,
Unit-cell parameters
a (A) 493 493 48.7 49.1 493 48.6
b (A) 71.4 71.6 70.3 71.6 7.7 70.3
¢ (A) 61.3 61.1 59.9 60.9 61.0 59.8
a=y(°) 90.0 90.0 90.0 90.0 90.0 90.0
B() . 109.5 109.0 109.0 109.1 109.1 108.9
Resolution (A) 29.3-2.10 28.4-2.30 56.6-1.78 44.8-1.80 29.3-2.22 28.5-1.74
Rym OF Rinerge 0.126 (0.513) 0.100 (0.347) 0.037 (0.149) 0.149 (0.579) 0.110 (0.317) 0.035 (0.289)
(Ilo(1)) 6.0 (1.9) 7.5 (2.9) 9.1 (5.0) 6.8 (2.5) 8.8 (4.3) 11.9 (1.4)
Completeness (%) 89.8 (67.9) 87.1 (86.9) 95.1 (79.9) 97.3 (99.0) 87.9 (84.7) 89.7 (89.6)
Multiplicity 2.5 (2.6) 2.5(23) 2.0 (1.8) 2.9 (2.8) 2.9 (3.0) 1.8 (1.8)
Wilson B (A?) 29.8 335 19.0 28.2 30.7 249
No. of crystalst 2/9 8/8 1 4/7 6/7 1
Refinement
No. of reflections 21139 14977 34518 34272 16041 34736
Ryork/Riree (%) 18.2/22.1 17.9/23.8 14.9/17.9 17.8/21.8 17.9/23.8 18.5/22.6
No. of atoms
Protein 2739 2818 2912 2887 2818 2832
Ligand 11 11 11 13 13 13
Water 122 39 460 126 55 273
B factors (Az)
Protein 37.7 404 20.7 33.7 38.0 28.1
Ligand 30.3 432 28.5 38.0 34.1 434
Water R 433 33.1 372 36.6 329 35.6
R.m..s.d., bonds (A) 0.009 0.009 0.009 0.010 0.009 0.008
R.m..s.d., angles (°) 1.175 1.356 1.021 1.417 1.412 0.951
PDB code 4xoy — 4xp3 4xne — 4xp2

+ The first number is the number of crystals used to solve the structure and the second number is the number of crystals collected.

2.3. Data collection and processing

Data were collected from the cooled crystals on the FIP-
BM30A, ID14-2, ID23-2 and ID29 beamlines at the ESREF,
Grenoble, France or, in a few cases, on a MicroMax-007 HF
rotating-anode generator (Rigaku) equipped with a focusing
mirror (Osmic Inc.) and a MAR345 image-plate detector
(MAR Research Inc.). For in situ diffraction, we recorded data
on either FIP-BM30A or on a rotating-anode generator
equipped with a G-Rob system (NatX-ray SAS) and a CCD
camera (Photonics Inc.). In the case of in situ diffraction, data-
set merging was performed ‘on-the-fly’ and data collections
were continued until an acceptable completeness was
achieved.

Data processing was performed using iMosflm (Powell et al.,
2013) or XDS (Kabsch, 2010) and SCALA from the CCP4
suite (Winn et al., 2011). Structure refinement was performed
using REFMACS (Murshudov et al, 2011) or PHENIX
(Adams et al., 2010) and model building was performed with
Coot (Emsley et al, 2010). The files for all chemical
compounds (PDB and CIF) were generated using eLBOW
(Moriarty et al., 2009) and PRODRG (Schiittelkopf & van
Aalten, 2004). Figures were generated using PyMOL (http://
www.pymol.org).

