1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Mol Biol. Author manuscript; available in PMC 2018 July 21.

-, HHS Public Access
«

Published in final edited form as:
J Mol Biol. 2017 July 21; 429(15): 2360-2372. d0i:10.1016/j.jmb.2017.06.009.

Leveraging Reciprocity to Identify and Characterize Unknown
Allosteric Sites in Protein Tyrosine Phosphatases

Danica S. Cuil, Victor Beaumont!, Patrick S. Ginther2, James M. Lipchock?, and J. Patrick
Lorial:3
1Department of Chemistry, Yale University, New Haven, CT 06511, USA

2Department of Chemistry, Washington College, Chestertown, MD 21620, USA

SDepartment of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 06520,
USA

Abstract

Drug-like molecules targeting allosteric sites in proteins are of great therapeutic interest; however,
identification of potential sites is not trivial. A straightforward approach to identify hidden
allosteric sites is demonstrated in protein tyrosine phosphatases (PTP) by creation of single alanine
mutations in the catalytic acid loop of PTP1B and VHR. This approach relies on the reciprocal
interactions between an allosteric site and its coupled orthosteric site. The resulting NMR
chemical shift perturbations (CSPs) of each mutant reveal clusters of distal residues affected by
acid loop mutation. In PTP1B and VHR, two new allosteric clusters were identified in each
enzyme. Mutations in these allosteric clusters detrimentally altered phosphatase activity with
reductions in Ag4/ Ky ranging from 30% to nearly 100-fold. This work outlines a simple method
for identification of new allosteric sites in PTP, and given the basis of this method in
thermodynamics, it is expected to be generally useful in other systems.

Introduction

Protein allostery represents a major mechanism for the regulation of metabolic activity /n
vivo, whereby enzymatic activity or ligand binding affinity is finely tuned through structural
or dynamical perturbations at locations that are spatially distinct from the site of activity.
Allosteric perturbations can occur as a result of small molecule or macromolecule binding or
post-translational modification. It is widely recognized that designed allosteric ligands can
have great therapeutic benefit, and thus, extensive research has been focused in this area [1-
3]. The potential benefits are far-reaching because while many proteins are not naturally
regulated /n vivo by an allosteric mechanism, it has been speculated that all proteins have
potential or hidden allosteric sites and that these locations can be exploited for drug design
purposes [4]. Experimental and computational methods have been proposed to identify these
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unknown sites in allosteric and non-allosteric proteins [5-7], and while some approaches
have been successful [6,8], the need for additional methods is clear [6].

It has long been known that amino acid mutations alter the NMR chemical shifts of residues
both nearby and distant from the site of mutation [9], which often confounds the
interpretation of the mutational study. Rather than a nuisance, these distally perturbed
chemical shifts can be exploited for the discovery of new allosteric sites in proteins due to
the reciprocity that exists in an allosteric system [10,11]. Reciprocity is based on the
thermodynamic premise that for two coupled allosteric sites, perturbation at one site should
impact the other site. As such, the effects of an amino acid mutation should propagate to
distant sites that are allosterically coupled to the site of mutation. Solution NMR
spectroscopy is an exquisitely sensitive technique to detect such changes with atomic
resolution. Experimental NMR-based methods such CHESCA and RASSMM have relied on
this sensitivity to interrogate and elucidate protein networks [12-14]. However, these
methods often require prior knowledge of known conformational states or are limited to the
detection of altered motions in the millisecond timescale. Here, we describe an approach to
identify allosteric networks simply by the examination of protein-wide 1H, 15N chemical
shift perturbations (CSPs) for a series of active site mutations. Specifically, analysis of CSP
for a series of acid loop alanine mutations in the active sites of protein tyrosine phosphatase
(PTP) 1B (PTP1B) and Vaccinia H1-related phosphatase (VHR) identified clusters of
distally located residues that are coupled to the active sites of these enzymes. Structural and
biochemical studies further verify these newly discovered allosteric sites, confirming the
validity of this method in addition to providing mechanistic detail of allostery in these
enzymes.

