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ABSTRACT: Protein tyrosine phosphatase non-receptor type 5 (PTPN5, STEP)
is a brain specific phosphatase that regulates synaptic function and plasticity by
modulation of N-methyl-D-aspartate receptor (NMDAR) and α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor (AMPAR) trafficking. Dysregulation
of STEP has been linked to neurodegenerative and neuropsychiatric diseases,
highlighting this enzyme as an attractive therapeutic target for drug discovery.
Selective targeting of STEP with small molecules has been hampered by high
conservation of the active site among protein tyrosine phosphatases. We report the
discovery of the first small molecule allosteric activator for STEP that binds to the phosphatase domain. Allosteric binding is
confirmed by both X-ray and 15N NMR experiments, and specificity has been demonstrated by an enzymatic test cascade.
Molecular dynamics simulations indicate stimulation of enzymatic activity by a long-range allosteric mechanism. To allow the
scientific community to make use of this tool, we offer to provide the compound in the course of an open innovation initiative.

■ INTRODUCTION

STEP (striatal-enriched protein tyrosine phosphatase) is a
critical regulator of glutamatergic synapse function and
neuronal survival. STEP acts on targets directly involved in
regulation of synaptic plasticity such as the NMDA and AMPA
receptors, as well as several targets regulating these receptors
(e.g., ERK1/2, p38, FYN, and PYK2).1,2 Dysregulation of
STEP has been attributed to the pathophysiology of various
devastating neuropsychiatric disorders.1 Whereas an upregula-
tion of STEP has been reported in indications such as
Alzheimer’s disease (AD),3 Parkinson’s disease,4 schizophre-
nia,5 or fragile X syndrome,6 a downregulation has been linked
to Huntington’s disease,7,8 alcohol abuse,9 cerebral ischemia,10

and stress related disorders.2 Therefore, modulation of STEP
activity holds promise for the treatment of multiple CNS
diseases with unmet medical need.
The efficacy of STEP modulation to alter synaptic function

and affect processes of learning and memory has been
indicated by genetic depletion of the enzyme5,7 as well as
pharmacologically with a moderately selective orthosteric
inhibitor.8 STEP depletion led to enhanced synaptic plasticity
and rescued a behavioral phenotype in triple transgenic AD
mice.3 STEP knockout mice have been used to validate various
downstream effects such as the modification of the
phosphorylation state and surface expression of target
NMDA9 and AMPA10 receptors, which have been linked to

changes in synaptic plasticity such as long-term potentiation.11

Currently, the only available pharmacological tool to modulate
STEP activity is TC-2153 (1 in Figure 1), which has been used
successfully in several pharmacological studies.8,12,13 TC-2153
is an inhibitor covalently binding to the catalytic cysteine
C496, with moderate in vitro selectivity over other tyrosine
phosphatases such as HePTP and PTP1B.8 In addition a quite
potent substrate derived orthosteric inhibitor has recently been
reported.14 Numerous lines of evidence suggesting that STEP
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Figure 1. (1) Orthosterically binding STEP inhibitor TC-2153 and
(2) the fragment screening hit binding to an allosteric pocket of the
catalytic domain of STEP.
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is a valuable target with the lack of selective inhibitors triggered
discovery efforts toward a better starting point for STEP
modulation. However, given the high polarity of the catalytic
pocket and its strong structural conservation among the family
of PTPs (Figure 2, lower triangle), the development of
selective and potent inhibitors of PTPs is a daunting challenge.
This is even more true for STEP inhibitors, for which CNS
penetration is mandatory.15 Therefore, selective tool ligands
have been reported for only very few PTP family members;16

notably to be mentioned is the recent SHP2 allosteric inhibitor
by Chen et al.17 Due to the lower conservation of remote
pockets, the detection of allosterically acting ligands has been
brought into focus, and for other phosphatases, such as
PTP1B, allosteric inhibitors have been reported.18,19 In the
present study we describe the identification and optimization
of allosteric STEP ligands that were validated as specific
binders by biophysical methods. Beyond that, the most potent
compound in this study (BI-0314) has been shown to act as a
selective allosteric STEP activator in several biochemical
assays.

■ RESULTS AND DISCUSSION

Detection of Allosterically Binding Fragments. STEP
is a multidomain protein that exists as two splice variants, the
membrane anchored longer isoform STEP61 and the cytosolic
STEP46.20 Both isoforms share the identical kinase interaction
motif (KIM) and the protein tyrosine phosphatase (PTP)
domain with the phosphatase consensus motif C(X)5R. The
KIM domain mediates binding to various target kinases with
high affinity, while the PTP domain catalyzes their subsequent
dephosphorylation.21 To avoid developing ligands that
potentially suffer from substrate specificity, we preferred
targeting the PTP domain over the KIM domain. The PTP

domain bears various conserved structural motifs, such as the
WPD loop, which is crucial for the catalytic step, as its
aspartate (D461) mediates proton transfer to the phosphate
leaving group.22 However, similarity analysis of the active sites
of the PTP family (Figure 2, lower triangle) shows strong
sequence conservation, indicating that the identification of
selective active site binders will be very demanding, if not
impossible. Therefore, focus was put on the identification of
ligands that do not bind to the active site of STEP.
Fragment based screening has proven to be a very powerful

method to detect ligands of low molecular weight binding to a
target of interest.23 A biophysical readout allows the detection
of fragments binding to any site of the construct used,
including allosteric pockets.24,25 To probe for allosteric pockets
on STEP, a fragment based screen was conducted on
hSTEP46. A library of 3083 fragments was tested using
complementary technologies, i.e., saturation transfer difference
NMR (STD NMR), differential scanning fluorometry (DSF),
and microscale thermophoresis (MST). The primary screen hit
rate for STD NMR was very high (>15%), whereas DSF and
MST yielded low hit rates (0.5% and 3%, respectively), which
is indicative of hits with rather low affinity. All primary hits
were subjected to 2D 1H,15N TROSY NMR, and finally, seven
hits could be confirmed to bind to the PTP domain.
Comparison of the chemical shift perturbation (CSP) pattern
caused by the fragment hits with the ones caused by the
orthosteric pan-phosphatase inhibitor Na vanadate demon-
strated that an additional binding site for 2 (Figure 1) had
been identified on hSTEP (Figure S1).
Following the fragment based screen, the X-ray structure of

the PTP domain of hSTEP in complex with 2 was solved. The
overall structure superimposes very well with published STEP
structures.22,26 Residues around the active site P- and WPD-