2.4. PDB accession codes

The Protein Data Bank accession codes for the coordinates
of the complexes reported in this paper (see Tables 1, 2 and 3)
are as follows: lysozyme with benzamidine (BAM) at 298 K,
4xn6; CypD with ethyl 2-({[(4-aminophenyl)methyl]-
carbamoyl}amino)acetate (EA4) at 298 K, 4xnc and 4zsc, and
at 100 K, 3rdc; CypD with 1-(4-aminobenzyl)-3-[4-(methyl-
thio)-1-{2-[2-(methylthio)phenyl]pyrrolidin-1-yl}-1-oxobutan-
2-ylJurea (716) at 298 K, 4zsd, and at 100 K, 4j5¢c; PPARy LBD
with rosiglitazone (BRL) at 298 K, 4x1d; Erk2 with 2-amino-6-
thiopurine (1) at 298 K, 4xoy, and at 100 K, 4xp3; Erk2 with
2,5-diaminophenyltriazole (2) at 298 K, 4xne, and at 100 K,
4xp2; Erk2 with 7-cyano-7-azaindole (3) at 298 K, 4xrl, and at
100 K, 4xp0; Erk2 with 1-N-{[3-(benzyloxy)phenyl]methyl}-
2H-1,2,3 4-tetrazole-1,5-diamine (4) at 298 K, 4xrj, and at
100 K, 4xo0z.

2.5. Affinity measurements

Affinities of the fragments for CypD or Erk-2 were derived
from thermal shift assays or from enzymatic measurements.
Thermal shift assays were set up using SYPRO Orange and
fluorescence was monitored on a plate reader (QPCR Agilent
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Table 3
Crystallographic data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Protein ID Erk2 Erk2 Erk2 Erk2 Erk2
Ligand 3 3 4 4 4
Data collection
Crystal mouting In situ Cryoloop In situ In situ Cryoloop
Beamline In-house 1D23-2 BM30A In-house ID14-2
Wavelength (A) 1.542 0.8726 0.97970 1.542 0.93300
Temperature (K) 298 100 298 298 100
Space group P2, P2, P2, P2, P2,
Unit-cell parameters
a (A) 48.5 48.9 49.1 49.2 49.2
b (A) 70.8 70.8 715 715 71.6
c(A) 60.5 60.4 60.8 60.9 60.9
a=y(°) 90.0 90.0 90.0 90.0 90.0
B () i 109.5 109.0 108.7 108.7 108.7
Resolution (A) 30.1-2.55 28.9-1.46 44.8-1.69 29.1-2.23 31.6-1.95
Rym OF Rinerge 0.076 (0.337) 0.031 (0.480) 0.077 (0.339) 0.102 (0.363) 0.023 (0.209)
(Ilo(1)) 7.6 (3.2) 9.5(1.3) 3.6 (2.1) 8.7 (3.3) 13.5 (2.3)
Completeness (%) 88.2 (66.4) 95.4 (85.7) 93.0 (92.4) 92.8 (92.1) 93.1 (75.2)
Multiplicity 1.8 (1.8) 22(22) 3.0 (2.8) 2.6 (2.4) 2.6 (24)
Wilson B (Az) 36.8 20.1 16.9 28.3 27.6
No. of crystalst 2/4 1 2/4 6/7 1
Refinement
No. of reflections 10787 64302 39592 14722 27176
Ryork/Riree (%) 17.9/22.8 19.0/21.4 13.6/18.0 16.0/20.8 14.5/18.8
No. of atoms
Protein 2770 2899 2980 2919 2831
Ligand 11 11 22 22 22
Water 44 356 161 111 141
B factors (Az)
Protein 423 25.8 27.6 33.6 35.6
Ligand 48.9 30.7 20.3 23.6 37.0
Water i 36.9 373 35.7 332 43.1
R.m.s.d., bonds (A) 0.009 0.014 0.012 0.011 0.012
R.m.s.d., angles (°) 1.214 1.100 1.456 1.291 1.424
PDB code 4xrl 4xp0 4xrj - 4x0z

+ The first number is the number of crystals used to solve the structure and the second number is the number of crystals collected.