PTP1B plays a major role in regulating glucose homeostasis and leptin signaling and has
been an active target for the rational design of inhibitors for the treatment of type Il diabetes
and obesity [15,16]. VHR is involved in cell cycle regulation [17] and is an enzyme of
interest for the treatment of cervical [18], breast [19], and prostate cancers [20]. Competitive
inhibition of these enzymes has proven to be a poor strategy toward achieving these goals.
There are 107 human PTPs with highly conserved catalytic sites, which present a major
hurdle for ligand selectivity [21]. Moreover, ligand binding to the active site is driven by
electrostatic complementarity, and anionic inhibitors that mimic substrate binding generally
have reduced membrane permeability [21]. Thus, recent drug design efforts have focused on
allosteric inhibition of PTPs, because this mechanism is not limited by the aforementioned
constraints, and human PTPs have diverse surface features outside of the active site, despite
a similar three-dimensional architecture [22]. While research is ongoing, the most promising
allosteric inhibitor for PTP1B is a benzofuran-based [23] small molecule (BB3) that binds
near a-helix 7, approximately 20 A from the active site [24]. Additionally, another small
molecule inhibitor MSI-1436 has been demonstrated to bind near a-helix 7, validating this
secondary structure as an important allosteric site [25]. Similar efforts have not yet been
successful for VHR. Given the limited success to date, it is clear that future drug discovery
efforts focused on PTP1B and VHR would benefit from identification of novel allosteric
sites and an improved understanding of potential allosteric networks present within these
enzymes.

J Mol Biol. Author manuscript; available in PMC 2018 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cuietal.

Page 3

PTP1B and VHR have two conserved catalytic features, the P-loop and acid loop (Fig. 1).
The P-loop is critical for binding of the phosphoryl moiety of the polypeptide substrate and
contains the cysteine nucleophile (C215 and C124, respectively), which is essential for
covalent catalysis [24,26]. The acid loop (also called the WPD loop based on the one-letter
amino acid nomenclature for the three N-terminal residues of this loop in PTP1B) contains a
conserved aspartic acid (D181 and D92, respectively) that is important for general acid/base
catalysis (Fig. 1). Mutation of this aspartic acid in PTP1B and VHR results in a 100,000-fold
and 100-fold reduction in catalytic activity, respectively [27,28]. Research has shown that
although the P-loop is immaobile on the timescale of the chemical reaction, the acid loop in
PTP1B moves 9 A from an open position to a closed conformation to orient D181 for
protonation of the tyrosine leaving group [24,29-31]. There is no published evidence for
acid loop motion in VHR, but solution NMR data in our lab indicate that this loop also
experiences motions on the millisecond timescale, similar to PTP1B (Sl Fig. 1). It was
recently shown that the timescale of acid loop closure in PTP1B is closely linked to the
timescale of phosphoryl cleavage, corresponding to the first step in the mechanism for class
| phosphatases (Fig. 1) [32]. These NMR studies also revealed that the acid loop of PTP1B
alternates between open and closed conformations in the absence of substrate. This natural
motion of the PTP1B acid loop results in alternating interactions with the main body of
PTP1B, specifically with residues in the P-loop and a-helix 4 (R221 and T224), the Q-loop
and a-helix 6 (T263, D265 and F269), and the E-loop (M109-E115). We reasoned that
perturbation of these interactions would be propagated to distal allosteric sites, as any
mutation in the acid loop that affects its conformational exchange motion should lead to
changes in the ensemble averaged chemical shifts for any distantly coupled amino acid
residues. While the importance of conformational motion exchange in the catalytic
mechanism of VHR is less established, we believe that mutation of the acid loop in this
enzyme would also aid the discovery of unknown allosteric sites in this enzyme based on the
millisecond timescale motions we have observed for its acid loop (Sl Fig. 1).

