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Abstract

Cryptic pockets, which are not apparent in crystallographic structures, provide promising 

alternatives to traditional binding sites for drug development. However, identifying cryptic pockets 

is extremely challenging and the therapeutic potential of cryptic pockets remains unclear. Here, we 

reported the discovery of novel inhibitors for striatal-enriched protein tyrosine phosphatase 

(STEP), a potential drug target for multiple neuropsychiatric disorders, based on cryptic pocket 

detection. By combining the use of molecular dynamics simulations and fragment-centric 

topographical mapping, we identified transiently open cryptic pockets and identified 12 new STEP 

inhibition scaffolds through structure-based virtual screening. Site-directed mutagenesis verified 

the binding of ST3 with the predicted cryptic pockets. Moreover, the most potent and selective 

inhibitors could modulate the phosphorylation of both ERK1/2 and Pyk2 in PC12 cells.
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1. Introduction

Structure-based virtual screening (SBVS) has been widely employed for the identification of 

bioactive compounds[1, 2], However, SBVS has often been restricted by the static nature of 

X-ray crystal structure[1, 3, 4], It should be mentioned that many validated targets have 

cryptic pockets[5], which may not be obvious from structural information on the apo protein 

and become clear when a ligand is bound; thus, these cryptic pockets offer attractive 

opportunities for drug discovery[6, 7], Currently, the molecular mechanism by which cryptic 

pockets are formed is not clear, due to the rather static picture of protein-ligand complexes 

presented by crystal structures. Although ligands seem to be necessary in the opening of 

cryptic pockets, whether they act by a conformational selection, an induced-fit or a “mixed” 

mechanism is still debated. Because of these uncertainties and their hidden nature, cryptic 

pockets are difficult to identify by experimental methods. Recently, simulations and 

modeling play a significant role in the systematic search for cryptic pockets[8–12]. Tan et al. 

employed an explicit solvent ligand-mapping molecular dynamics (LMMD) approach to 

identify cryptic pocket in polo-like kinase 1 (Plkl), which lead to the design of a high affinity 

inhibitor for Plkl [13], More recently, Tan et al. further describe the use of LMMD to 

identify new binding sites for the design of portent peptide-based MDM2-p53 inhibitor[8]. 

Furthermore, classical all-atom molecular dynamics (MD) simulations of the p53 core 

domain also revealed a transiently open pocket in p53 core domain, which could be used for 

reactivation of mutant p53[14]. On the other hand, Bowman et al. identified multiple cryptic 

allosteric pockets by combining atomistic MD simulations and Markov State Models 

(MSM)[15, 16],

Reversible protein tyrosine phosphorylation, a major posttranslational modification 

mechanism, regulates numerous cellular processes[17–21]. Appropriate levels of protein 

tyrosine phosphorylation are dynamically maintained by protein tyrosine kinases (PTKs) 

and protein tyrosine phosphatases (PTPs)[22–24], PTPs play important roles in many human 

diseases, such as inflammation, cancer, metabolic and immunological disorders[18, 25–31], 

Encoded by the PTPN5 gene, striatal-enriched protein tyrosine phosphatase (STEP) is a 

brain-enriched PTP that is expressed specifically in the central nervous system[32–34], 

STEP activity can lead to the dephosphorylation and regulation of several neuronal signaling 

Hou et al. Page 2

Eur J Med Chem. Author manuscript; available in PMC 2021 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



molecules [3 5, 36], Progeny null for STEP increased receptor levels on synaptic membranes 

and exhibited significant cognitive improvements [3 7, 38], Importantly, an inhibitor that 

exhibited specificity for STEP also reversed cognitive deficits in Alzheimer’s disease (AD) 

mouse model[36, 37], Because of the strong linkage of abnormal STEP activity to 

neuropsychiatrie disorders, there is increasing interest in developing small-molecule STEP 

inhibitors. However, a significant caveat regarding the development of STEP inhibitors is the 

widespread recognition that PTPs are extremely challenging targets due to the highly 

positively charged nature and high degree of sequence and structural homology of PTP 

active sites[29, 39, 40], Heretofore, only a few chemotypes for STEP inhibition have been 

reported, such as irreversible inhibitors and substrate-based inhibitors (Figure 1). For 

example, Xu et al. identified a reversible covalent STEP inhibitor TC-2153 with an IC50 of 

24.6 nM[43], Ellman’s group discovered substrate-based STEP inhibitor 12t with 

nonhydrolyzable phosphate mimetic difluoromethylphosphonic acid (DFMP)[44], Further 

structural optimization lead to the identification of more potent STEP inhibitor with a Ki of 

110 nM[45], In general, these known STEP inhibitors lack of enough druggabilities for 

further development. Thus, there is a need for developing more drug-like small molecular 

STEP inhibitors and evaluate their therapeutic potential.