Mx3005P). In a 96-well white quantitative PCR low-profile
plate, 39 pl of a solution consisting of a 1:1 volume ratio of
protein and SYPRO Orange dye (1:500 dilution) was
dispensed and 1 pl of the desired ligand in DMSO was added.
Ligands were generally tested at 100, 500 and 1 mM and
protein at 2—4 pM. The plate was sealed with an optical PCR
seal and smoothly spun before being placed in the PCR
instrument, where the temperature was increased from 25 to
95°C at 1°C min " while the fluorescence was monitored. Data
were analyzed and 7, was determined by fitting to the
Boltzmann equation using GraphPad Prism 5. Finally, AT,
was calculated using the T, value from DMSO without ligand
as a reference.

Inhibition at one concentration was measured at 1 mM in
the case of CypD (Kofron et al., 1991) and at 0.1 mM for Erk-2
(subcontracted to ReactionBiology).

3. Results
3.1. Ligand deposition

Firstly, we searched for a solvent that provides efficient
solubilization of various chemical compounds and optimal

evaporation while being compatible with the plate polymer
(here a cyclic olefin copolymer). Methanol has previously
been used for pre-coating ligands onto crystallization plates,
but its use suffered from several drawbacks (Davies, 2014).
Following this example, we tested rapidly evaporating solvents
such as acetone, tetrahydrofuran, ethanol and acetonitrile.
However, these solvents rapidly wicked out of the drop well,
preventing proper coating. Among the other organic solvents
that we tested (DMSO, 2-propanol and also water), only water
and DMSO behaved adequately. Although it is slowly
evaporating, DMSO was selected because it is the most
versatile solvent and provides access to most chemical
libraries. Drying was left to occur for one week before crys-
tallization of the desired protein was set up in a classical way
using the crystal-growth conditions previously established for
the protein (Fig. 1a). In the following examples, crystallization
was performed in conditions almost identical to those
previously described in the literature apart from the
systematic use of microseeding to enhance the reproducibility
of the crystallization.

The affinity of fragments usually ranges from micromolar to
ten-millimolar and hence requires a high compound concen-
tration to achieve full occupancy of the protein binding site.
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Here, fragments were all added at a concentration of 10 mM
in 1 pl (but higher concentrations may be used). Thus, the

-~

Dispensing
ligand
solution

/

Solvent
evaporation

Dispensing
protein and
mother liquor

Protein
crystal
growth

In situ
diffraction
at RT

(b)

Figure 1

Soaking strategy. (a) The steps for ‘dry’ co-crystallization and in situ
X-ray crystallographic screening are shown. Pre-coating of chemical
compounds is first performed with a liquid dispenser. The solvent is
evaporated gently before protein crystallization is set up. The protein
crystal can then be harvested or in situ diffraction can be performed. (b)
Enlargement of a drop containing crystals of Erk2 protein and ligand 3.

highest ligand concentration may reach 20 mM after complete
re-solubilization in the equilibrated crystallization drops.
Notably, all of the ligands described below (except for
benzamidine) are soluble in 100% DMSO but not in water,
while their solubility in the mother liquors is unknown but is
likely to be very low.

3.2. Validating test cases

Firstly, we checked the feasibility of pre-coating crystal-
lization plates using a water-soluble compound recently shown
to bind to the surface of lysozyme (Yin et al., 2014). Success
with this example then prompted us to evaluate this new
approach on therapeutic targets crystallizing in different
conditions, in low- or high-symmetry lattices and belonging to
distinct protein families.

3.2.1. Lysozyme and water-soluble benzamidine. As a first
test case, we used hen egg-white lysozyme to compare our
approach with a recently published approach (Yin et al., 2014)
that relies on building up co-crystallization drops directly onto
cryoloops. In the present study, benzamidine (molecular
weight 120, XlogP 1.63) was solubilized in water, deposited on
the well bottom and allowed to dry before crystallization of
lysozyme was performed. Using in situ diffraction on one
single crystal and at room temperature (RT), a complete data
set was collected to 1.35 A resolution on the bending-magnet
beamline BM30A. Standard refinement rapidly led to excel-
lent statistics (Ryork = 13.8%, Rgee = 16.5%; Table 1). The
deduced structure (Supplementary Fig. S1) perfectly matched
that previously described for the benzamidine-bound lyso-
zyme complex (PDB entry 4n8z; Yin et al., 2014). The weak
binder (in the millimolar range) was detected at the same
position with 70% occupancy (compared with 100% in the
cooled structure) and a low B factor (18.7 versus 16.7 AZ). This
result suggests that water-soluble fragments can be readily
screened using pre-coating and efficiently detected using in
situ diffraction. We also tested N-acetylglucosamine (mole-
cular weight 251, XlogP —2.19) as a potential low-affinity
fragment binding into the active-site groove. However, in our
conditions we could not detect binding to the crystallized
lysozyme (data not shown), while binding has been detected
by others (Tanley et al, 2012) but at much higher concentra-
tions (150-250 mM).