Figure 2. Sequence identities throughout the class of human PTPs. Lower triangle: sequence identity within 6 Å of the active site cysteine. Upper
triangle: sequence identity within 6 Å of compound 2 bound to the allosteric site. Species conservation is displayed in the upper left 3-by-3
submatrix.
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loops are well resolved in the electron density, while the
density for the loop between β3 and β4, namely residues 400−
408, is weakly defined. The active site C496 likely shows an
alternative conformation and positive difference density that
could be interpreted as an acetyl moiety (X-ray statistics in
Table S1).
Compound 2 was found to bind to a remote pocket about

20 Å distant from the active site, on the back side of the
protein (Figure 3), which will be referred to as “allosteric
pocket”. The sequence conservation of the allosteric pocket
residues across the PTP family is very low (Figure 2, upper
triangle), making this pocket ideal for the design of STEP
selective ligands. Fortunately, the allosteric pocket is quite
conserved within STEP orthologs (mouse, rat), reducing the
risk of potential species selectivity issues. Within the allosteric
pocket, compound 2 is surrounded by helices α3, α4 and the
loop/310-helix between β-sheets β1 and β2 (nomenclature
based on Eswaran et al.26). Its trifluoromethyl moiety points
into a hydrophobic cleft formed by the side chains of Y369,
I492, F506, and S510. The positively charged amine moiety of
2 forms a salt bridge with E365 and in addition makes water
bridged contacts to C489 and Q514. The hydroxy moiety of 2
interacts with the side chain of E479 via a H-bond. In direct
proximity to the binding site and the compound are residues of
a symmetry related molecule (helix α2′) that closes the pocket
to the solvent (Figure S2).
As fragment growing of 2 would lead to a clash with this

symmetry related molecule, a new crystal system for fragment
optimization had to be established. For this purpose, murine
STEP (mSTEP) was shown to be ideally suited, as a different
crystal packing allowed for a fragment binding site without any
close crystal contacts (Figure S2). The X-ray structure of 2 in
mSTEP revealed a binding pose identical to the one in hSTEP
(not shown). Importantly, specific binding of 2 to the allosteric
pocket of mSTEP could also be confirmed in aqueous solution

by 2D 15N TROSY NMR (based on a published assignment of
mSTEP,27 Figure S1).
At this point, we had identified a new binding pocket in

STEP that was also shown to be the specific ligand binding site
of 2 in solution, and we had optimized the crystal system to be
suitable for fragment growing by switching to a different
species with a conserved allosteric binding site.

Fragment Optimization. As determined by 15N NMR
dose−response testing, the affinity of fragment 2 was >5 mM
(data not shown). However, the fragment still showed
significant shifts at 500 μM when tested by 15N NMR on
hSTEP (Figure S1). These results qualified 15N NMR to
become the driving assay for fragment optimization. Three 15N
NMR peaks were selected, and the cumulated H and N shifts
were taken as surrogates for the changes in affinity for every
compound (see Figure S1 for peak definition). The
optimization of the fragments focused on the three substituents
of 2 as depicted in Figure 4. The CF3 group was found to be
superior to other substituents at this position. The OH group
of 2 can be exchanged by a variety of groups that occupy the
crevice on the protein surface, still leading to measurable NMR
shifts. Substitution by NH2 (compound 3) or omission
(compound 4) led to slightly weaker NMR signals compared
to 2 (Table S2). The basic side chain of 2 proved to be
essential for binding, which can be rationalized by the key
interaction with E365. A scan of basic side chains eventually
led to the discovery of 5, revealing stronger NMR shifts
compared to 4 due to additional hydrogen bonds beyond the
salt bridge to E365 (Figure 3). Indeed, various other guanidine
bearing analogs also displayed strong NMR shifts (data not
shown). Further optimization efforts resulted in BI-0314,
which was characterized by various biophysical techniques.
Crystallization trials with BI-0314 and hSTEP were not

successful due to crystal contacts in the vicinity of the allosteric
binding site. Nevertheless, the X-ray co-structure of BI-0314
could be determined using mSTEP (Figure 3). Confirmation

Figure 3. (A) Crystal structure of human STEP with compound 2 (orange sticks) and the distances to the active site and the WPD loop. (B)
Binding mode of 2 in human STEP. (C) Binding mode of BI-0314 in murine STEP.
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of the specificity of the binding site in solution was achieved by
15N NMR on mSTEP (Figure 5, top left).27 In analogy, very
strong chemical shift perturbations are detected for human
STEP in complex with BI-0314, which clearly differ from 15N
NMR shifts induced by the orthosteric inhibitor vanadate
(Figure 5, lower panel). Furthermore, the binding affinity of
BI-0314 was determined by isothermal titration calorimetry

(ITC) and 15N NMR on hSTEP (Figures S3 and S4).
Depending on the conditions and the experimental technique,
the resulting affinity was found to be 38 μM by ITC
measurements (n = 3) and around 800 μM by 15N NMR
titration experiments. ITC experiments also revealed that
binding of BI-0314 is mostly entropy driven (Figure S4).28 To
have a first estimate for selectivity on a biophysical level,
binding of BI-0314 was tested on the prototypic protein
phosphotyrosine phosphatase 1B (hPTP1B) by 15N NMR,
where no binding could be observed (data not shown).
In summary, the optimization efforts yielded the fragment

like (i.e., MW < 300 Da) compound BI-0314, which is
specifically binding to STEP. It has a significantly improved
affinity over 2 and is selective over hPTP1B and therefore
ready for characterization in functional assays.

Detection of Functional Allostery. To be close to the
physiological situation, the primary enzymatic assay was
performed with a phosphorylated peptide substrate derived
from the endogenous substrate FYN, called pFYN-peptide. In
this assay, concentration dependent amplification of hSTEP
catalytic activity by BI-0314 could be observed, using both
AlphaLISA and mass spectrometry (MS) as readout. The
turnover of pFYN-peptide is increased by ≈30% at 100 μM
and ≈60% at 500 μM. A whole set of complementary
experiments was performed to demonstrate specificity of
hSTEP activation (see Table 1).
Substrate dependency was tested using DiFMUP, which is a

generic tool-substrate for phosphatases, changing its fluo-
rescence when dephosphorylated.29 Similar to the results
obtained for the pFYN substrate, activation of hSTEP by BI-

Figure 4. Snapshots of the fragment optimization of compound 2,
eventually resulting in BI-0314.