Results and Discussion

Acid loop mutations in PTP1B reveal a hidden allosteric network

To map the hidden allosterically coupled network to the active site of PTP1B, we made 13
single-site alanine mutations at each position of the acid loop (176-
YTTWPDFGVPESP-188). By investigating the frequency of CSPs, we aimed to identify
regions that are distally linked to the active site. Phosphatase kinetics were measured for
each mutant using the p-nitrophenylphosphate (pNPP) cleavage assay, and the catalytic
efficiencies of the mutants were found to range from a 10°-fold reduction to a 2.4-fold
increase, in agreement with many prior studies that highlighted the importance of specific
acid loop interactions in regulating the catalytic efficiency of PTP1B (Sl Table 1) [27,33,34].
Each mutant and the wild-type enzyme were subsequently analyzed by collecting two-
dimensional transverse relaxation optimized spectroscopy 1H, 15N heteronuclear single
quantum coherence (HSQC) spectra and comparing NMR chemical shifts for amide
resonances (SI Fig. 2). As expected, analysis of the NMR spectra revealed that residues near
the site of mutation had amide resonances that shifted significantly, relative to the wild-type
spectrum, consistent with local perturbations due to the alanine mutations. These sites
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included amino acids in the acid loop, P-loop (C215-R221), and Q-loop (R254-T263; Sl Fig.
3A). It was also observed that a majority of amino acids distant from the active site were
unaffected by acid loop mutation (SI Fig. 3B). However, significant changes in chemical
shifts were also identified for amino acids located up to 30 A from the active site (Fig. 2 and
Sl Fig. 3C), suggesting the potential network of residues linked to the acid loop.

To quantify residues affected by mutation, we calculated CSPs relative to the WT enzyme
for each amide resonance for all 13 acid loop mutants (see Materials and Methods).
Residues with CSP greater than 2 SD (2o) from the 10% trimmed mean were plotted onto
the structure of PTP1B. Representative CSP plots and their location on the PTP1B structure
are shown in Fig. 2a—f for acid loop mutants, T177A, W179A, and P188A. The remaining
10 CSP plots are shown in Sl Fig. 4. To better visualize regions cumulatively affected by all
13 of the acid loop mutations, we combined residues with CSP greater than 2o (CJAS =
0.047 ppm) from the 10% trimmed mean value for all mutants in a frequency plot (Fig. 2g
and SI Table 2). This plot illustrates the number of times the chemical shift of a particular
resonance is significantly perturbed by 1 of the 13 mutations. Residues with CSP above the
2o cutoff are mapped onto the PTP1B structure (Fig. 2h). As expected, the active site was
most affected by acid loop mutations; however, five distal clusters of residues were also
identified. These included three prominent regions that we designated Cluster I, Cluster 11,
and the BB3 binding site [23], and two minor regions designated Mini | and Mini Il. As
mentioned above, BB3 is a well-characterized allosteric inhibitor of PTP1B, and
reassuringly, its binding location between a-helices 6 and 7 was predicted by the cumulative
CSP analysis [23]. Residues Y152 and Y153 and the C-terminal a-helix 7 were previously
identified to participate in an allosteric network, which has been suggested to affect the
product release step [35]. Here, we have identified 11 residues residing along a-helix 7 and
B-sheets 9 and 10 including Y152 and Y153 in Cluster | that have varying sensitivities to
perturbations in the acid loop (SI Table 2). Interestingly, Cluster Il is a previously
unidentified allosteric site, which consists of 19 residues residing along a-helices 4 and 6
(SI Table 3). In addition, Clusters I and Il have significant solvent-accessible surface areas
(SASASs) of 613 A2 and 310 A2, respectively, and Cluster Il forms a depression on the
protein surface (Fig. 2i), supporting the notion that these clusters are viable targets for the
rational design of small allosteric inhibitors. The two minor regions, Mini I and |1, have 5
and 8 residues in each cluster, which both consist of residues found in the E-loop and are
buried within the protein body, resulting in nominal SASAs of 29 AZ and 122 A2
respectively. While regions with such small SASA are unlikely binding sites for allosteric
ligands [36], they are likely informative for understanding the allosteric pathways in PTP1B,
but they are not considered further in this work. Ultimately, Clusters | and Il represent
allosteric binding sites that could be exploited for the inhibition of PTP1B, which has been
recalcitrant to such efforts to date.