3.2.2. Co-crystal of cyclophilin D with one fragment and
one lead compound. Human cyclophilin D (CypD) belongs to
the proline isomerase family. It is a validated target in
ischaemia (Alam et al., 2015) for which we have previously
performed a fragment-screening campaign (Guichou et al.,
2011). We attempted to partially reproduce this screen using
‘dry’ co-crystallization and in situ diffraction. CypD crystal-
lization was set up in two 96-well plates with a total of nine
chemical compounds (one per row). A sufficiently large
number (4-12) of crystals was obtained for only four frag-
ments during this focused screening campaign. Despite decent
diffraction that could be recorded from most of the crystals
grown, only one complex could be detected.
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Three fragments (XlogP ranging from 0.1 to 1.3 and
molecular weight ranging from 133 to 156) have been
observed previously in cooled crystals (see PDB entries 3r4dg,
3r57 and 3r56), but we could not detect their binding by pre-
coating followed by in situ diffraction. These results may be
explained by the low solubility of these compounds and their
very low affinity for the target. Indeed, they showed weak
inhibition (from 17 to 39%) at a concentration of 1 mM, while
successful soaking relied on solubilizing these fragments in the
cryoprotecting oil (to be described in further detail else-
where).

Nevertheless, from the various fragments detected in the
previous screen (Guichou et al., 2011) we could build up a
more elaborate fragment, ethyl 2-({[(4-aminophenyl)methyl]-
carbamoyl}amino)acetate (Fig. 2a), which is poorly soluble
in water (molecular weight 251, XlogP 0.37) but displays
micromolar affinity for this cyclophilin (Guichou et al., 2011).

Three crystals were exposed to the X-ray beam directly
‘in plate’ at RT on the rotating-anode generator. 1° oscillation
images were acquired in 1 min on the rotating-anode
generator, and no radiation damage was detected during the
time of acquisition. These crystals diffracted well and were
isomorphous to that of the apo form
reported previously (le Maire et al,
2011). Thanks to the high-symmetry
space group (P4,2,2), a very complete
data set (98%) could be recorded from
only two crystals with good multiplicity
(4.5) at 2.23 A resolution (Table 1). The
resolution is currently limited by the
CCD camera, as indicated by the high
intensity in the outer shell [l/o(I) =
11.5]. This excellent statistic should
allow follow-up studies (for example,
molecular dynamics at RT), while the
data set from the single best crystal
reached 92% completeness and would
have been sufficient to characterize the
mode of binding of the ligand. Indeed,
one crystal was exposed at RT on the
bending-magnet beamline BM30A. A
less complete data set (73.1%) was
recorded to a high resolution of 1.50 A
but was sufficient to detect ligand
binding (see below). In parallel, manual
ligand soaking was performed on apo-
form crystals, which were cooled to
100 K before data collection using a
classical protocol on the same labora-
tory rotating-anode generator. In this
case only one crystal was used to collect
data to 1.93 A resolution with otherwise
similar statistics (Table 1).

In all cases, after isomorphous repla-
cement using the apo structure a clear
extra density was detected showing that
the ligand could be readily detected.

Figure 2

Refinement was straightforward in all cases and led to mole-
cular models showing very good statistics (Table 1). The
inhibitor adopted the same mode of binding at RT and at
100 K (Figs. 2¢, 2d and 2e). Final refinement highlighted 100%
occupancy and a low B factor (at RT; 15.1 and 10.2 A? versus
17.5 A2 for the cryo structure) for the ligand in the structures.