Figure 5. Superposition of 2D 15N TROSY NMR spectra of 100 μM 2H,15N labeled human and mouse STEP PTP domain in the absence (black)
or presence of BI-0314 or Na vanadate (red). Left panel: mouse STEP PTP domain in complex with 500 μM BI-0314 (top) or 2 mM Na vanadate
(bottom). Cross peaks were assigned according to ref 27. Cross peaks reflecting the allosteric or orthosteric site are highlighted in green or black,
respectively. Right panel: human STEP PTP domain in complex with 500 μM BI-0314 (top) or 2 mM Na vanadate (bottom). Cross peaks
indicative for orthosteric (black) or allosteric (green) site binding are circled.
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0314 could also be demonstrated using DiFMUP. AlphaScreen
assays were performed on the closely related phosphatases
hPTP1B and hTCPTP with an insulin receptor derived
peptide to demonstrate selectivity. BI-0314 was inactive on
both targets. Additionally, BI-0314 did not enhance the
dephosphorylation of the pFYN-peptide by hPTP1B, which
again confirms a hSTEP dependent mechanism rather than a
substrate specific effect. To narrow down the structural basis of
action of BI-0314, we also demonstrated activation in an assay
with the PTP domain of hSTEP. A trend toward activation can
also be demonstrated on mouse STEP PTP domain (Figure
S5), but the effect is smaller than on human STEP.
In order to gain insight into the mechanism of action of BI-

0314 on hSTEP, we derived Michaelis−Menten parameters for
the hSTEP/pFYN-peptide system in the absence or presence
of 500 μM BI-0314 employing the PTP domain of hSTEP and
RapidFire readout (Table 2 and Figure S6). Determined values
for KM are well in line with values reported by Li et al.;21

however kcat is somewhat lower than reported.21 These
differences may arise from different assay conditions employed.
Addition of BI-0314 caused an acceleration of the enzymatic
reaction catalyzed by hSTEP, which is reflected in an increase
of kcat while keeping the KM for the pFYN-peptide unchanged.
Mechanistically this implies that binding of BI-0314 to the
allosteric site causes a higher turnover of the pFYN-peptide
without changing the affinity of this substrate for hSTEP.
Therefore, the kcat/KM ratio, which is a measure for the
catalytic efficiency, is significantly increased by BI-0314. In
analogy to allosteric noncompetitive inhibition, where the
catalytic efficiency is decreased by a reduced kcat with a
constant KM, we identify BI-0314 as an allosteric activator of
hSTEP.
Mechanism of Allostery. To investigate the molecular

mechanism of communication between the allosteric binding
site and the active site, we calculated the allosteric
communication pipelines in STEP using the Allosteer method
(Figure S7).30 This method relies on a graph theory algorithm
combined with the mutual information in torsion angles
between residue pairs and has been successfully validated to
study long-range communication in G-protein-coupled re-

ceptors.30 Two of the strongest pipelines emerging from the
active site connect to the allosteric binding site of BI-0314, as
shown in Figure 6. On the basis of the mutual information

analysis, residues K407, S497, and R502 in the active site show
highly correlated motion with the allosteric site. Specifically,
S497, which is neighboring the catalytic C496, is known to be
involved in the pTyr dephosphorylation mechanism.31 On the
other hand, looking at the allosteric site, the residues R517 and
E479 show strong allosteric communication with the active
site. These two residues form a salt bridge and also make close
contacts with BI-0314. We speculate that the interaction of BI-
0314 with this salt bridge mediates the allosteric communica-
tion with the active site and thereby stabilizes the active
conformation of STEP. Comparison of apo and ligand bound

Table 1. Enzymatic Assays To Test for Specificity of STEP Activation by BI-0314

enzyme substrate
assay

technology effect of BI-0314 in assay learning

hSTEP46 pFYN-peptide AlphaLISA Activating, 56% ± 5% at 500 μM (n = 8),
33% ± 12% at 100 μM (n = 12)

BI-0314 has an activating effect on hSTEP
dephosphorylation capability on pFYN-peptide.

hSTEP46 pFYN-peptide RapidFire
(MS)

Activating, 28% ± 5% at 100 μM (n = 4) Activating effect is assay technology independent.

PTP domain of
hSTEP

pFYN-peptide AlphaLISA Activating, 61% ± 6% at 500 μM (n = 10) Activation also observed on the PTP domain itself.

hSTEP46 DiFMUP Fluorescence Activating, 48% ± 8% at 1000 μM (n = 3),
27% ± 5% at 300 μM (n = 3)

Activating effect is also observed for another substrate and
different assay readout.

hPTP1B Insulin receptor
peptide

AlphaScreen No effect at 500 μM (n = 2) Selectivity over hPTP1B

hTCPTP Insulin receptor
peptide

AlphaScreen No effect at 500 μM (n = 2) Selectivity over hTCPTP

hPTP1B pFYN-peptide AlphaScreen No effect at 500 μM (n = 2) Activation effect is not pFYN peptide mediated.