By altering the finely tuned balance between flexibility and rigidity in the acid loop, the
alanine scanning method provides atomistic detail of the network that governs the
conformational transitions between the open and closed state of PTP1B. Importantly, it
provides information on the sensitivity of the distal residues to acid loop perturbations,
which enables further targeting of hotspots for allosteric drug and mechanistic studies.
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Reciprocal distal allosteric alanine mutations affect PTP1B catalytic activity

To test for reciprocal interactions of these newly identified allosteric sites and the
connectivity to the PTP1B active site and thus the validity of this approach, we individually
mutated residues within Cluster | (Y153, E297), Cluster 11 (L232, E276), and the BB3 site
(M282) to alanine and, their effect on catalytic activity and active site chemical shifts was
examined. These allosteric residues range from 15 to 30 A from the catalytic nucleophile,
C215 (Fig. 3a). Clusters I and 1l both contain a residue localized near the N-terminal and C-
terminal hinges of the acid loop. The amide of Cluster | residue Y153 forms a hydrogen
bond (3.6 A) with the hydroxyl side chain of T177 at the N-terminal hinge of the catalytic
acid loop. The carboxyl oxygen atom of Cluster 11 residue E276 forms a weak electrostatic
interaction (4.9 A) with the amide nitrogen atom of A189 at the C-terminal acid loop hinge
(Fig. 3a). The structural context of other allosteric residues chosen for mutation is shown in
the expanded regions of Fig. 3a.

The effects of these distal mutations on catalytic activity were measured using the pNPP
assay (see Materials and Methods), and the results are summarized in Fig. 3b. Both Y153A
(Cluster 1) and E276A (Cluster I1) mutations exhibit a 2.2-fold decrease in catalytic
efficiency, indicating that the catalytic activity is sensitive to the overall packing surrounding
the acid loop hinge and direct interaction with the hinge. However, direct hinge contacts are
not the only interactions important for catalytic activity as seen in mutations further away
from the acid loop. E297A (Cluster 1) and L232A (Cluster 11) are over 20 A away from
C215 and exhibit a decrease in A5/ K Of 2.5 and 3.8-fold, respectively. It is notable that the
kinetic perturbations seen in the E297A mutation are similar in scale to the altered kinetics
measured for an a-helix 7 truncated construct [35]. This suggests that the allosteric network
propagates through specific residue-based interactions rather than consolidated domain
interactions. Lastly, M282 (BB3) is solvent exposed and located on the end of a-helix 6, 30
A from C215. The M282A mutant resulted in a decrease in phosphatase catalytic efficiency
by a factor of 1.5. To ensure that the observed kinetic perturbations were not due to an
artifact of decreased enzyme stability, we measured the stability of each mutant by thermal
melting detected by CD spectroscopy. The observed midpoint of the unfolding ( 7,,) of each
distal mutant was equivalent to or higher than WT PTP1B (Sl Fig. 5). These kinetic data
support the notion that there is a protein network that extends from the active site to distant
residues on the protein surface, which can influence the integrity of the catalytic activity of
PTP1B, suggesting that targeting these sites with small molecules could alter PTP1B
function.

Distal network perturbations shift the acid loop into an inactive state

In addition to altered catalytic activity, the reciprocal mutations also perturb the NMR
resonances of the acid loop. A closer analysis of the perturbations observed in the acid loop
(residues T177, G183, and V184) indicates that the distal mutations shift the acid loop into
an inactive conformational state (Fig. 4). For residues involved in a two-site (open/closed)
conformational exchange motions, their NMR chemical shift represents the population-
weighted average of the two conformations. Thus, if the chemical shifts of the two
conformations are known, the observed chemical shift lies in a linear path between the
endpoint chemical shifts and is an indicator of the equilibrium poise between the two

J Mol Biol. Author manuscript; available in PMC 2018 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cuietal. Page 6

conformations. An overlay of L232A, E297A M282A, Y153A, and E276A mutants along
with WT apo- (open loop) and tungstate-bound (closed loop) HSQC spectra showed a linear
trend of chemical shifts moving away from the trajectory of the closed tungstate-bound state
(Fig. 4c—e). Interestingly, the titration of the allosteric inhibitor BB3 into WT PTP1B
indicated that the acid loop was in slow exchange and that the ligand-saturated peaks
appeared along the same path as the distal mutant spectra (Fig. 4f-h). This suggests that the
mechanism of inhibition of BB3 is through the perturbation of the allosteric network
consisting of Cluster | and 11, consequently redirecting the loop into an inactive state and
altering the loop conformational dynamics. Assuming that the acid loops of the distal
mutants are sampling open and closed conformations [32], the open/close equilibrium is
altered by the distal perturbations. The magnitude of the perturbation in the loop residues
T177, G183, and V184 between each distal mutation varies, suggesting that the two clusters
may have different functional mechanisms in the modulation of the acid loop.