Here, we describe a computational analysis of STEP structural models that suggests a 

transiently open cryptic pocket as a possible targeting direction for STEP inhibition. The 

cryptic pocket was identified in exosite (functionally important regions outside the active 

site) through all-atom molecular dynamics (MD) simulations, Markov State Models (MSMs)

[46–50] and fragment-centric pocket mapping[51, 52], Structure-based virtual screening 

(SBVS) to target both catalytic and cryptic exosite pockets led to the identification of 12 

novel low-molecular-weight STEP inhibitors with new scaffold. Combine use of interaction 

energy calculation as well as site-directed mutagenesis verified the binding of ST3 with the 

newly predicted cryptic pocket. Structure-activity relationships were explored, and the most 

potent compounds ST2–5 and ST3–5 exhibit competitive and reversible inhibition on STEP 

and possess selectivity for STEP against a panel of protein phosphatases, the ability to 

modulate the phosphorylation of STEP substrates (ERK1/2 and Pyk2), no toxicity in PC 12 

cell cultures and an increased level of differentiation and migration functions.

2. Results and Discussion

2.1 Apo crystal structure-based virtual screening

At the start of this project, only the apo structure of STEP was available in the RCSB PDB 

(PDB code: 2BV5[53], 2BIJ[53] and 2CJZ[54]). Thus, our initial virtual screening was 

performed using the apo crystal structure of STEP (PDB: 2BV5). The commercial Specs 

database was screened using the HTVs, SP and XP modes of Glide[55] and rescored using 

AutoDock Vina[56] (Supporting Information, Figure S1.). After the evaluation of 

druggability and structural diversity, a total of 32 hit compounds were selected (Supporting 

Information Table S1), and their inhibitory activities were assessed through the inhibition of 

the STEP-catalyzed hydrolysis of p-nitrophenyl phosphate (pNPP) at pH 6.0 and 30 °C. 

Initial screening was conducted at a concentration of 100 μM. and compounds that exhibited 

more than 50% inhibition were further tested for concentration-dependent inhibition. 
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Unfortunately, only one compound (ST1) showed weak inhibitory activity against STEP 

(IC50=70.4 μM) (Table 1). The low success rate (3.1%) of virtual screening using the apo 

crystal structure may be due to the lack of knowledge about the bound state structure of 

STEP. Notably, previous studies have suggested the existence of cryptic pockets in proteins 

for ligand binding, introducing more chemical space for drug design[9, 14, 57], Thus, 

investigation of the bound state structure of STEP as well as the detection of cryptic binding 

pockets would be helpful for the virtual screening of STEP inhibitors.

2.2 Computational detection of cryptic pockets for inhibitor binding

Most recently, Michael et al. reported crystal structures of STEP complexed with substrate-

based inhibitors (PDB code: 50VR, 50YX and 50W1)[45], However, the holo crystal 

structure displayed high structural similarity to the apo crystal structure, according to the 

calculated per-residue RMSD values (Supporting Information, Figure S2). We also 

compared the ligand binding pockets between the apo and holo crystal structures using 

AlphaSpace and observed similar pocket distributions (Supporting Information Figure S2). 

The high similarity between the apo and holo crystal structures of STEP may be due to the 

nature of the substrate-based inhibitor used in crystallization. The substrate-based inhibitor 

occupied only 241.4 Å3 of space (occupancy=25%) in the active site of STEP, and the 

phosphate group in this inhibitor may be the greatest contributor to its inhibitory activity 

(Ki=7.8 μ). Considering that the experimental holo crystal structure did not provide any new 

pockets for inhibitor binding, we sought to explore the existence of cryptic pockets in STEP, 

which depend mainly on protein flexibility and may open only transiently.