Table 2. Michaelis−Menten Parameter Values for the Dephosphorylation of pFYN-Peptide by hSTEP PTP Domain with and
without BI-0314

n KM [μM] kcat [s
−1] kcat/KM [M−1 s−1]

hSTEP + pFYN-peptide 4 60.8 ± 7.9 0.024 ± 0.002 400 ± 20
BI-0314 + hSTEP + pFYN-peptide 8 65.4 ± 13.9 0.042 ± 0.005 650 ± 50

Figure 6. Allosteric pipelines in hSTEP communicating between the
active site and the BI-0314 binding site displaying the allosterically
active residues in both pockets (green residues). Important allosteric
hub residues along the communication pipelines are shown in
magenta.
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structures of mSTEP confirms a change in conformation of the
salt bridge (Figure S8) and therefore strengthens our
hypothesis. Further support is coming from a comparison of
residues significantly contributing to allosteric communication
(allosteric hubs in Figure 6) to the corresponding residues in
PTP1B (Figure S11). Upon ligand binding the flexibility of
these residues in PTP1B is altered,32,33 experimentally
demonstrating the allosteric communication along these
pathways.
When corroborating these results with extensive plain MD

simulations, we observe a strong impact on the WPD loop.
Upon binding of BI-0314, the flexibility of the WPD loop
decreases (Figure S9), again proving the long-range allosteric
action extending more than 20 Å across the PTP domain. This
decrease in flexibility and increase in stabilizing interactions
could be confirmed experimentally using differential scanning
fluorometry. Heat induced unfolding of hSTEP revealed an
elevated melting temperature in the presence of 500 μM BI-
0314 (Tm shift of 1.4 °C (n = 7)), whereas for 2 no
stabilization of the native conformation could be detected
(Figure S10).
Taking these results together, we are confident that the two

pockets are connected by allosteric communication and
hypothesize that binding of BI-0314 employs this mechanism
to impact the catalytic efficiency of STEP.

■ CONCLUSIONS

BI-0314 is the first allosteric ligand reported for hSTEP, which
is a highly interesting target to potentially treat various
psychiatric conditions as well as neurodegenerative diseases.
The allosteric binding pocket on STEP was identified by a
fragment-based screen, where one very weakly binding primary
hit was optimized, yielding a compound with sufficient binding
affinity to allow testing in biochemical assays. To rule out that
the observed effects were assay or substrate specific artifacts, a
set of experiments assessing different substrates, other
phosphatases, and different assay technologies were performed.
BI-0314 is a hSTEP specific positive allosteric modulator and
has been shown to be inactive on two other related tyrosine
phosphatases due to the low conservation of the residues in the
allosteric site. Derivation of the Michaelis−Menten parameters
of hSTEP mediated dephosphorylation reaction of pFYN-
peptide in the presence or absence of BI-0314 showed that the
ligand causes an increase in kcat leading to an enhanced
turnover rate. On the basis of MD simulations, the mechanism
can be explained by a long-range interaction via allosteric
communication between the allosteric binding site and the
active site, where BI-0314 binding results in a significant

change in the flexibility of the catalytically important WPD
loop.
The discovery of a functionally active allosteric binding site

on STEP is another example demonstrating that fragment-
based drug discovery is a very powerful method to identify
chemical tools after limited cycles of optimization. As shown
by many groups, the discovery of STEP selective ligands is a
challenging task when employing classical high throughput
screening approaches.8 Until now, no selective small molecule
activator of STEP has been reported. Therefore, the discovery
of an allosteric site on STEP that is amenable to designing
selective modulators of its catalytic activity represents a
breakthrough to successfully targeting STEP. However, to
transform BI-0314 into a ligand that is suitable for in vivo
testing, further optimization or specifically screening for
ligands binding to the reported allosteric site will be required.
Upon having demonstrated hSTEP activation by BI-0314, no
further optimization on ligands targeting this allosteric site was
performed, since we originally had set out to identify STEP
inhibitors. The discovery of BI-0314 and its allosteric site
demonstrates that phosphatases are indeed druggable but will
require new and smart approaches to identify selective ligands
that have the potential to become drugs.
The disclosure of BI-0314 should spark research in the

direction of developing allosteric enhancers of phosphatases.
Therefore, we offer to share BI-0314 in the course of an open
innovation initiative (https://opnme.com/) where the com-
pound can be obtained by research groups free of charge.

■ EXPERIMENTAL SECTION
Compound Purity. Compounds 2, 3, 4, 5, and BI-0314 have been

determined to be >95% pure by HPLC/MS.
Compound Synthesis. Compounds 2−5 are commercially

available.
Synthesis of BI-0314. The synthesis of BI-0314 is shown in

Scheme 1 and is described below.
Tert-butyl 4-[3-nitro-5-(trifluoromethyl)phenyl]- 1,2,3,6-tet-

rahydropyridine-1-carboxylate (S3). 3-Bromo-5-nitrobenzotri-
fluoride (S2) (405 mg, 1.50 mmol) and boronic ester S1 (557 mg,
1.80 mmol, 1.2 equiv) were dissolved in dioxane (18 mL). The
solution was degassed with argon. An aqueous solution of Cs2CO3 (2
M, 3 mL, 6 mmol, 4 equiv) was added, and the reaction mixture was
degassed with argon. The reaction mixture was heated to 100 °C
overnight. It was poured into water (60 mL) and was extracted with
CHCl3 (2 × 30 mL). The combined extracts were washed with
aqueous solution of HCl (0.1 M, 2 × 30 mL) and brine (1 × 30 mL)
and were filtered through a plug of Celite and then through a plug of
Alox. The filtrate was evaporated in vacuo to yield the desired product
S3 (542 mg, 85% purity by HPLC, 1.24 mmol, 83%). HPLC−MS
(method A): tR = 1.28 min. MS: (M + H − CH2C(CH3)2)

+ 317.

Scheme 1. Synthesis of BI-0314a

aReagents and conditions: (a) Cs2CO3, Pd(dppf)Cl2, dioxane, 100 °C, 82%; (b) RaNi, H2, EtOAc, EtOH, 50 °C, 78%; (c) NH2C(NH)SO2H,
MeOH, 100 °C, 13%; (d) TFA, DCM, rt, 22%.
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Tert-butyl 4-[3-amino-5- (trifluoromethyl)phenyl]-
piperidine-1-carboxylate (S4). S3 (542 mg, 85% purity, 1.24
mmol) was dissolved in EtOAc (15 mL) and EtOH (15 mL). RaNi
(500 mg, 8.52 mmol, 7 equiv) and H2 (50 bar) were added. The
reaction was stirred at 50 °C for 1 d. The catalyst was removed by
filtration. The filtrate was evaporated in vacuo. The crude product was
purified by preperative HPLC to yield the desired product S4 (332
mg, 0.964 mmol, 78%). HPLC−MS (method A): tR = 1.14 min. MS:
(M + H − CH2C(CH3)2)