PTP1B acid loop communicates allosteric signals through interior hydrophobic residues

Many of the amino acids identified in our CSP cluster analysis reside in or near an internal
aromatic hydrophobic network that extends 20 A from the active site to the C terminus of a-
helix 6. We examined these clusters in detail through analysis of the pattern of mutation-
induced chemical shifts. Intriguingly, the chemical shifts exhibited by apo WT, ligand-bound
WT, and the 13 acid loop mutants showed 11 residues residing in the active or distal cluster
sites with CSP that follow a linear trend (/2 = 0.66-0.94), suggesting that acid loop
mutations alter the equilibrium conformation of the acid loop and that its conformation is
sensed by other residues in PTP1B. Overlays of NMR spectra for two of the residues in the
allosteric network, Y153 (Cluster I) and F280 (BB3 Cluster), are shown in Fig. 5a and b and
Sl Fig. 6. There is an emerging pattern where the chemical shifts for distal residues in the
T177A, P180A, D181A, F182A, and P188A mutants are on average, distributed closer to the
bound WT shifts (Fig. 5b and Sl Fig. 6). However, the linear trend of these shifts differs for
different residues, indicating that the hydrophobic cluster does not respond uniformly to acid
loop mutations, suggesting non-concerted motions and a complex energy landscape.

A comparison of the apo- (open acid loop) to ligand-bound (closed acid loop) crystal
structures for WT PTP1B and W179F mutant construct demonstrates that the hydrophobic
network responds to substrate binding and subsequent acid loop closure, as aromatic side
chains shift by as much as 2.5 A upon ligand binding to the active site. The tryptophan in the
acid loop undergoes a rotation in which the C5 atom of the indole ring moves 6.9 A into the
hydrophobic pocket upon loop closure. This appears to drive the rearrangement of side-chain
packing in the hydrophobic network. The importance of this packing interaction is consistent
with experiments where W179 was mutated to a phenyalanine in which the open:close
equilibrium of the acid loop is significantly altered [33]. The loss of packing interactions
caused by this mutation is propagated to the residues throughout the aromatic network, as
side chains for apo- and vanadate-bound W179F exhibit smaller magnitude conformational
changes than does WT PTP1B under identical conditions (Fig. 5¢). These observations
suggest that the volume occupied by W179 is important for stabilizing the closed form of the
acid loop and results in conformational changes that are conveyed throughout the aromatic
network, which links the allosteric clusters identified in this work. Peti and coworkers also
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demonstrated the importance of hydrophobic interactions in the activity and allostery in
PTP1B [35].

The hydrophobic core of enzymes has been previously demonstrated to be of importance in
the allosteric signal propagation. In 1991, Vliet ef al. demonstrated that a single tyrosine-to-
phenylalanine mutation in the hydrophobic interface of aspartate transcarbamoylase reverses
the ATP binding effect [37]. In this Y-to-F mutant, ATP acts as an allosteric inhibitor rather
than activator. Interestingly, the sensitivity of this mutant to CTP, as a feedback inhibitor, is
unchanged. These studies showed the importance of the hydrophobic core in distinct
allosteric responses. A more recent study of protein kinase A also demonstrated the
importance of the hydrophobic protein core in allostery [38]. The hydrophobic core of
PTP1B exhibits species conservation among PTP1B enzymes; however, many of the
hydrophobic residues identified in our work as part of the allosteric network are not
conserved among human tyrosine-specific phosphatases [22].