To detect potential chemical space for STEP inhibitor binding, we utilized multiple 

computational methodologies to detect cryptic pockets. First, we performed two 1-μs MD 

simulations using STEP with or without inhibitor (ST1) bound to fully explore the structural 

flexibility of STEP (Supporting Information Figure S3). Calculations of per-residue RMSF 

values indicated that the most flexible region in the MD simulations (both STEP-apo and 

STEP-ST1 system) is located in the WPD-loop (Supporting Information Figure S4). As 

expected, the binding of ST1 stabilized the helical region adjacent to the catalytic site as 

well as two distal loop regions (Supporting Information Figure S4). Importantly, we 

observed salt-bridge interactions between K439 and D272 (or E519), and the transformation 

of K439-D272 or K439-E519 salt-bridge interactions (Supporting Information Figure S5) 

governed the protein dynamics of WPD-loop, which play important role in the recognition 

of substrate/ligand. For MD simulation of STEP-apo system, K439 swing between D272 and 

E519 (Supporting Information Figure S5). On the other hand, the K439-E519 salt-bridge 

became the main interaction in STEP-ST1 system after 0.2 μs MD simulations (Supporting 

Information Figure S5). Fragment-centric topographical mapping of selected MD snapshots, 

which represent either K439-D272 or K439-E519 salt-bridge interaction, indicated the 

occurrence of cryptic pockets in exosite of STEP-apo system (Figure 2). Different from the 

exosite pockets in crystal structure and STEP-ST1 system, which are separated from 

catalytic pockets, the cryptic exosite pockets observed from MD simulations of STEP-apo 

system are well contiguous with catalytic pockets (Figure 2). These results revealed the 

existence of cryptic pockets in the exosite site of STEP and provide more valuable chemical 

space for the binding of small molecular inhibitor (Supporting Information Video S1).
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To better understand the occurrence of cryptic pockets in the STEP catalytic domain, we 

further constructed MSMs of the conformational space on the basis of the distances between 

D272, K439 and E519. Time-lagged independent component analysis (TICA)-based 

structure clustering gave three metastable states (macrostates) for apo STEP (apo-MSM-1, 

apo-MSM-2 and apo-MSM3) and two macrostates for inhibitor-bound STEP (holo-MSM-1 

and holo-MSM-2) (Supporting Information Figure S6). We observed lower energy barriers 

between different macrostates in STEP-ST1 system (~2.5 kT) than STEP-apo system (~7.0 

kT). Furthermore, we analyzed potential ligand binding pockets using representative 

snapshots of five macrostates obtained from MSMs (Supporting Information Figure S7). 

Interestingly, we observed the complete “open-to-closed” transition of the exosite pockets 

during MD simulations of apo STEP (apo-MSM-1, apo-MSM-2 and apo-MSM3), implying 

the existence of conformation selection mechanism. Specially, the exosite pockets are 

contiguous with catalytic pockets in the most dominant apo-MSM-3 (90%), providing good 

starting point for virtual screening of more potent STEP inhibitors. On the other hand, only 

the half-open exosite pocket (holo-MSM-1) and closed exosite pocket (holo-MSM-2) were 

observed during MD simulations of inhibitor-bound STEP. The most dominant holo-MSM-2 

(85%) represents the “closed” state of exosite pockets which may due to the induced-fit 

conformational changes upon inhibitor binding.

2.3 Ensemble structure-based virtual screening

Since our unbiased MD simulations and pocket analysis suggested novel cryptic exosite 

pockets, which provide new opportunities to discover STEP inhibitors with heightened 

potency, we performed second-round virtual screening to search for ligands that target both 

catalytic pockets and exosite pockets. An ensemble of the structures from apo-MSM-3, 

which possess the most accessible exosite pockets (Supporting Information Figure S6–S7), 

was selected based on the calculation of pocket space and pocket scores (Supporting 

Information Figure S7C) and subsequently employed in second-round virtual screening 

(Figure 3). By taking the docking score, druggability and chemical diversity into 

consideration, a total of 32 compounds were purchased for biological tests (Supporting 

Information Figure S1 and Table S2). As expected, a total of 11 novel STEP inhibitors were 

identified (Table 1) with better inhibitory activities (IC50 values ranging from 9.7 to 47.7 

μM) than that of the hit compound from the initial virtual screening using the apo structure 

(ST1, IC50=70.7 μM). Obviously, the success rate of virtual screening using the ensemble 

structures (34.4%) was significantly improved over that of the initial virtual screening using 

the apo structure (3.1%).