In order to better characterize the mechanism in the ‘dry’
crystallization process (co-crystallization versus soaking), we
selected a second compound, 1-(4-aminobenzyl)-3-(4-methyl-
1-{2-[2-(methylthio)phenyl]pyrrolidin-1-yl}-1-oxopentan-2-yl)-
urea (Supplementary Fig. S2a), which is poorly soluble in
water (molecular weight 454, XlogP 3.14) but displays a
submicromolar affinity for CypD (Guichou et al., 2011), as this
particular complex could only be obtained by a co-crystal-
lization experiment.

Firstly, we attempted a long soaking experiment (one week)
on an apo crystal of CypD to obtain the complex. We collected
data from three cooled crystals on a cryoloop at high resolu-
tion (between 1.1 and 1.4 A); none gave an extra density for
the ligand. Secondly, we used a co-crystallization experiment
to collect a data set (at a high resolution of 1.03 A) and a clear
density was observed (Supplementary Figs. S2b and S2c),

In situ BM30A (1.50 A)
(e

Crystal structures of the human prolyl isomerase cyclophilin D in complex with ethyl 2-({[(4-
aminophenyl)methyl]carbamoyl}amino)acetate. (a¢) Chemical structure of ethyl 2-({[(4-amino-
phenyl)methyl]carbamoyljamino)acetate. (b) The overall structure of cyclophilin D shown as a
cartoon representation. (c) Structure solved at high resolution at 100 K. (d) The same structure at
RT using data collected on a rotating-anode generator. (e) The same structure at RT using data
collected on the synchrotron beamline BM30A at ESREF. In all panels, the 2F, — F, electron-density
map (contoured at 1o) was computed with the ligand molecule omitted in the Fourier synthesis.
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allowing the ligand to be placed to yield a final refinement with
excellent statistics (Table 1). Finally, using in situ diffraction on
one single crystal and at RT, a complete data set (99.2%) was
collected at 1.45 A resolution on the bending-magnet beam-
line BM30A. Again, a clear extra density was detected,
showing that the compound could be readily detected.
Refinement was performed and led to a molecular model with
very good statistics (Table 1). The inhibitor adopted the same
mode of binding at RT and at 100 K (Supplementary Figs. S2c
and S2d), although with a lower occupancy (70 versus 100%,
respectively), and had low B factors (19.9 versus 14.9 A?). This
result suggests that the ‘dry’ crystallization technique proceeds
through co-crystallization.

3.2.3. Co-crystal of a nuclear receptor (PPARy) with rosi-
glitazone. The human peroxisome proliferator-activated
receptor ¥ (PPARy) belongs to the PPAR nuclear hormone
receptor subfamily, which controls the expression of genes
involved in adipogenesis, glucose, lipid and cholesterol meta-
bolism (Michalik ez al., 2006; Varga et al., 2011). PPARY is
highly expressed in adipose tissues and plays key roles in
regulating adipogenesis (Tontonoz & Spiegelman, 2008), lipid
metabolism and glucose homeostasis through the improve-
ment of insulin sensitivity (Ahmadian et al., 2013). Thus,

N
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Figure 3

Crystal structures of the protein kinase Erk-2 in complex with 1-phenyl-
1H-1,2 4-triazole-3,5-diamine (2). (@) Chemical structure of compound 2.
(b) The overall structure of Erk-2 shown as a cartoon representation. (c)
Structure solved at high resolution at 100 K. (d) The same structure at
RT using data collected on a rotating-anode generator. (e) The same
structure at RT using data collected on the synchrotron beamline BM30A
at ESRF. In all panels the 2F, — F, electron-density map (contoured at
lo) was computed with the ligand molecule omitted in the Fourier
synthesis.

