
Discovery of Diverse Small-Molecule Inhibitors of Mammalian 
Sterile20-like Kinase 3 (MST3)

Sanne H. Olesena,+, Jin-Yi Zhua,+, Mathew P. Martina,b, Ernst Schönbrunna

[a]Drug Discovery Department, Moffitt Cancer Center, Tampa, FL 33612 (USA)

[b]Present address: Newcastle Cancer Centre, Newcastle University, Newcastle Upon Tyne, Tyne 
and Wear NE2 4HH8 (UK)

Abstract

Increasing evidence suggests key roles for members of the mammalian Sterile20-like (MST) 

family of kinases in many aspects of biology. MST3 is a member of the STRIPAK complex, the 

deregulation of which has recently been associated with cancer cell migration and metastasis. 

Targeting MST3 with small-molecule inhibitors may be beneficial for the treatment of certain 

cancers, but little information exists on the potential of kinase inhibitor scaffolds to engage with 

MST3. In this study we screened MST3 against a library of 277 kinase inhibitors using differential 

scanning fluorimetry and confirmed 14 previously unknown MST3 inhibitors by X-ray 

crystallography. These compounds, of which eight are in clinical trials or FDA approved, comprise 

nine distinct chemical scaffolds that inhibit MST3 enzymatic activity with IC50 values between 

0.003 and 23 μM. The structure–activity relationships explain the differential inhibitory activity of 

these compounds against MST3 and the structural basis for high binding potential, the information 

of which may serve as a framework for the rational design of MST3-selective inhibitors as 

potential therapeutics and to interrogate the function of this enzyme in diseased cells.
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Introduction

Members of the mammalian Sterile20-like (MST) family of kinases were named for their 

similarity to the yeast kinase Ste20, and increasing evidence suggests key roles for these 

proteins in many aspects of biology.[1] MST kinases have been broadly divided into two 

subgroups. MST1 (STK4) and MST2 (STK3) are key components of the Hippo signaling 

pathway and couple cellular context within tissues to growth control and regulation of 

migration. MST3 (STK24), MST4 (STK26), and YSK1 (STK25, also called SOK1), which 

have also been classified as germinal center subgroup III kinases (GckIII)[2] are involved in 

the regulation of the cytoskeleton and Golgi apparatus. They share ~90% sequence identity 
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in the N-terminal kinase domain, but less than 20% in the C-terminal domain. MST3 can be 

cleaved by caspases during apoptosis, resulting in nuclear accumulation of the active kinase 

domain which can promote apoptosis.[3] A similar regulatory function of the C terminus has 

been reported for MST1 and MST2.[4] A common feature of MST kinases is their 

interaction with isoforms of the evolutionarily conserved MO25 scaffolding proteins,[5] 

which are known master regulators of the LKB1 tumor suppressor, through interaction with 

the Ste20-like pseudokinase STRAD.[6] MST3 is also activated by autophosphorylation of 

residue Thr178 of the activation loop, thereby dramatically increasing the kinase activity.[7]

Until recently, the involvement of MST3 in diseases was circumstantial. Altered MST3 

levels have been reported in colorectal and non-small-cell lung cancer.[8] MST3 has been 

found to be up-regulated in the trophoblasts of human placenta as a result of oxidative stress, 

which has been linked with the spontaneous disruption of the fetal membrane tissue during 

natural childbirth, but also to the occurrence of spontaneous miscarriages.[9] MST3 (as well 

as MST4 and YSK1) are components of a large PP2A complex, termed the STRIPAK 

complex.[10] The STRIPAK complex has recently received attention for its involvement in 

cancer cell migration and metastasis.[11] Components of the STRIPAK complex, particularly 

FAM40A, negatively regulate MST3 and MST4 by dephosphorylation of the activation loop. 

Mutations of FAM40B, which is a competitive inhibitor of FAM40A, disrupt this regulation 

of MST3 and MST4, and together with high MST3 and MST4 levels promote malignancy 

by enabling enhanced migration.