+ 289.
Tert-butyl 4-[3-carbamimidamido-5- (trifluoromethyl)-

phenyl]piperidine-1-carboxylate (S5). S4 (200 mg, 0.581
mmol) and formamidine sulfinic acid (144 mg, 1.16 mmol, 2.0
equiv) were dissolved in degassed MeOH (4 mL). The reaction
mixture was stirred at 100 °C for 3 d. ACN and water were added and
the mixture was purified by preparative HPLC to yield the desired
product (29 mg, 0.075 mmol, 13%). HPLC−MS (method A): tR =
0,94 min. MS: (M + H)+ 387.
N-[3-(piperidin-4-yl)-5- (trifluoromethyl)phenyl]guanidine

(BI-0314). S5 (29 mg, 0.075 mmol) was dissolved in DCM (1
mL). TFA (95%, 1 mL) was added at rt. After 2 h the mixture was
evaporated to dryness. The residue was dissolved in an ACN/water
mixture and was purified by preparative HPLC to yield the desired
product BI-0314 as double TFA salt (8.0 mg, 0.016 mmol, 22%).
HPLC−MS (method A): tR = 0.63 min. MS: (M + H)+ 287. 1H NMR
(400 MHz, DMSO-d6) δ 10.15 (s, 1H), 8.70 (br s, 1H), 8.42 (br s,
1H), 7.74 (s, 4H), 7.44−7.47 (m, 2H), 7.38 (dd, J = 1.0 Hz, 1H),
3.40 (d, J = 1.0 Hz, 2H), 2.94−3.06 (m, 3H), 1.99 (br d, J = 13.2 Hz,
2H), 1.81 (qd, J = 13.1, 4.0 Hz, 2H).
Analytical Methods. NMR spectra were recorded on a Bruker

400 MHz instrument. Chemical shifts are given in parts per million
(ppm) downfield from internal reference tetramethylsilane in δ units.
Selected data are reported in the following manner: chemical shift,
multiplicity (s = singlet, d = doublet, dd = double doublet, t = triplet,
q = quartet, m = multiplet), coupling constants (J), integration.
Mass spectra were obtained using a liquid chromatography mass

spectrometer (HPLC−MS) that consisted of Agilent 1200 LC with
DA- and MS-detector.
Retention times (tR) were obtained using Agilent 1200 liquid

chromatography−mass spectrometer (HPLC−MS), using the follow-
ing method shown in Table 3.

NMR Spectroscopy. STD-NMR experiments experiments34 were
carried out on a Bruker Avance II 600 MHz instrument equipped with
a QCI cryogenic probe and z-gradients. Selective irridation for 3 s was
achieved with a Gaussian pulse train at −0.2 ppm for the on-
resonance and 60 ppm for the off-resonance spectrum. A 30 ms spin-
lock pulse was used to suppress protein signals, and both spectra were
subtracted after acquisition to yield the difference spectrum.
Fragments were tested in mixtures of four compounds (each at 250
μM) in 20 mM Tris-d11, 100 mM NaCl, 1 mM TCEP, pH 7.4, in
D2O in the presence of 4 μM STEP46. Signals in the difference
spectrum are indicative for binding, and hits were identified by
comparing to individual prerecorded reference spectra. The entire
fragment library was characterized with respect to purity, identity,
buffer solubility, and self-STD effects. Samples were freshly prepared
just in time with an in-house customized Tecan Freedom Evo liquid

handler35 to achieve NMR sample tube filling. Transfer of the samples
(140 μL in 2.5 mm NMR tubes) to the magnet was accomplished
with the Bruker Sample Rail system. Fragments were either purchased
from various external vendors or selected from internal proprietary
sources.

Confirmation of primary FBS hits obtained from STD-NMR, DSF,
and MST were performed using two-dimensional 1H,15N TROSY
NMR spectra36 collected on a Bruker Avance III 600 MHz
spectrometer equipped with a 5 mm z-gradient TCI cryoprobe and
a Bruker Sample Rail. Each sample contained 40 μM 15N labeled
STEP PTP in 20 mM Tris-d11, 100 mM NaCl, 1 mM TCEP, pH 7.4,
and 8% (v/v) D2O. The protein was incubated with 500 μM fragment
in a 2.5 mm NMR tube at 298 K and a DMSO-d6 concentration of
1%. Spectra were recorded with 192 transients and 64 data points in
the indirect dimension. Processing and analysis were done with the
Topspin 3.0 software (Bruker BioSpin). Binders were identified by
manual comparison of spectra in the presence of a fragment and the
STEP PTP reference spectrum.

Differential Scanning Fluorimetry (DSF). DSF experiments
were carried out in a Bio-Rad CFX384 real-time system
(C1000Touch Thermal Cycler) in sealed Hard-Shell PCR 384-well
plates (no. HSP3805; PCR Sealers; no. MSB1001; Bio-Rad) and a
total volume of 10 μL. The assay was optimized regarding protein
consumption and SYPRO Orange dye excess (5000× concentration
in DMSO, Invitrogen) to obtain a reliable fluorescence signal.
Compound dilutions in assay buffer (20 mM HEPES, pH 7.5; 50 mM
NaCl; 1 mM TCEP) were prepared as duplicates by a Hamilton
Microlab Starlet pipetting robot, whereas the protein/dye stock
solution was added manually with a multichannel pipet. The reaction
mixture contained 8 μL compound dilution and 2 μL of the STEP46
SYPRO Orange stock mix to yield final concentrations of 5 μM
STEP46, 25× SYPRO Orange and 500 μM fragment (1% DMSO).
Samples were heated at 1 °C/min from 25 to 95 °C with fluorescence
readings every 0.5 °C. Melting curves were analyzed with the Bio-Rad
CFX Manager data analysis software by plotting the first derivative of
the recorded fluorescence intensity versus the temperature where the
minimum of such a curve corresponds to the Tm value. Thermal shifts
of ΔTm ≥ 0.5 °C (ΔTm = Tm,frag − Tm,DMSO) were assumed significant
and defined as primary FBS hits.