Moreover, we performed a time-dependent inhibition test against the two most potent 

inhibitors (ST3 and ST2) to examine whether they inhibit STEP reversibly. Reversible 

binding of ST3 and ST2 were examined by varying the pre-incubation time, in order to 

determine whether there is a time-dependent inhibition. Irreversibly binding could lead to 

the decrease of Kcat (inhibitor) as time, whereas the Kcat (inhibitor) remain constant when the 

inhibitor binding reversible. With our previously reported PTP covalent inhibitor A25[58] as 

a positive control, our results indicated that the kinetics of STEP inhibition by compounds 

ST3 and ST2 suggested non-time-dependent inhibition with no increase in the ratio of 

Kcat (control) over Kcat (inhibitor) (Supporting Information Figure S8).
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2.4. Binding of ST3 with predicted cryptic pocket

Furthermore, 0.5-μs MD simulation was performed for the most active hit compound, ST3, 

to verify whether ST3 could target STEP through the binding of both catalytic pockets and 

exosite pockets. The top-scored docking pose of compound ST3, in which both catalytic 

pockets and exosite pockets are occupied, served as the starting complex for MD simulation. 

As shown in Supporting Information Figure S3 and Video S2, the predicted binding pose of 

compound ST3 is very stable during 0.5-μs MD simulations. Additionally, both the 

calculated protein-ligand interaction energies and AlphaSpace pocket analysis further 

indicated that compound ST3 inhibited STEP by targeting both catalytic pockets and exosite 

pockets.

To further verify the interactions between ST3 and exosite pocket, we have constructed 

specific STEP mutant (F523A) and measured the inhibitory activity of ST3 against this 

mutant. As expected, the inhibitory activity of ST3 was decreased in STEP F523A mutant 

(IC50=99.7±10.9 μM) compared with wide type STEP (IC50= 10.7±0.9 μM) (Figure 4E). 

The results above help us understand why ST3 has better inhibitory activity than ST1, which 

targets only catalytic pockets (Figure 4). Additionally, the inhibitory activity of compound 

ST2 was also decreased in STEP F523A mutant (Supporting Information Table S4).Detailed 

protein-ligand interactions for (C) ST1 and (D) ST3. Hydrogen bond interactions are 

marked with dotted red line. (E) Graph shows dose-response inhibition of STEP wide type 

or STEP F523A mutant for compound ST3. (F) Space occupied by ST1 and ST3 in catalytic 

pockets and exosite pockets during MD simulations. (G) Calculated interaction energy 

between two inhibitors (ST1 and ST3) and residue F523 in exosite pocket.

2.5 Structure-activity relationship analysis of compounds ST2 and ST3

To gain further understanding of the structure-activity relationships and search for inhibitors 

with improved potency, hit-based substructure searches were performed using the two most 

active STEP inhibitors (ST2 and ST3). Taking structural diversity into consideration, five 

ST2 analogs and five ST3 analogs were purchased from the Specs database (Supporting 

Information Table S3). As shown in Table 2, removal of the carboxyl group and hydroxyl 

group (ST3–1, ST3–3) significantly decreased the inhibitory activity of ST3 analogs. 

Exchanging the hydroxyl group to a chlorine atom gave an inhibitor with decreased activity 

(ST3–2, IC50=18.9 μM). Interestingly, moving the meta-substituted carboxylic acid group to 

the para-position and introducing a methyl group in the ortho-position in the R1-substituent 

as well as exchanging the R2-substituent to a 1,3-indandione group gave the most active 

compound ST3–5 (IC50=7.5 μM). This SAR information on the ST3 analogs is consistent 

with our predicted binding model of STEP-ST3, where the carboxyl group forms multiple 

hydrogen bond interactions with the STEP catalytic site (Figure 4D). In terms of ST2 
analogs, although we observed only slight changes upon modification of the R1- and R2-

substituents, the R1-substituent seems to be more important. The most active ST2 analog 

(ST2–5) exhibited better potency than ST2. We further tested the inhibitory activities of 

ST2–5 and ST3–5 against STEP F523A mutant. Similar with results for ST2 and ST3, the 

inhibitory activities of ST2–5 and ST3–5 were also decreased against F523A mutant. 

(Supporting Information Table S4).
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2.6 Selectivity against other protein phosphatases

The four most active STEP inhibitors (ST2, ST2–5, ST3 and ST3–5) were ultimately 

chosen for further biological evaluation. The Lineweaver-Burk plots of the most potent 

inhibitors, shown in Figure 5, indicate that these compounds are competitive inhibitors for 

STEP with low micromolar IQ values (3.7±0.5, 5.4±0.6, 2.2±0.8 and 2.3±0.8 μM). Because 

all classical PTPs nossess common nhosnhotvrosine binding sites, the identification of small 

inhibitors that selectively block a particular member of PTP family proteins is difficult. 