As an orphan kinase, MST3 has received little attention for the development of small-

molecule inhibitors. The only MST3–inhibitor co-crystal structures known were solved with 

staurosporine (PDB ID: 3CKX, no associated publication) and a set of recently disclosed 

pyrrolopyrimidine inhibitors of leucine-rich repeat kinase 2 (LRRK2), for which MST3 

served as a surrogate.[12] In this work we screened MST3 against a library of diverse kinase 

inhibitors using differential scanning fluorimetry (DSF) and confirmed 14 compounds as 

MST3 inhibitors by X-ray crystallography. These inhibitors comprise nine distinct chemical 

scaffolds, and the provided structure–activity relationship (SAR) information may serve as a 

framework for the rational design of MST3-selective inhibitors as chemical probes and 

potential cancer therapeutics.

Results and Discussion

Discovery and confirmation of MST3 inhibitors

The kinase domain of MST3 (residues 1–303) was screened against the kinase inhibitor 

library from Selleck Chemicals using DSF. In the ligand-free state MST3 exhibited a 

melting temperature of 45 °C. Of the 277 compounds screened, 70 compounds showed ΔTm 

values between 1 and 5 °C and 17 compounds ΔTm values between 5 and 11 °C (Figure 1a; 

Supporting Information Table S1). Selected compounds along with three separately obtained 

kinase inhibitors, CDK1/2 inhibitor III, PKR inhibitor C16 and a hydroxyphenyltriazine 

fragment (TP fragment), which showed ΔTm values between 1.0 and 10.8 °C, were 

subjected to co-crystallization studies with MST3. Of these, 14 compounds were found to 

bind to the ATP site with full occupancy (Figure 2, Table S2). The inhibitory activity of thus 
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confirmed ligands was determined in a 33P-radiolabeled kinase assay carried out by 

Reaction Biology (Figure 1b). Seven compounds were potent inhibitors, with IC50 values 

between 0.003 and 0.086 μM; five compounds were moderately active, with IC50 values 

between 0.16 and 1.3 μM; and three compounds were weak inhibitors, with IC50 values 

between 7.4 and 23 μM. Inhibitory activity and temperature shift were logarithmically 

proportional (Figure 1c), suggesting that DSF is a reliable method not only for the 

identification of small-molecule ligands of MST3 from compound libraries, but also to 

estimate the inhibitory activity of hit compounds and analogues thereof using a range of 

commercially available inhibitors as a standard. Under the conditions described in the 

Experimental Section, the data shown in Figure 1c follow Equation (1), thereby directly 

correlating differential melting temperature (y) with inhibitory activity [Eq. (1)]:

y = y0 + a ln IC50 IC50 = e
y − y0

a (1)

Compound-induced temperature shifts were similar for MST3 kinase domain (KD) and full-

length protein (Table S3), suggesting that the ATP site is not obstructed by the C terminus, 

which is subject to cleavage by caspases.[3]

Ligand-induced structural changes in MST3

With the exception of staurosporine, the co-crystal structures determined herein provide 

novel information on the interaction of MST3 with diverse kinase inhibitors. All identified 

compounds are type I inhibitors that bind to the active (DFG-in) conformation of the ATP 

site through hydrogen bonding interactions with the hinge region (residues Glu100–Leu102; 

Figure 2, Figure S1). The activation loop is well defined in all co-crystal structures, 

stabilized by the autophosphorylated Thr178 residue, which establishes salt bridges with 

Arg143 and Arg176 (Figure 3a). No additional phosphorylation sites were identified in the 

MST3 KD. Superposition of all MST3–inhibitor complexes using the MST3–TP fragment 

complex as a reference allowed an assessment of global structural changes induced by ligand 

binding (Figure 3b–d). Apart from the flexible N terminus, the largest conformational 

changes occur in the P-loop including the flanking β strands (residues 31–37) with root-

mean-square deviations (RMSD) of up to 6.5 Å and the C-helix (residues 63–76) with 

RMSD values of up to 3 Å. Other prominent regions defining the kinase domain, including 

the hinge region, the DFG motif, and the activation loop, are considerably less affected. It 

appears that structural changes do not correlate with inhibitory potency. For example, the 

complexes with bosutinib and staurosporine showed only small overall structural changes, 

whereas the equally potent hesperadin and CDK1/2 inhibitor III induced large structural 

changes in the P-loop and the C-helix, respectively.