Xray. Protein crystallization was done using the hanging drop
method by mixing 1 μL of hSTEP complexed with 5 mM compound
2 (from a 100 mM DMSO stock solution) with 1 μL of reservoir
solution (24% PEG 3350, 0.2 M ammonium sulfate, and 0.1 M Bis-
Tris, pH 5.5) at 4 °C. Crystals were flash frozen in liquid nitrogen.
Crystallization of mSTEP was also done via the hanging drop method
at 4 °C in a 24-well plate. The reservoir solution contained 26% PEG
3350, 0.1 M Tris, pH 7.8, 0.2 M ammonium citrate. For the drops 1
μL of apo protein was mixed with 1 μL of the reservoir. First crystals
appeared after 8 days. Apo crystals were transferred to a soaking and
cryo buffer containing 25% PEG3350, 0.2 M Bis-Tris, pH 7.5, 0.2 M
disodium malonate and soaked for 4 h in the presence of 100 mM BI-
0314. Crystals were flash frozen in liquid nitrogen, and data were
collected at the SLS beamline X06DA (Swiss Light Source, Paul
Scherrer Institute) at a wavelength of 1 Å using the PILATUS 2M
detector. The crystals belonged to space group P212121 (hSTEP) or
P41212 (mSTEP) and contained one monomer per asymmetric unit.
Images were processed with autoPROC.37 The resolution limits were
set using default autoPROC settings. The structures were solved by
molecular replacement using the STEP structure 2BIJ26 as a search
model. Subsequent model building and refinement was done using
standard protocols using CCP4,38 COOT39 and autoBUSTER.40

The unit cell parameters of the hSTEP−compound 2 complex were
a = 53.1 Å, b = 64.4 Å, c = 100.8 Å and α, β, γ = 90°, and the structure
was refined to Rwork and Rfree values of 20.0% and 23.9%, respectively,
with 95% of the residues in Ramachandran favored regions as
validated with Molprobity.41 The unit cell parameters of the mSTEP−
compound BI-0314 were a = 59.3 Å, b = 59.3 Å, c = 181.6 Å, α, β, γ =
90° and was refined to R/Rfree = 18.1/21.2% with 95% of the residues
in Ramachandran favored regions.

Table 3. HPLC−MS Method Aa

gradient/solvent

time
[min]

% sol
[H2O, 0.1 % TFA]

% sol
[ACN]

flow
[mL/min]

temp
[°C]

0 97 3 2.2 60
0.2 97 3 2.2 60
1.2 0 100 2.2 60
1.25 0 100 3 60
1.4 0 100 3 60

aColumn: Sunfire C18, 3.0 mm × 30 mm, 2.5 μm. Column supplier:
Waters.
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ITC (Isothermal Titration Calorimetry) Analysis. Experiments
using isothermal titration calorimetry were conducted on a MicroCal
auto iTC200 instrument with hSTEP PTP domain that had been
passed through a PD-10 desalting column (GE Healthcare)
equilibrated with 10 mM HEPES, 200 mM NaCl, and 0.5 mM
TCEP, pH 7.5. Complete saturation of 200 μM of hSTEP was
typically achieved by injecting 18 × 2 μL aliquots of 2 mM BI-0314 at
25 °C. The thermodynamic binding parameters were extracted by
nonlinear regression analysis of the binding isotherms (MicroCal
Origin software, version 7.0). A single-site binding model was applied
yielding the binding enthalpy (ΔH), stoichiometry (n), entropy (ΔS),
and association constant (Ka). Data are mean values from three
independent titrations with calculated standard deviation.
Protein Expression and Purification. The gene corresponding

to amino acid residues 197−565 (STEP46) or 281−563 (STEP PTP
domain) of human STEP (PTN5 human, Uniprot code P54829) was
produced by gene synthesis (optimized for E. coli expression) with an
N-terminal 6 His-tag followed by a TEV protease site and cloned into
pET24a (Novagen) with NdeI and EcoRI. The gene corresponding to
amino acid residues 244−539 of mouse STEP (PTN5 mouse,
Uniprot code P54830) was synthesized and cloned identical to human
STEP.
The expression plasmids for STEP proteins were transformed in

BL21 (DE3) cells (Novagen), and cells were grown in LB containing
30 μM kanamycin at 37 °C to mid log phase, and protein expression
was induced with 1 mM IPTG. The temperature was then reduced,
and cells were grown for further 16 h at 18 °C. Cells were harvested,
resuspended in lysis buffer (50 mM HEPES, 500 mM NaCl, 0.5 mM
TCEP, and protease inhibitors (complete EDTA free, Roche
Diagnostics), pH 7.5, and lysed by the Constant Cell Disruption
System. The fusion protein was purified using Ni-NTA (Qiagen)
affinity and eluted with buffer containing 250 mM imidazole. STEP
protein was further purified by gel filtration using Superdex 200 HR
column (GE Healthcare) equilibrated in 10 mM HEPES, pH 7.5, 200
mM NaCl, and 0.5 mM TCEP. The protein was concentrated to 10
mg/mL for crystallization and to 5 mg/mL for NMR studies. For 15N
or 2H,15N labeling STEP was expressed in Silantes E. coli OD2 N, 15N
medium or in Silantes E. coli OD2 DN, 2H, 15N medium, respectively.
STEP-pFYN-peptide AlphaLISA Assay. Compounds are serial

diluted in 100% DMSO in a 384-well PP microplate V-shape (Greiner
no. 781280) using an Agilent Bravo pipetting robot. With an
intermediate dilution step in AlphaLISA assay buffer (PerkinElmer no.
AL000F) in a 384-well clear PS microplate (Greiner no. 781101), the
DMSO concentration is reduced to achieve 1% DMSO in the final
assay reaction. The assay in a 384-well Optiplate (PerkinElmer no.
6007290) starts by addition of 5 μL of diluted compound, 5 μL of
STEP46 (50 nM f.c.; 46 kDa fragment of STEP (STEP46) produced
in the laboratory of Dr. Gisela Schnapp, Boehringer Ingelheim
Pharma GmbH & Co. KG) and 5 μL pFyn peptide (20 nM f.c.;
(biotin-GLARLIEDNE-Y(H2PO3)-TARQGAKFPI-OH), purity
>95%, custom synthesized, and purchased via Biotrend), followed
by short centrifugation. The assay mixture is incubated at room
temperature for 60 min in the dark. After incubation, 5 μL/well of anti
non-phospho Src/Tyr416 antibody (Cell Signaling Technology no.
2102), diluted in enzyme stop buffer (AlphaLISA ImmunoAssay
buffer, supplemented with 10 μM sodium orthovanadate) is added to
each well (final antibody dilution 1:26 000 in 15 μL of detection
volume). Next, 5 μL/well of protein A-coated ALPHA acceptor beads
(PerkinElmer no. 6760617M) in enzyme stop buffer is added to each
well. The assay mixture is incubated for 15 min at room temperature
covered with a plate lid. After incubation, 5 μL/well of streptavidin-
coated ALPHA donor beads in enzyme stop buffer is added to each
well. The assay mixture is incubated for 15 min at room temperature
with a plate lid. Finally, the signal is measured using an Envision
reader (PerkinElmer). Each assay plate contains wells with “high” and
“low” controls, where “high” controls (100% CTL) are defined as 50
nM STEP46 incubated with 20 nM pFyn peptide and “low” controls
(0% CTL) are defined as 20 nM pFyn peptide without STEP46. The
“percent control” (% CTL) values are calculated as follows: % CTL =
100 × (AlphaLISA (sample) − AlphaLISA (“low” control))/