Currently, the relatively low selectivity of PTP inhibitors represents the major hurdle for 

their development and clinical usage[39, 59], Therefore, we measured the inhibition 

selectivity of ST2, ST3, ST2–5 and ST3–5 against a panel of protein phosphatases, 

including VHR, LYP, PTP IB, HePTP, YopH, PP1, GLEEP, PRL, SSH2, PPM1B and 

PPM1G. As shown in Table 4, ST2 showed at least 2.7-fold selectivity for other PTPs except 

for PTP1B. The more potent derivative ST2–5 exhibited the highest selective for STEP over 

PTP1B (8.8-fold) among these four inhibitors. Compound ST3 showed similar inhibitory 

activities against STEP, VHR and LYP. Moreover, the selectivity of ST3 against YopH and 

PP1 is significantly better than ST2 and ST2–5. Importantly, the most active STEP inhibitor 

ST3–5 displayed the highest selectivity for STEP over VHR (19.6-fold) and YopH (44.4-

fold).

2.7 Effects on the phosphorylation level of ERK1/2 and Pyk2

Given the good potency and selectivity of ST2, ST3, ST2–5 and ST3–5 toward STEP in 

vitro, we further evaluated their abilities to inhibit STEP-dependent signaling at the cellular 

level. Previous studies have already demonstrated that STEP decreases the nerve growth 

factor (NGF)-stimulated phosphorylation of ERK1/2 and Pyk2[36, 60, 61], Therefore, the 

inhibition of STEP would increase the tyrosine phosphorylation of ERK1/2 and Pyk2 

(Figure 6A). The effects of four new STEP inhibitors on the phosphorylation of ERK1/2 and 

Pyk2 were tested in PC12 cells, which express high levels of NGF receptor. Briefly, PC12 

cells were serum deprived for 12 h followed by incubation with vehicle or 20 μM inhibitor 

compounds for 2 h. The cells were then stimulated with NGF at 20 ng/mL for 5 min, the 

total cellular lysates were resolved by SDS-PAGE, and the levels of phospho-ERKl/2 and 

phosphor-Pyk2 were examined. As shown in Figure 6, all four compounds significantly 

increased the NGF-induced phosphorylation of ERK1/2 and Pyk2. Specifically, ST3–5 and 

ST2–5 showed more potent inhibition than ST3 and ST2, which is consistent with their 

enzyme inhibition activity in vitro (Figure 6).

3. Conclusion

Because of the critical role of STEP in neuronal signaling, the development of STEP 

inhibitors for the treatment of multiple neural disorders has attracted considerable interest. 

Currently, only a limited number of small-molecule STEP inhibitors have been reported, 

which encouraged us to identify new chemotypes for STEP inhibition. However, due to the 

lack of bound-state structures, our initial virtual screening using the apo crystal structure of 

STEP identified only one inhibitor (ST1) with an IC50 of 70.7±5.4 μM. Witten et al. recently 

reported the crystal structure of STEP complexed with a sub strate-derived inhibitor [42]; 
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however, this holo structure of STEP showed high structural similarity to the apo structure 

and did not reveal new pockets for inhibitor binding.

In the current study, we have combined the use of microsecond MD simulations, MSMs and 

fragment-centric pocket mapping to reveal the structural dynamics of STEP proteins and 

identify new cryptic pockets in exosite during MD simulation of apo STEP structure. We 

have also proposed a mixed binding mechanism for STEP inhibitors depending on the size 

of the small molecules, virtual screening using the ensemble structures efficiently improved 

the success rate compared with that of virtual screening using the apo structure and led to 

the identification of 11 new STEP inhibitors (ST2–ST12) with improved inhibitory activities 

(IC50=9.7–47.7 μM). Further study demonstrated the reversible binding and competitive 

inhibition of ST2 and ST3. Importantly, the molecualr dynamics simulation of STEP-ST3 

complex as well as site-directed mutagenesis verified the binding of ST3 with the newly 

predicted cryptic pocket. Structure-activity relationship studies of ST2 analogs and ST3 

analogs discovered compounds with improved potency (ST2–5 and ST3–5). Moreover, these 

new inhibitors also exhibit a certain degree of selectivity against a panel of protein 

phosphatases. Further biological studies in PC12 cells validated their effects on the 

phosphorylation of ERK1/2 and Pyk2 by the specific inhibition of STEP and simulated the 

cell migration and differentiation function.

In summary, our results demonstrated the value of integrated strategies combining multiple 

computational approaches for the identification of cryptic pockets and highlighted the 

feasibility of using MD simulations and MSMs to expose draggable protein regions that 

otherwise may not be evident. Moreover, these newly identified STEP inhibitors provide 

novel scaffold for selective STEP inhibition and serve as a good starting point for future drag 

development.