The approach we described here exploits the dynamic plasticity that exists within an enzyme
and the reciprocity of perturbations in allosterically linked sites. At a fundamental level,
altered residue interactions and packing upon mutation lead to conformational changes that
are propagated from the active site to the distal residues through an intramolecular network.
These changes can be monitored as perturbations in the population-averaged chemical shift
to reveal previously unidentified sites of allosteric regulation. Using this method, we have
identified a hydrophobic network in PTP1B that extends through the core of the protein to
three primary surface clusters more than 20 A away. We have demonstrated that these
regions communicate with the active site and appear to modulate the conformational
equilibrium of the acid loop between open and closed states with subsequent effects on
catalytic activity. Together, these findings provide support for the idea that novel effector
binding sites can be identified in the manner described herein to aid drug design efforts.
With this goal in mind, Cluster Il is of particular interest for future pharmacological
inhibitor design for PTP1B due to a motif in this cluster near the end of a-helix 4 (P241,
S242, and S243) that is not found in the homologous T-cell PTP, a PTP that has been
implicated in regulating immune response pathways and has been shown to be an unintended
target of PTP1B inhibitors [39].

Allosteric sites are also identified in VHR

To test the generality of our approach, we performed similar experiments on the dual
specificity phosphatase, VHR. Currently, there are no known allosteric networks in this
enzyme, which presents a perfect candidate for the validation of this method. As with
PTP1B, acid loop residues (91-NDTQE-95) were mutated to alanine, the CSP were
calculated relative to the WT enzyme, and residues with CSP greater than 2o from the
overall trimmed mean (A8 = 0.065 ppm) were mapped onto the enzyme structure (Fig. 6).
Like in PTP1B, the residues with the most significantly affected CSP lie near the sites of
mutation including the P-loop (C124, R125) and the acid loop (188, K89, A90, L98). The
data also illuminate two clusters of perturbed residues emanating from the acid loop. There
are significant CSPs that extend past both acid loop hinges to the variable insert region
(A62-G65, N72-AT75) and to a-helix 4 (A100-A105) and a-helix 7 (N163-Q169, C171; Fig.
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6). The variable insert region and a.-helix 7 are regions of interest for allosteric modulation,
as they are solvent exposed and ~13 A and ~17 A away from the active site cysteine,
respectively (Fig. 6b).

To confirm the importance of these affected regions as sites of allosteric regulation, we
subjected amino acids in these locations to alanine mutagenesis, and their catalytic
efficiencies were assessed, as was previously done with PTP1B. In support of their allosteric
coupling with the VHR active site, mutation of surface residues in the variable insert loop
had a measurable effect on activity, as both the N74A and R66A mutations exhibit 4.4- and
1.3-fold decreases in catalytic activity relative to WT VHR, respectively. Surprisingly,
mutation of residues in a-helix 7 had opposing effects on VHR activity in which the D164A
mutation caused a 2-fold /increase in catalytic efficiency and L167A resulted in a decrease of
2 orders of magnitude (Fig. 6¢). These contrasting effects may result from differences in
how these residues interact with the adjacent N-terminal a-helix 1. L167 forms interhelical
hydrophobic interactions with V2, L12, and L16 in a-helix 1 just before the recognition
region (Sl Fig. 7A). Loss of efficient hydrophobic packing for this residue upon mutation to
a smaller alanine side chain might be sufficient to displace the N-terminal a-helix 1 and alter
the recognition region, resulting in the observed decrease in activity. The importance of a-
helix 1 can be seen in the structure (PDB ID: 1J4X) of VHR complexed with the
biphosphorylated MAP kinase peptide, where residue T13 in the peptide is shown to form
electrostatic interactions with N13 in a-helix 1 of VHR, indicating that this helix may be
important for selectivity of peptide substrates (SI Fig. 7B) [40]. It is less clear why the
D164A mutation leads to a twofold increase in catalytic efficiency; however, D164 is at the
N terminus of a-helix 7 and is adjacent to N163 in the Q-loop, which hydrogen bonds with
the side chain of D92 in the acid loop (Sl Fig. 7C). Given the high propensity for alanine
amino acids to form an alpha helix, it is possible that the D164A mutation may stabilize the
N terminus of a-helix 7 and, in turn, promote hydrogen bond formation with D92 to aid
substrate binding and catalysis.

In VHR, acid loop mutations demonstrated that distal residues that interact with the acid
loop hinges propagate outward from both N- and C-terminal ends of the loop. Mutation of
these newly identified surface residues at the periphery of this network alters VHR catalytic
activity and confirms the broad applicability of this method for identifying novel allosteric
effector binding sites. The allosteric clusters identified for the variable insert region and a-
helix 7 have SASAs of 194 A2 and 97 A2. The challenge for designing potential ligands in
these regions is the small SASA,; therefore, in the case of VHR, designed allosteric
modulators might make use of fragment linking to engage both of these allosteric sites [21].