SAR of MST3 inhibitors

The hinge binding moieties of the co-crystallized ligands can be grouped into nine distinct 

chemical scaffolds, four of which are shared among multiple inhibitors (Figure 4). 

Comparing the binding interactions of structurally related but differentially active 

compounds allows the identification of molecule–target properties that are critical for 

inhibitory potential.
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The triazole diamine containing compounds CDK1/2 inhibitor III and JNJ-7706621 are 

highly similar in structure and binding mode to MST3, but differ 100-fold in inhibitory 

activity (IC50=0.014 and 1.3 μM, respectively). CDK1/2 inhibitor III was part of a series of 

1-acyl-1H-[1,2,4]triazole-3,5-diamine analogues developed as CDK inhibitors with sub-

nanomolar activity against CDK1 and CDK2, but also high activity against tyrosine kinases 

including VEGFR2.[13] JNJ-7706621 was developed as a cell-cycle regulatory kinase 

inhibitor primarily targeting CDKs and Aurora kinases which showed potent 

antiproliferative activity against a range of cancer cell lines.[13,14] In MST3, the number of 

hydrogen bonds, including water-mediated hydrogen bonds, is identical for both inhibitor 

complexes, and the differential inhibitory activity appears to be caused predominantly by 

differences in van der Waals (vdW) interactions along the gatekeeper–DFG interface of the 

ATP site. The thioamide group of the CDK inhibitor allows a more favorable vdW 

engagement with the gatekeeper residue Met99 than the polar carbonyl oxygen atom of 

JNJ-7706621, while the hydrophobic difluorophenyl ring is sandwiched between the side 

chain of Asp162 and residues of the P-loop (Gly31–Gly33). In contrast, the carbonyl group 

of JNJ-7706621 engages a water molecule attracting the side chain of Asp162, which 

positions the carboxyl group unfavorably close to the difluorophenyl ring.

The structurally related quinoline and quinazoline containing bosutinib and saracatinib bind 

similarly to MST3, but differ drastically in inhibitory potential (IC50=0.003 and 11 μM, 

respectively). Bosutinib (SKI-606) was originally developed as an SRC inhibitor[15] and is 

in clinical use for the treatment of chronic myelogenous leukemia under the tradename 

Bosulif. Saracatinib has been developed as a dual SRC/Bcr-Abl inhibitor[16] and is in several 

phase II and III trials for the treatment of solid tumors including ovarian, breast, lung and 

prostate cancer (www.clinicaltrials.gov). The differential inhibitory activity of bosutinib and 

saracatinib is presumably caused by the ability of the nitrile group of bosutinib to engage a 

tightly bound water molecule of a conserved water-mediated network recently reported for 

bosutinib-sensitive kinases.[17] Additionally, the substituents of the aniline ring of bosutinib 

interact with the sub-site confined by the DFG motif and the gatekeeper residue more 

favorably through multiple hydrophobic vdW interactions (Figure S1).

The pyrazole-containing inhibitors danusertib and AT9283 show similar potency against 

MST3, with IC50 values of 0.16 and 0.46 μM, respectively. Danusertib (PHA-739358) is a 

pan-Aurora kinase inhibitor that also inhibits the tyrosine kinases RET, NTRK1, FGFR1, 

and ABL1. It showed promising activity in rodent models of various cancers including 

colon, ovarian, breast and acute myelogenous leukemia,[18] and is currently in phase II trials 

for prostate cancer and leukemia. AT9283 is a broad-spectrum kinase inhibitor with high 

activity against JAK and Aurora kinases[19] and is in phase I and II trials for solid and 

hematological malignancies[20] (www.clinicaltrials.gov). Similar to the MST3–bosutinib 

complex, danusertib and AT9283 engage in water-mediated hydrogen bonds with Asp162 

and neighboring residues of the DFG motif. Additionally, the N-methyl group of the 

piperazine ring of danusertib appears to establish a hydrogen bond with the carbonyl oxygen 

atom of Gly103 next to the hinge region which may explain the slightly higher inhibitory 

potential of danusertib over AT9283.
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The indolinone-containing inhibitors hesperadin and C16 are highly potent against MST3, 

with IC50 values of 0.01 and 0.02 μM, respectively, while sunitinib is 20-fold less active. 