4 Materials and Methods

4.1 Materials.

pNPP was purchased from Sangon Biotech Co., Ltd. Ni-NTA agarose was obtained from 

Amersham Pharmacia Biotech. The selected virtual screening hit compounds were 

purchased from Specs with purity confirmed by the supplier (LC-MS or 1H-NMR). All other 

chemicals and reagents were purchased from Sigma. The histidine-tagged phosphatase 

constructs, His-STEP, have been described previously[58, 62, 63],

4.2 Molecular dynamics simulation.

Molecular dynamics (MD) simulations were performed using the Amber 14 package[64] 

with the AMBER14SB force field[65] and TIP3P water model. The apo crystal structure of 

STEP (PDB: 2BV5) served as the starting structure for the STEP-apo system. Two holo 

STEP systems (STEP-ST1 and STEP-ST3–5) were constructed using top-scored poses from 

the molecular docking results. The topology file for each ligand was generated using 

Antechamber with general AMBER force field (GAFF) [66], and partial charges were fit 

with HF/6–31 G(d) calculations using the Gaussian 09 package[67]. The RESP module in 

the Amber package was employed to fit the charges to each atomic center. Long-range 
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electrostatic interactions were treated using the Particle Mesh Ewald (PME) method and 

non-bonded interactions were cut off at 12 Å. The SHAKE algorithm was applied to 

constrain all bonds involving hydrogen atoms. After a series of minimizations and 

equilibrations, MD simulations were performed on GPUs using the CUDA version of 

PMEMD[68] with periodic boundary conditions. The Berendsen thermostat method was 

used to control the system temperature at 300 K. We performed 1-μs MD simulations for the 

STEP-apo and STEP-ST1 systems to explore protein structural dynamics with or without an 

inhibitor bound. For the STEP-ST3 system, a 0.5-μs MD simulation was carried out to 

examine the binding stability of ST3. Other parameters were the default values.

4.3 Construction of Markov State Model.

The MD simulation data was used to construct Markov State Model (MSM) using the 

pyEMMA software (version 2.5.2)[69], A total of 2-μs of MD simulation data were used to 

construct the MSM for STEP-apo and STEP-ST1, respectively. Since we found two salt-

bridge interactions (K439-D272 and K439-E519) governed the formation of exosite pockets, 

the minimum distances between D272, K439 and E519 were used as input features, yielding 

three dimensions. Time-lagged independent component analysis (TICA) were performed at 

a TICA lag time of 20 ns. The TICA coordinates were then clustered into 250 microstates 

using k-means algorithm, and the produced clusters were then lumped together into 3 

metastable macrostates for STEP-apo and 2 metastable macrostates for STEP-ST1 using the 

PCCA algorithm [70], The implied timescale plot was used to identify a suitable MSM lag 

time (τ = 20 ns) for building the MSM.

4.4 AlphaSpace pocket analysis.

Fragment-centric pocket mapping was calculated using AlphaSpace[51, 52], which 

employed a geometric model based on Voronoi tessellation to identify and represent all 

concave interaction space across the protein surface. The concave spaces are represented as a 

set of alpha-atom/alpha-space pairs, and then clustered into discrete fragment-centric 

pockets. The occupation status of each individual alpha-space within each pocket is 

evaluated based on the distance between its associated alpha-atom and the nearest atom from 

the ligand, using a 1.6 Å cutoff. The total pocket occupation by ligand is calculated by 

taking the sum of all occupied alpha-space volumes associated with ligand atoms.

4.5 Virtual screening.

Structure-based virtual screenings were performed according to the workflow in Figure S1 

(Supporting Information). Glide in Schrodinger suite as well as Autodock Vina were used 

for all molecular dockings [55, 56, 71], In general, the docking parameters for both Glide 

and Vina were kept to their default values. The size of the docking grid was 60 Å×60 Å×60 

Å, which encompassed the active site of STEP structure. The top-ranked compounds were 

clustered based on the FCFP_6 fingerprints calculation and then selected manually. The 

drug-likeness of hit compounds were evaluated according to the metrics of Lipinski’s role of 

five were excluded from selection.
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4.6 Protein expression and purification.