Conclusion

The challenge for the development of a potent and selective drug candidate remains for PTPs
due to low bioavailability of charged ligands and limited selectivity between structural
homologs. Elucidating potential allosteric sites in PTPs is important for the ongoing efforts
in developing effective therapeutic strategies for Type Il diabetes, obesity, and cancer. Since
the discovery of the BB3 allosteric binding site in PTP1B, many computational studies have
alluded to its effect on acid loop flexibility when the benzofuran ligand occupies the BB3
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site [41,42]. However, there has been little success in identifying other potential allosteric
sites or in the elucidation of the allosteric network in PTP1B. An approach was used here to
identify allosteric sites in PTP1B and in a dual-specificity phosphatase, VHR, by searching
for amino acid residues whose chemical shift is affected by the introduction of active site
loop mutations. This study demonstrates a simple method by which unknown allosteric
networks in two PTPs have been identified. The CSP highlighted in PTP1B and VHR
resembles a blueprint of the dynamic network present within each phosphatase. For both
PTP1B and VHR, we have demonstrated that alanine mutations of surface residues in distal
regions can alter the catalytic activity even though the sites are separated by tens of
Angstroms. The effects on catalysis are somewhat modest in some cases; however, one
would expect larger synergistic effects from small molecules that can interact with multiple
residues in the newly identified allosteric sites. Given the differences between PTP1B and
VHR and the universality of the principles exploited, we expect that this method can be
applied to numerous proteins. The wealth of information gained from this simple experiment
can be used to develop new allosteric inhibitors and dissect the mechanistic features of
allostery.

Materials and Methods

Materials

Deuterium oxide for labeled protein was purchased from Cambridge Isotope Laboratories
(Tewksbury, MA), and 1°N-ammonium chloride was purchased from Sigma-Aldrich (St.
Louis, MO). pNPP disodium salt was purchased from Santa Cruz Biotechnology. PTP1B
inhibitor [3-(3,5-dibromo-4-hydroxybenzoyl)-2-ethyl-N-[4-[(2-
thiazolylamino)sulfonyl]phenyl]-6-benzofuransulfonamide] was purchased from Cayman
Chemical (Ann Arbor, MI). Sodium tungstate dehydrate was purchased from MP
biomedical.

Site-directed mutagenesis

The oligonucleotide primers utilized for site-directed mutagenesis of PTP1B and VHR are
shown in Supplementary Tables 7 and 8. All oligonucleotide sequences were purchased from
the Keck Biotechnology Resource Laboratory (Yale University). Confirmation of the desired
DNA sequences was confirmed by DNA sequencing (Keck Biotechnology Resource
Laboratory, Yale University).

Protein expression and purification

The PTP1B (1-301) and VHR were expressed in Escherichia coli BL21(DE3) cells
supplemented with 100 mg/mL ampicillin (LB expression) or carbenicillin (M9 expression).
For isotopic enrichment, cells were grown in M9 minimal media supplemented with 15N-
ammonium chloride (1.0 g/L). PTP1B was expressed and purified as previously described
[25,32]. The VHR gene sequence contains a polyHis-tag and a TEV cleavage site at the N
terminus; thus, VHR was purified using a Ni-NTA column. The cell pellet was resuspended
in lysis buffer [20 mM Tris Base, 500 mM NaCl, 20 mM imidazole, 5 mM 2-
mercaptoethanol,5%glycerol (pH 7.4)], loaded onto the nickel column, and subsequently
eluted with elution buffer [20 mM Tris Base, 500 mM NaCl, 500 mM imidazole, 5 mM 2-
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mercaptoethanol, 5% glycerol (pH 7.4)]. For NMR studies, pure VHR fractions were
dialyzed into 20 mM Bis-Tris propane, 100 mM NaCl, 1 mM TCEP, 7% D0, and 0.02%
NaN3 (pH 6.5) for VHR, into 50 mM Hepes (pH 6.8) with 150 mM NaCl, 0.5 mM TCEP,
7% D-0, and 0.02% NaN3 (NMR buffer) for PTP1B, and concentrated to 0.2-0.4 mM.