PPARYy is a target for antidiabetic agents of the thiazolidine-
dione class, which include troglitazone, pioglitazone and
rosiglitazone. Co-crystallization of the LBD domain of
PPARy with a nanomolar agonist, rosiglitazone [5-({4-[2-
(methylpyridin-2-ylamino)-
ethoxy]phenyl}methyl)-1,3-thiazolidine-2,4-dione; molecular
weight 357, XlogP 2.64], was readily obtained by plate pre-
coating using DMSO solution and crystallization conditions
previously described for this protein (Zhang et al., 2011). In
this case, the crystals were less well diffracting and data
collection was performed on the synchrotron beamline
BM30A. Thanks to the high-symmetry space group (P432,2),
one crystal was sufficient to record a complete data set at
245 A resolution with very good multiplicity (Table 1).
Standard refinement from the apo form rapidly led to extra
electron density in the ligand-binding pocket in which we
could recognize the rosiglitazone (Supplementary Fig. S3).
The refined structure (Ryoc = 18.5%, Riree = 23.9%) perfectly
matched the previously described complex (PDB entry 2prg)
solved at 2.3 A resolution (Nolte et al., 1998). This demon-
strated the feasibility of streamlining ligand screening on this
important family of therapeutic targets harbouring a deeply
buried ligand-binding pocket. This result is of importance as
nuclear receptors are the targets of about 20% of currently
used drugs and of numerous environmental pollutants
(Delfosse et al., 2012), the mode of binding of which still has to
be deciphered for the vast majority.

3.2.4. Ligand screening on a challenging low-symmetry test
case: Erk-2. A typical MAP kinase, Erk-2 is involved in
numerous and important signalling pathways and its
misfunction is linked to several diseases, including inflamma-
tion and cancer (Wortzel & Seger, 2011). As such, it is an
important therapeutic target, but it still lacks a drug
compound for clinical use. Here, we developed a screen with
the rat protein kinase Erk-2 as a surrogate for the human
orthologue. Crystals of rat Erk-2 are easily reproducible and
usually diffract well. Nevertheless, their low-symmetry space
group (P2,) represents a severe challenge for the collection of
a complete data set in situ owing to geometric constraints (le
Maire et al., 2011). We tested the feasibility of ligand screening
on the rat protein kinase Erk-2 using 14 chemical compounds
which are poorly soluble in water. Co-crystallization was set
up in four plates with one ligand per row (some in duplicate).
For nine ligands no crystal grew and in one case they were too
small to diffract. For the remaining four fragments, a sufficient
number of drops (4-12) yielded sufficiently large crystals to
measure decent diffraction. Fortunately, in these four cases
ligand binding could be detected. To our knowledge, no crystal
structure of any protein kinase has been reported in complex
with any of these four compounds. These molecules harbour
privileged pharmacophoric features for binding to protein
kinases (Bamborough et al, 2011), but none has previously
been reported to bind to Erk-2. We describe their interactions
with the protein in some detail. Notably, these fragments
showed no detectable inhibition when tested at 0.1 mM and
limited or no stabilization of the protein kinase in a thermal
shift assay. Only a small shift of the melting temperature
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(~0.6°C at concentrations of 0.5 and 1 mM) is detected for
compound 4 (while reference compounds showing micromolar
inhibition yielded a significant shift of 2°C in the same
conditions).

In the cases of 2-amino-6-thiopurine (1; molecular weight
167, XlogP 0.13) and diaminophenyltriazole (2; molecular
weight 175, XlogP 0.65), three structures were solved inde-
pendently for each ligand using data sets recorded (i) at RT on
a laboratory anode (using 7-8 crystals), (ii) at RT on BM30A
(3-4 crystals) and (iii) at 100 K (one crystal). To obtain an
optimal resolution, data were recorded using 3 min oscilla-
tions of 1° per image on the rotating-anode generator. This led
to significant radiation damage, limiting the range of useful
data and therefore requiring a larger number of crystals to
obtain a complete data set. The various data sets were merged
on-the-fly to stop collecting data as soon as an acceptable
completeness had been achieved.