The catalytic domain of STEP with an N-terminal His tag was prepared and used for in vitro 
studies. The STEP mutant F523A was generated by PCR reaction with the QuickChange 

site-directed mutagenesis kit from Stratagene. The PAGE-purified oligonucleotide primers 

were obtained from Beijing Genomics Institute. BL21 (DE3) E. coli cells were transformed 

with the expression plasmids and cultured in LB medium with shaking at 37 °C. The culture 

temperature was adjusted to 18°C at OD600=0.6, and expression was induced for 12 h with 

0.3 mM isopropyl b-D-l-thiogalactopyranoside (IPTG) once OD600 reached 0.8. The cells 

were harvested by centrifugation and resuspended in lysis buffer (50 mL, 20 mM Tris pH 

8.0, 150 mM NaCl). After centrifugation, the supernatant was incubated with Ni2+-NTA 

resin with end-to-end mixing at 4 °C for 1 h. The beads were collected, washed once with 

buffer (20 mL, 20 mM Tris pH 8.0, 150 mM NaCl, and 5 mM imidazole) and eluted with an 

imidazole gradient (20 mM Tris pH 8.0, 150 mM NaCl, and 20–200 mM imidazole). After 

purification, the protein was further concentrated and stored at −80 °C. The expression and 

purification of the other His-tagged proteins were performed similarly.

4.7 IC50 measurements.

All 64 compounds were purchased from the Specs database, and the purity of these 

compounds was greater than 95% (confirmed by Specs; data are summarized in Supporting 

Information Table S1). Kinetic assays for STEP-catalyzed pNPP hydrolysis in the presence 

of small-molecule inhibitors were performed as previously described[58, 63, 72], The effect 

of each inhibitor on STEP-catalyzed pNPP hydrolysis was determined at 30 °C in reaction 

buffer (50 mM DMG buffer with anionic strength of 0.15 M adjusted by NaCl). The Km 

value of STEP for pNPP hydrolysis (0.7 mM for STEP) was used to determine the IC50. The 

reaction was detected by monitoring the absorbance of pNP at 405 nm. The IC50 values 

were obtained by fitting the data to Eq. 1 using GraphPad Prism 6 (GraphPad Software, Inc., 

La Jolla, CA, USA) as follows:

AI = A0 * IC50/(IC50 + [I]) (Eq. 1)

4.8 Reversible binding.

Reversible binding of compounds ST2 and ST3 was conducted as previously described[58, 

63], STEP was preincubated with compounds ST2 and ST3 at 80 μM for various times. The 

time-dependent ratio Kcat(control)/Kcat (inhibitor) was determined. The time-dependent 

inhibition of LYP by its irreversible inhibitor A25 was taken as a positive control.

4.9 Data analysis and software.

The data were analyzed using GraphPad Prism software. All experiments were performed at 

least in triplicate, and the data are expressed as the mean±SD. Statistical comparisons were 

performed with ANOVA tests using GraphPad Prism 5.
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4.10 Ki measurements.

The STEP-catalyzed hydrolysis of pNPP in the presence of inhibitors was assayed at 30 °C 

in assay buffer (pH 6.0 with an ionic strength of 0.15 M). The reaction was initiated by the 

addition of pNPP (ranging from 0.2 to 5 times the Km) to a reaction mixture containing 

STEP and various fixed concentrations of the inhibitors and then quenched by the addition 

of 1 M NaOH. The inhibition constant, Ki, and the inhibition pattern were evaluated by 

fitting the data to the Michaelis-Menten equation for competitive inhibition (Eq. 2 and 3) 

using a Lineweaver-Burk plot.

1/v = Kmobs/ V max * [S] + 1/V max (Eq. 2)

Kmobs = Km(1 + [I]/Ki) (Eq. 3)

4.11 Cell culture and immunoblotting assay.

PC12 cells were grown at 37 °C in RPMI 1640 medium supplemented with 10% FBS as 

described previously[73]. The PC12 cells were preincubated with a small-molecule inhibitor 

(20 μM) or DMSO for 1 h. The cells were then stimulated with 25 ng/ml NGF or medium 

for 5 min and lysed in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10 mM NaF, 2 mM 

EDTA, 10% glycerol, 1% NP-40, 0.25% sodium deoxycholate, 1 mM NaVO4 and a protease 

cocktail). The protein concentrations of the lysates were measured using the BCA Protein 

Quantitation Kit (Beyotime). Equal amounts of each cell lysate were denatured in 2× SDS 

loading buffer and boiled for 10 min. The protein samples were subjected to western 

blotting.
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STEP striatal-enriched protein tyrosine phosphatase

PTP protein tyrosine phosphatases
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SBVS structure-based virtual screening

MD molecular dynamics

MSM Markov State Model

TICA Time-lagged independent component analysis

pNPP p-nitrophenyl phosphate
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Highlights

1. Integrated computational approaches were employed in the identification of 

cryptic pockets in exosite of STEP;