(AlphaLISA (“high” control) − AlphaLISA (“low” control)).
Optimized assay conditions for the AlphaLISA assay on hSTEP
PTP domain were as above but with 20 nM hSTEP PTP and 3 nM
pFYN peptide.

STEP-RapidFire MS/MS Assay. Nonbiotinylated Fyn-peptide
(BioTrend no. 435305) is diluted in assay buffer (1 M HEPES,
Invitrogen no. 15630-056 (50 mM f.c.); Brij35, Roth no. CN21.1
(0.02% f.c), DTT, Sigma no. D5545 (1 mM f.c.). In a 384-well
Optiplate (PerkinElmer no. 6007290), 5 μL/well of the diluted
substrate, 5 μL/well of STEP46 (50 nM f.c.; 46 kDa fragment of
STEP (STEP46) produced in the laboratory of Dr. Gisela Schnapp,
Boehringer Ingelheim Pharma GmbH & Co. KG) and 5 μL/well of
prediluted compound (500 μM f.c.) are mixed and incubated for 1 h
at room temperature. The reaction was stopped by adding 5 μL/well
of a sodium orthovanadate solution (12 μM f.c.). An amount of 15 μL
of the stopped enzymatic reaction is transferred to a 384-well
polypropylene microplate (Masterblock 22 mm; Greiner no. 781280)
and mixed with 135 μL of Fyn labeled internal standard solution
(GLA[R(13C6; 15N4)]LIEDNEYTARQGAKFPI), Thermo Fisher).
The analytical sample handling was performed by a rapid-injecting
RapidFire autosampler system (Agilent, Waldbronn, Germany)
coupled to a triple quadrupole mass spectrometer (TSQ Vantage,
ThermoFisher, San Jose, CA, USA). Liquid sample is aspirated by a
vacuum pump into a 10 μL sample loop for 250 ms and subsequently
flushed for 3000 ms onto a C18 cartridge (Agilent, Waldbronn,
Germany) with the aqueous mobile phase (99.5% water, 0.5% acetic
acid, flow rate 1.5 mL/min). The solid phase extraction step retains
the analyte while removing interfering matrix (e.g., buffer
components). The analyte is desorbed and back-eluted from the
cartridge for 3000 ms with an organic mobile phase (99.5% methanol,
0.5% acetic acid, flow rate 1.25 mL/min) and flushed into the mass
spectrometer for detection in MRM mode. The MRM transition for
the FYN peptide is 788.48 < 994.27 Da (S-lense 156 V, collision
energy 28 V) and for the internal standard 791.66 < 1073.18 Da (S-
lense 200 V, collision energy 22 V). Dwell time for each MRM
transition is 25 ms, and pause time between MRMs is 5 ms. The mass
spectrometer is equipped with the HESI II ion source and operated in
positive ionization mode (ion spray voltage 2500 V, capillary temp
325 °C, sheath gas pressure 30 Au, vaporizer temp 500 °C, aux gas
pressure 45 Au). While performing the back flush into the mass
spectrometer, the sample loop and relevant tubing were flushed with
the organic mobile phase to prevent carryover of analyte or matrix
components into the next sample. Equilibration time for the system is
500 ms. In order to further minimize carryover effects, the wash
station of the RapidFire system was used to perform needle washes
with pure water (100%) and pure methanol (100%) between samples.
The solvent delivery setup of the RapidFire system consists of three
continuously running and isocratically operating HPLC pumps
(G1310A, Agilent, Waldbronn, Germany). MS data processing was
performed in GMSU (Alpharetta, GA, USA), and peak area ratio FYN
peptide/internal standard was reported for IC50 calculation.

STEP-DiFMUP Assay. Buffer for the DiFMUP assay was the same
as listed previously. DiFMUP (Life Tech no. D6567) stock solutions
were prepared at 10 mM in DMSO and stored at −20 °C. Test
compounds were received as 50 mM stock solutions in DMSO and
stored at −20 °C. Purified human STEP46 was the same as previously
listed.

Compounds were diluted to 20× final test concentration in DMSO.
An amount of 2.5 μL was then pipetted into a 384-well black, flat-
bottom assay plate (Corning no. 3573). Purified human STEP46 was
prediluted in ice cold assay buffer to 210 nM, after which an amount
of 23.5 μL was added to the assay plate and incubated for 10 min at
room temperature. DiFMUP substrate was diluted with buffer to 2
μM, after which the assay was initiated by adding 24 μL to the assay
plate, giving final reaction conditions of 50 mM HEPES, 0.02% Brij
35, 1 mM DTT, 1 μM DiFMUP, 100 nM STEP46, and 5% DMSO.
Fluorescence intensity (excitation 340 nm; emission 460 nm) was
monitored in a Fluoroskan Ascent (PerkinElmer) at 1 min intervals
for 30 min at 37 °C. Background signal, determined by not adding
STEP46 enzyme, was subtracted from assay signals. The linear signal
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increase (Δsignal increase/min) for STEP46 in the absence of
compound or at different compound concentrations was calculated,
and STEP46 in the absence of compound was set to 100%.
PTP1B, TC-PTP-insulin Receptor Derived Substrate and