Hesperadin is a broad-spectrum kinase inhibitor with high activity against Aurora kinases.
[21] C16 is a broad-spectrum kinase inhibitor with demonstrated activity against PKR in 

vitro and in vivo.[22] Sunitinib is a broad-spectrum tyrosine kinase inhibitor,[23] and is FDA 

approved for the treatment of renal cell carcinoma, gastrointestinal stromal tumor, and 

pancreatic neuroendocrine tumors (trade name Sutent). Hesperadin and C16 both engage a 

tightly bound water molecule bound to the side chain of Lys53 and positioned approximately 

midway between the gatekeeper residue and the DFG motif. The more hydrophobic 

properties of sunitinib in this region of the ATP site prevent a similar interaction potential. 

Although sunitinib shows increased hydrogen bonding potential toward residues of the front-

specificity pocket of the ATP site, it appears that these interactions do not compensate for 

the lack of binding potential within the gatekeeper/DFG region.

Five inhibitors harbor unique hinge binding cores not shared with other inhibitors. 

PF-03814735 (aminopyrimidine) and PP-121 (pyrazolopyrimidine) are potent MST3 

inhibitors, with IC50 values of 0.023 and 0.086 μM, respectively. PF-03814735, an Aurora 

kinase inhibitor, inhibited tumor growth in several xenograft models, including colon and 

breast cancer,[24] and a phase I trial for the treatment of advanced solid tumors was 

completed in 2012. PP-121 is a broad-spectrum kinase inhibitor active against several serine/

threonine, tyrosine, and phosphoinositide kinases.[25] PF-03814735 establishes hydrogen 

bonds only with the hinge region, and its high activity against MST3 is presumably due to 

the optimal positioning of the trifluoromethyl moiety toward gatekeeper residue Met99 and 

DFG residue Asp162 for vdW interactions. By contrast, PP-121 appears to exert high 

inhibitory activity mostly through polar interactions. The benzimidazole CP-673451 was 

developed as a PDGFR inhibitor which significantly decreased tumor growth in xenograft 

models of glioblastoma, colon, and lung cancer,[26] With an IC50 value of 0.26 μM, it is 

moderately active against MST3 by establishing a single hydrogen bond with the hinge 

region and multiple water-mediated hydrogen bonds with residues of the front-specificity 

pocket and the P-loop. Dasatinib has been developed as a dual SRC/ABL inhibitor,[27] 

exhibits anti-proliferation and apoptotic activity against a wide range of cancers,[28] and is 

an FDA-approved antineoplastic agent (trade name Sprycel). With an IC50 value of 7.4 μM, 

dasatinib is a weak inhibitor of MST3 likely due to steric hindrance caused by the 

carboxamide linker protruding the chloromethylphenyl ring toward the gatekeeper residue, 

which moves away as a result. The hydroxyphenyltriazine (TP) fragment was previously 

identified as a weak CDK2 inhibitor in an HTS campaign (PDB ID: 3QQJ[29]) and served 

here to probe hinge binding potential in MST3.

Conclusions

MST3 can be considered an orphan kinase which, until recently, had no clear implications in 

disease. It has therefore received little attention as a potential target for the development of 

chemical probes and therapeutics. The discovery that alterations of the STRIPAK complex, 

of which MST3 is a component, impact cancer cell migration and metastasis[11] suggests 

that the targeting of MST3 by small-molecule inhibitors may be beneficial for the treatment 

of certain cancers. We identified, confirmed, and characterized 14 previously unknown 
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inhibitors of MST3 representing nine distinct chemical scaffolds. Our findings indicate that 

MST3 is vulnerable to inhibition by various kinase inhibitors, some of which are commonly 

used as chemical probes and as cancer drugs in the clinic. It is conceivable that the most 

potent compounds synergize with MST3 and the primary target to achieve enhanced cancer 

cell killing. The lack of MST3-selective inhibitors and of suitable biomarkers makes it 

difficult to assess the consequences of chemical inhibition of MST3 in cell models of cancer 

and other diseases. The SAR information of this work provides the first solid basis for the 

rational design of MST3-selective inhibitors using diverse chemical scaffolds to interrogate 

the function of this enzyme in diseased cells.