2. The application of cryptic pockets increased the success rate of structure-

based virtual screening against STEP;

3. A total of 12 new STEP inhibitors were identified and preliminary structure-

activity relationship was explored;

4. Site-directed mutagenesis verified the binding of ST3 with predicted cryptic 

pocket;

5. The most potent and selective inhibitors modulate the phosphorylation of 

ERK1/2 and Pyk2 in PC12 cells.
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Figure 1. 
Structures and activities of reported STEP inhibitors.
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Figure 2. 
Fragment-centric topographical mapping of binding pockets in (A) apo crystal structure, (B) 

MD snapshot of STEP-ST1 system with K439-E519 salt-bridge interaction, (C) MD 

snapshots of STEP-apo system with K439-E519 salt-bridge interaction and (D) K439-D272 

salt-bridge interaction. The pockets in catalytic site are shown as green spheres. The exosite 

pockets are shown as light blue spheres in crystal structure, red spheres in MD snapshot of 

STEP-ST1, and orange spheres in MD snapshots of STEP-apo. Residues D272, K439 and 

E519 are presented in stick model (yellow).
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Figure 3. 
Virtual screening of STEP inhibitors using apo crystal structure (left) and ensemble 

structures from MSMs (right). Catalytic pockets and cryptic exosite pockets are detected 

using AlphaSpace and illustrated by green and orange surfaces.
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Figure 4. 
Comparison of predicted binding modes for ST1 and ST3. Fragment-centric mapping of 

binding pockets for (A) ST1 and (B) ST3 using representative snapshots from MD 

simulations.
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Figure 5. 
Kinetic analysis of STEP inhibition by (A) ST2, (B) ST3, (C) ST2–5 and (D) ST3–5. The 

Lineweaver-Burk plot displays a characteristic pattern of intersecting lines that indicates 

competitive inhibition.
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Figure 6. 
(A) Inhibition of STEP effects the phosphorylation level of ERK and Pyk2. (B) Effects of 

ST3, ST3–5, ST2 and ST2–5 on the NGF-induced phosphorylation of PYK2 pY412 and 

ERK pT202 and pY204 as detected by the phosphorylation-specific antibody. The GAPDH 

level was used as a control. PC12 cells were treated with DMSO or 20 μM ST3, ST3–5, 
ST2, or ST2–5 for 1 h and analyzed by Western blotting. (B) Statistical analysis of the 

phosphorylation of PYK2 pY412 in PC 12 cells treated with NGF and preincubated with 

different inhibitors. All experiments were repeated at least in triplicate. (C) Statistical 

analysis of the NGF-induced phosphorylation of ERK pT202 and pY204 in PC12 cells 

preincubated with different inhibitors. All experiments were repeated in triplicate. (**) 

p<0.01; (***) p<0.001; (****) p<0.0001 compared with control cells.
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Table 1.

STEP inhibitors identified by apo-based (green background) and ensemble virtual screening (yellow 

background).

a
All measurements were performed using pNPP as a substrate at pH 7.0, 30°C, and I=0.15M.
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Table 2.

Structure-activity relationship of ST2 and its analogs.
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Table 3.

Structure-activity relationship of ST3 and its analogs.
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Table 4.

Selectivity studies of STEP inhibitors with a panel of protein phosphatases.

PTPs Inhibitory activity (μM)

ST2 ST2–5 ST3 ST3–5

STEP 9.7±2.6 7.7±1.5 10.7±0.9 7.5±1.2

VHR 56.9±9.6 26.0±5.0 9.1±1.1 147.3±25.0

LYP 33.5±6.1 14.5±2.7 10.4±2.5 19.8±6.4

PTP1B 13.3±3.9 67.6±3.3 15.0±5.5 12.3±2.3

HePTP 48.2±11.3 20.1±4.0 28.7±3.0 39.8±4.7

YopH 26.2±4.4 15.3±2.3 108.5±25.0 333.0±33.6

PP1 33.0±4.9 32.5±3.3 131.1±38.0 87.8±21.8

PPM1B 165.0±21.5 191.6±28.6 152.8±18.4 223.0±10.3

PPM1G 138.5±23.0 188.8±22.7 166.9±23.3 98.7±21.5

Gleep 18.3±2.9 41.9±6.4 213.9±2.0 32.3±2.0

PRL 195.6±21.5 288.3±12.3 >500 282.5±9.3

a
The data presented are the average of at least three independent measurements. Data were fitted to the Michaelis-Menten equation using nonlinear 

least squares regression (GraphPad Prism).
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