In all cases, a clear density was observed in the vicinity of
the hinge, as expected (see Supplementary Figs. S4 and Fig. 3
for ligands 1 and 2, respectively), and the ligands were
unambiguously placed before completing the refinement and
gave very good statistics (Table 2). These results were
confirmed by running the phenix.ligand_pipeline routine in
PHENIX (Echols et al., 2014). In all cases, the ligand was
detected with default parameters and good overall statistics

N
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Figure 4

Crystal structures of the protein kinase Erk-2 in complex with 3-cyano-
7-azaindole (3). (a) Chemical structure of compound 3. (b) The overall
structure of Erk-2 shown as a cartoon representation. (¢) Structure solved
at high resolution at 100 K. (d) The same structure at RT using data
collected on a rotating-anode generator. In all panels the 2F, — F.
electron-density map (contoured at 1o) was computed with the ligand
molecule omitted in the Fourier synthesis.

(CC ranging from 0.88 to 0.95 for the data collected at RT).
The amino groups and the attached heterocyclic moiety of
both compounds interact with the protein hinge (residues
Glul04 and Met106) through a network of hydrogen bonds. In
parallel, the aromatic rings are sandwiched by three conserved
hydrophobic residues: Val37, AlaS0 and Leul54. In the case of
compound 1, the catalytic residue Lys52 is attracted towards
the ligand and forms a weak hydrogen bond to an N atom of
the purine ring (N7). This configuration is stabilized by the
gatekeeper residue GIn103, which also forms a hydrogen bond
to the terminal N atom of the catalytic lysine.

Another fragment, an azaindole (3; molecular weight 143,
XlogP 1.29), was then tested on Erk-2 (Table 3 and Fig. 4a). In
this case, we only compared the results of in situ diffraction
recorded on the rotating-anode generator and diffraction
using a cooled crystal on beamline ID23-2. To limit radiation
damage, we reduced the exposure time to 2 min per image (1°
rotation). This led us to record an 88% complete data set using
only two distinct crystals at the expense of the resolution
(2.55 A) Despite the lower resolution, the ligand could be
readily recognized in the extra density observed near the
hinge as in the case of compounds 1 and 2. However, in this
case, the map correlation computed by phenix.ligand_pipeline
was slightly lower (CC = 0.77). Compound 3 crystallized
during solvent evaporation, but this did not preclude its
subsequent diffusion into the protein crystal (Figs. 1b, 4b, 4c
and 4d).
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Figure 5

In cristallo screening. Crystal structures of the protein kinase Erk-2 in
complex with the new binder 4. (¢) The chemical structure of compound
4. (b) The overall structure of Erk-2 shown as a cartoon representation
with key residues shown in stick representation. (c) Structure solved at
high resolution at 100 K. (d) The same structure at RT using data
collected on a rotating-anode generator. (e¢) The same structure at RT
using data collected on the synchrotron beamline BM30A at ESRF. In all
panels the 2F, — F. electron-density map (contoured at lo) was
computed with the ligand molecule omitted in the Fourier synthesis.
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For all of these compounds, their binding mode and their
interactions with the protein matched those usually observed
for similar ligands in protein kinases. Indeed, the binding
mode of 2-amino-6-thiopurine (1) was highly similar to that
adopted by a bromophenyl derivative of 2-aminopurine
previously shown to bind to Erk-2 with micromolar affinity
(PDB entry 3qyw; le Maire et al., 2011). The diaminotriazole
moiety of 2 mimics the 2-aminopurine moiety of 1 and is likely
to represent the portion interacting with the protein hinge in a
large series of related chemical compounds patented as potent
protein kinase inhibitors by Vertex Inc. (US Patent 7902239
B2). This suggests that our fragment screening would have
identified new binders suitable for further elaboration into
better compounds.