Experimental Section

Reagents and compounds for biochemical and crystallographic experiments were 

purchased from Sigma–Aldrich, Selleck Chemicals, and Hampton Research unless 

otherwise indicated. The L1200 kinase inhibitor library was purchased from Selleck 

Chemicals. Protein concentration was determined by A280 molar absorbance using a 

Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies).

Cloning and expression:

The gene coding for the kinase domain (KD) of human MST3 comprising residues 1–303 

was amplified by PCR from MCF-7 cDNA (a kind gift from Dr. Lancaster, Moffitt Cancer 

Center) and subcloned into a modified pET28 plasmid to provide fusion with a cleavable 

His6 tag. The protein was overexpressed in E. coli BL21(DE3) CodonPlus® RIL cells at 

16°C and 0.1 mM IPTG. The gene coding for the full-length (FL) human MST3 comprising 

residues 1–431 was amplified by PCR using DNASU clone (HsCD00042929 STK24 (FL) in 

pDONR221) as a template. The gene was then subcloned into a modified pET28 plasmid to 

provide fusion with a cleavable His6-tagged maltose binding protein (MBP). The protein 

was overexpressed in E. coli BL21(DE3) CodonPlus® RIL cells at 37 °C and 0.5 mM IPTG.

Protein purification:

The kinase domain was purified by FPLC using Ni2+-affinity chromatography (GE 

Healthcare) in 50 mM Tris (pH 8), 300 mM NaCl, and a gradient of 10–300 mM imidazole. 

The eluted fusion protein was digested overnight with PreScission protease at 4 °C, followed 

by a second Ni2+-affinity column. The flowthrough was then loaded onto a Superdex200 

26/60 column (GE Healthcare) in 50 mM Tris (pH 8), 150 mM NaCl, 1 mM DTT. The 

resulting eluate yielded crystallization-grade monomeric enzyme. The full-length protein 

was purified using a similar approach with a few changes. The Ni2+-affinity columns were 

run using 50 mM Tris (pH 8), 150 mM NaCl, and a gradient of 10–250 mM imidazole. In 

addition, to remove PreScission from the solution, the protein was subjected to a glutathione 

column in 50 mM Tris (pH 8), 150 mM NaCl, 1 mM DTT, and a gradient of 0–10 mM reduced 

glutathione. The flow-through from this column was then loaded onto the Superdex200 

26/60 in the same buffer as above. Purified MST3 KD was concentrated to 25 mgmL−1 for 

crystallization studies, and both KD and FL proteins were concentrated to 10 mgmL−1 for 

DSF studies and stored at −80°C.
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Differential scanning fluorimetry (DSF):

The binding potential of compounds against MST3 was assessed by DSF using a StepOne-

Plus real-time PCR system (Applied Biosystems, Grand Island, NY). Purified protein (4 μM 

final concentration; 50 mM HEPES (pH 7.5), 150 mM NaCI, 5 mM MgCl2, and 1 mM DTT) 

was assayed in a 96-well plate in quadruplicate. Inhibitors were added to a final 

concentration of 50 and 100 μM in 2% DMSO. Protein Thermal Shift Dye (Applied 

Biosystems, Grand Island, NY) was used as the fluorescent probe, and fluorescence was 

measured using the ROX Reporter channel (λ 620 nm). Protein stability was investigated by 

increasing temperature from 25 to 95 °C with a 1 % ramp speed. The inflection point of the 

transition curve/melting temperature (Tm) was calculated using the Boltzmann equation 

within the Protein Thermal Shift software package (ver. 1.1; Applied Biosystems, Grand 

Island, NY). The ΔTm was calculated by using DMSO control wells as a reference.

Determination of inhibitory activity:

Inhibitory activity of compounds was determined using a 33P-labeled assay performed by 

Reaction Biology Corp. The substrate was myelin basic protein at 10 μM, and reactions were 

carried out with 10 μM ATP. Compounds were assayed in 10-dose response with fourfold 

serial dilutions from 50 to 0.002 μM.