PTP1B pFYN Substrate Assays. For all phosphatase assays the
AlphaScreen technology was employed. Assays were set up as
competition assays generating a high assay signal using biotin-Ahx-
EDT-pY-Y-RKG-amide and anti-phosphotyrosine antibody 4G10.
Unbiotinylated substrate is competing with the antibody binding and
therefore reducing the AlphaScreen signal. For every phosphatase
assay white 384-well microplates Lumitrac 200 (Greiner, Friggenhau-
sen, Germany, catalog no. 781075) were employed. PTP1B (1−405
AA) and TC-PTP (2−345AA) were produced in house (Boehringer-
Ingelheim Pharma GmbH & Co. KG). The substrates for PTP1B and
TC-PTP EDT-pY-Y-RKG-amide and biotin-Ahx-EDT-pY-Y-RKG-
amide were purchased from Biosyntan (Berlin, Germany), whereas
pFYN for the PTP1B pFYN assay was purchased from Biotrend
(Köln, Germany, catalog no. 435305). Anti-phosphotyrosine antibody
clone 4G10 was purchased at Merck Millipore (Darmstadt, Germany,
catalog no. 05-321). Orthovanadate was bought at Biolabs (Ipswhich,
USA, catalog no. P0758). The AlphaScreen IgG detection kit was
obtained from PerkinElmer (Rodgau, Germany, catalog no.
6760617R). All other materials were of highest grade commercially
available.
An amount of 100 nL of a test compound in various concentrations

up to 500 μM was added into a microtiter plate, followed by the
addition of 5 μL of a phosphatase (final concentration 500 pM). After
an incubation time of 10 min at 24 °C 5 μL of the EDT-pY-Y-RKG-
amide substrate (final concentration of 1.4 μM) or pFYN substrate
(final concentration of 20 μM) were added. Plates were then
incubated in a humidified incubator at 24 °C for 1.5 h. To stop the
enzymatic reaction, 5 μL of orthovanadate (final concentration 200
μM) was added. Each microtiter plate contained low controls (buffer
instead of enzyme) and high controls (enzyme). Furthermore, each
microtiter plate contained a standard curve using EDT-pY-Y-RKG-
amide in the concentration range 30 μM/3 μM/1 μM/300 nM/100
nM/30 nM/10 nM/1 nM or pFYN in the range of 300 μM/100 μM/
30 μM/3 μM/1 μM/300 nM/100 nM/30 nM.
5 μL of biotin-Ahx-EDT-pY-Y-RKG-amide and streptavidin donor

bead mix (final concentration of 2.5 nM substrate and 5 μg/mL donor
beads) were added, followed by the addition of 5 μL acceptor bead
and antibody mix (final concentration of 5 μg/mL acceptor bead and
500 pM antibody). After an incubation time of 2 h at 24 °C the
AlphaScreen signal was measured with an Envision reader
(PerkinElmer). Data were analyzed by using the standard curve on
each plate.
Computational Methods. Protein Preparation. hSTEP PTP

domain X-ray structure bound to 2 was superposed with PDB code
2BV5 to model the missing loop (manual transfer) and the acetylation
of the active site Cys496 was removed. 2 was replaced by BI-0314 by
superposing mouse and human STEP structures. The resulting
structure was treated by the protein preparation procedure including
protonation by protonate3D as implemented in MOE,42 and a
stepwise energy minimization was done employing the MMFF94x
force field (position restraints 0.0, 1.0 on heavy atoms, followed by 1.0
on the backbone). The protonation state of the active site cysteine
Cys496 was manually adjusted.
MD Simulations. Molecular dynamics simulations were carried out

using the AMBER 14 package43 employing the ff14SB force field and
the TIP3P water model. The AM1-BCC method was used to obtain
partial charges for the ligands with the antechamber tool. A truncated
octahedral solvation bounding box of 90 Å and periodic boundary
conditions with the Ewald approach were employed. Equilibration of
the system was done by a stepwise schedule, starting with heating
from 100 to 300 K in the NVT ensemble, transitioning to the NPT
ensemble at 300 K with stepwise lowering of the constraints on the
protein heavy atoms. For the production runs 40 MD simulations of
apo STEP and 60 runs of BI-0314 bound STEP (each 100 ns),
employing a time step of 2 fs with the SHAKE algorithm, were
performed. 44 trajectories of BI-0314 bound STEP qualified for

further analysis because the ligand rmsd was <3.5 Å throughout the
MD, corresponding to proper binding. The simulations were repeated
with deprotonated Cys496, resulting in basically identical results for
the B-factor analysis. Twenty trajectories each, from the apo
simulation and from the liganded simulations, were subjected to the
Allosteer30 analysis to identify the allosteric pathways.
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(31) Brandaõ, T. A. S.; Hengge, A. C.; Johnson, S. J. Insights into the
Reaction of Protein-Tyrosine Phosphatase 1B: Crystal Structures for
Transition State Analogs of Both Catalytic Steps. J. Biol. Chem. 2010,
285, 15874−15883.
(32) Choy, M. S.; Li, Y.; Machado, L. E. S. F.; Kunze, M. B. A.;
Connors, C. R.; Wei, X.; Lindorff-Larsen, K.; Page, R.; Peti, W.
Conformational Rigidity and Protein Dynamics at Distinct Timescales
Regulate PTP1B Activity and Allostery. Mol. Cell 2017, 65, 644−658.
(33) Lipchock, J. M.; Hendrickson, H. P.; Douglas, B. B.; Bird, K. E.;
Ginther, P. S.; Rivalta, I.; Ten, N. S.; Batista, V. S.; Loria, J. P.
Characterization of Protein Tyrosine Phosphatase 1B Inhibition by
Chlorogenic Acid and Cichoric Acid. Biochemistry 2017, 56, 96−106.
(34) Mayer, M.; Meyer, B. Characterization of Ligand Binding by
Saturation Transfer Difference NMR Spectroscopy. Angew. Chem., Int.
Ed. 1999, 38, 1784−1788.
(35) Ross, A.; Senn, H. Automation of Biomolecular NMR
Screening. Curr. Top. Med. Chem. 2003, 3, 55−67.
(36) Pervushin, K. V.; Wider, G.; Wüthrich, K. Single Transition-to-
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