We also tested a larger and more flexible ligand, 1-N-{[3-
(benzyloxy)phenyl]methyl}-2H-1,2,3,4-tetrazole-1,5-diamine
(4; molecular weight 296, XlogP 3.54), which had not
previously been described as a protein kinase inhibitor
(Fig. 5a). Again, we could rapidly detect the bound ligand
(Figs. 5b, 5¢ and 5d) using data recorded at RT on a rotating-
anode generator (seven crystals), at RT on BM30A (two
crystals) and at 100 K (one crystal) (Table 3). In this case, an
automatic ligand search yielded high correlation coefficients
for data sets both recorded in situ on the rotating-anode
generator and on the synchrotron beamline BM30A (CC of
0.85 and 0.94, respectively). The diaminotetrazole moiety
interacted with the protein hinge, as did the equivalent moiety
of compound 2 (described above). Surprisingly, the central
phenyl ring is sandwiched between the catalytic residue Lys52
and the gatekeeper GIn103, while the terminal benzyl moiety
pointed deeply into the protein core towards a-helix C and
was stacked onto the side chain of the glutamate Glu69
(Fig. 5b). Accordingly, this compound induced a significant
rearrangement of the ATP-binding site upon binding to access
a buried subpocket that had not previously been described.
This may open up a new route towards higher specificity of
ligands targeting Erk-2.

A survey of the PDB (Rose et al., 2011) highlighted that
various other protein kinases (for example, KIT, TGFBRI1,
JAK2 and EPHB4 among the tyrosine kinases and CDK2,
CHK1, PLK4 and PI3K among the serine/threonine kinases)
already give rise to decent X-ray diffraction on a rotating-
anode generator, suggesting that these important therapeutic
targets are also amenable to this approach for the develop-
ment of new drugs.

4. Discussion

In this study, we have further developed the technique of pre-
coating of crystallization plates with small molecules in order
to accelerate ligand screening using X-ray crystallography. In
summary, co-crystallization with dried ligands was successfully
tested using several relevant therapeutic targets. The major
limitation comes from the limited reproducibility of protein
crystal growth despite the use of microseeding. As mentioned
previously (Newman et al., 2009), microseeding depends on a
delicate balance between obtaining too many tiny crystals, a

few large crystals and no crystals at all. As observed here, this
step still represents the bottleneck on the way to fully auto-
matic screening by X-ray crystallography. Nevertheless, when
co-crystallization did occur, we could straightforwardly iden-
tify the bound ligands in the computed F, — F, maps. In the
case of the protein kinase Erk-2, our study brought to light
new complexes that may be useful for further derivation of
potent inhibitors. Some sulfate ions could be detected on the
protein surface of Erk-2, but no DMSO molecules. This is in
marked contrast to the same structures solved from cooled
crystals soaked with fragments solubilized in this solvent.
As DMSO can deteriorate protein crystals, its absence after
evaporation opens new opportunities for screening by X-ray
crystallography. Accordingly, with this technique in hand,
most chemical libraries are now amenable to automatic
dispensing prior to co-crystallization with targeted macro-
molecules.

The combination with in situ diffraction alleviates the
requirement for crystal manipulation and cooling. In this case,
direct X-ray data collection can be performed in ~2h on a
rotating-anode generator or in ~10 min on a bending magnet
(BM30A) and one crystal is usually sufficient (except for
triclinic and monoclinic space groups, which represent ~30%
of the observed lattices in protein crystals). The recent
development of ultrarapid detectors (Owen et al., 2014) and
high-brilliance X-ray beams (Axford et al., 2012) may decrease
this duration to a few seconds, while possibly extending the
range of data that one can collect from a single crystal.
Currently, there are already six distinct beamlines equipped
for in situ data-set collections, and the proposed ligand-
deposition methodology can be rapidly disseminated as it
relies solely on the use of widely distributed liquid dispensers.

Thus, the proposed method of in situ ‘dry’ co-crystallization
provides an ideal way to accelerate and automate ligand
screening by X-ray crystallography. A combination of ‘dry’ co-
crystallization with on-chip serial crystallography (Heymann
et al., 2014) may also be considered in order to develop an
alternative automation procedure for ligand screening in the
case of macromolecular crystals that are too fragile to sustain
(even a partial) data collection. In this case, a shower of
crystals would become exploitable and this may represent an
attractive solution to the problem of massive crystal growth
reproduction.
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