Crystallography:

Compounds were co-crystallized with MST3 using the hanging-drop vapor diffusion 

method. Robust crystallization conditions were established at 18 °C using 25 mgmL−1 

protein in 50 mM Tris·HCl (pH 8), 150 mM NaCl, 1 mM DTT, 2mM compound mixed 1:1 

with 200 mM MgCl2, 100 mM HEPES (pH 7.5), and 30% (v/v) PEG400. Final DMSO 

concentration in the droplet varied between 1 and 10% (v/v) depending on the aqueous 

solubility of compound. Crystals in mother liquor were mounted and flash frozen in a stream 

of nitrogen gas. X-ray diffraction data were recorded at −180°C at the beamlines 22-ID and 

22-BM (SER-CAT, Advanced Photon Source, Argonne National Laboratories) and at the 

Moffitt Cancer Center Structural Biology Core using CuKα X-rays generated by a Rigaku 

Micro-Max 007-HF X-ray generator, focused by mirror optics and equipped with a Rigaku 

CCD Saturn 944 system. Data were reduced with HKL2000[30] or XDS;[31] PHENIX[32] 

was employed for phasing and refinement, and model building was performed using Coot.
[33] Structures were solved by molecular replacement using the monomer of PDB ID: 

3A7G[34] as search model. All crystal structures were validated by MolProbity[35] and 

phenix.model_vs_data[36] before deposition in the Protein Data Bank (PDB). Images were 

prepared using PyMOL (Schrödinger LLC). Data collection and refinement statistics along 

with the PDB entry codes are listed in Table S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Discovery of small-molecule inhibitors of MST3 using DSF. a) Distribution of compounds 

as a function of ΔTm values. Of the 277 compounds screened, 23 compounds interfered with 

the assay due to intrinsic fluorescence or precipitation and were discarded from further 

evaluation; 109 compounds showed negative temperature shifts (−2.8 to −0.01 °C) and were 

denoted as zero. Each bar represents compounds with ΔTm ≤x-axis value, that is, 0: ΔTm≤0; 

1: ΔTm≤1, etc. b) Identifiers and associated IC50 and ΔTm values of compounds confirmed 

as MST3 binders by X-ray crystallography. c) Logarithmic proportionality between ΔTm and 

IC50 values; data were fit to Equation (1), yielding y0 = 4.08±0.3 and a = −0.93±0.09.
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Figure 2. 
Co-crystal structures of MST3 with inhibitors identified by DSF. Shown are surface-cartoon 

presentations around the ATP site of MST3 with bound inhibitors (yellow). Indicated in 

orange, red, green, and blue are the hinge region, gatekeeper residue, DFG motif, and P-

loop, respectively.
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Figure 3. 
Inhibitor-induced conformational changes in MST3 occur primarily in the P-loop. a) The 

activation loop (T-loop) of MST3 (residues 165–182) is stabilized through salt bridges of the 

autophosphorylated Thr178 with Arg176 and Arg143. b) Overview of key structural 

elements of MST3 in cartoon presentation: P-loop (blue), C-helix (cyan), hinge (orange), 

DFG (green), and T-loop (magenta). c) RMSDs as a function of residues of liganded 

structures aligned through the MST3–TP fragment complex. d) Replot of panel c showing 

residues of each structural element with largest RMSD values.
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Figure 4. 
SAR of MST3 inhibitors. Compounds were classified according to their hinge binding core 

scaffolds. In the schematic representations, atoms highlighted in orange directly interact 

with the main chain of the hinge region (residues Glu100 and Tyr101). The curved lines 

indicate the position of the inhibitor relative to the gatekeeper residue Met99 (red), the DFG 

motif (residues 162–164; green), the P-loop (residues 31–37; blue), and the front specificity 

pocket toward solvent (black). The panels below the schematics show the crystallographic 

models with hydrogen bonding interactions as black dotted lines and other distances to 
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neighboring residues indicated in green dotted lines. The complete hydrogen bonding and 

vdW interaction networks are shown in Figure S1 along with electron density maps of the 

bound ligand. Cyan spheres indicate water molecules.
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