Kinetic assay

Steady-state Kinetics were measured for PTP1B and VHR using pNPP (0.4, 1.0, 2.0, 4.0,

8.0, 12.0, and 20.0 mM for PTP1B and VHR) in a three-component buffer system [100 mM
NaAc, 50 mM Bis-Tris, 50 mM Tris (pH 5.5)]. The reaction was quenched at various time
points (10 to 40 s) by adding 1 M NaOH. The rate of reaction was calculated from the slope
of the absorbance measured from different time points monitored at 405 nm using a molar
extinction coefficient for pNPP of 18,000 M~ cm™1. Kinetic parameters were determined by
fitting the initial reaction rates using the Michaelis—Menten equation in GraphPad Prism
version 7.0a for Mac OS X. Kinetic experiments were performed twice for each pNPP
concentration.

Visualization and characterization of PTP1B and VHR crystal structures

Figures were rendered in PyMOL [43] or VMD [44] as indicated. The Multiple Alignment
Plugin [45] was used to align crystal structures, and Tachyon [46] ray tracing was used to
render figures in VMD. Bond angle, length, and SASA (probe radius = 1.4 A) were
measured using VMD.

NMR assignment

Amide resonances in two-dimensional 1H, °N HSQC spectra were assigned using data
deposited in the BMRB (BMRB: 5474, 19,224, and 25,375) [25,47,48]. Assignments were
confirmed for select mutants using HNCACB triple resonance data collected at 19 °C on a
Varian 600 MHz spectrometer equipped with pulsed field gradients and a triple resonance
probe.

NMR titrations from alanine mutation

To identify regions with significant CSPs, we calculated composite chemical shifts as
follows:

2

Ad(ppm)=, (5121N+2_g> /2
(o))

where &y and &y are the changes in amide proton and nitrogen chemical shifts from initial
positions, respectively [49]. The number of resonances used for each CSP analysis are 214,
210, 204, 202, 209, 203, 207, 204, 205, 210, 204, 206, and 203 for PTP1B (Y176A, T177A,
T178A, P180A, D181A, F182A, G183A, V184A, P185A, E186A, S187A, and P188A,
respectively). For VHR 151, resonances were used to calculate the CSP for each of the five
mutants. CSPs were deemed significant if the value was greater than 2 SD from the 10%
trimmed mean of all the data sets.
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Tungstate and Benzobromarone NMR titration

Structural mapping of benzofuran analog binding was completed by monitoring changes

in 1H, 15N transverse relaxation optimized spectroscopy HSQC spectra for 15N2H-labeled
PTP1B upon the addition of the inhibitor dissolved in d6-DMSO. Spectra were collected at
various points up to a concentration of 0.400 mM inhibitor using a 9.20-mM inhibitor stock
into 0.29 mM 15N2H-PTP1B (550 pL starting volume).

Tungstate binding was completed by the addition of tungstate from stock solution of 1.36 M
tungstate dissolved in NMR buffer into 0.21 mM WT (492 L), 0.26 mM Y153A (526 pL),
and 0.32 mM E276A (500 pL).

Data availability

All experimental data will be made available upon request. DNA sequences are provided in
the Supplementary Data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PTP structure and mechanism. (a) Apo WT PTP1B (PDB ID: 2HNP) is represented in gray
ribbon [50]. The acid loop is shown in teal, P-loop in magenta, and the Q-loop in yellow.
W179, P180, D181, and C215 are shown in stick configuration. (b) Apo WT VHR (PDB ID:
1VHR) is represented in blue ribbon [51]. The acid loop is shown in teal and the P-loop is in

magenta. A90, N91, D92, and C124 are shown in stick configuration. (c) The catalytic

reaction occurs in two steps. First, a cysteine from the P-loop acts as a nucleophile to attack

the phosphorus atom of the phosphorylated tyrosine of the substrate. The P-O bond is
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cleaved and the acid loop closes to facilitate the protonation of the leaving aryl group by
aspartic acid. In the second step, the aspartate residue aids in the hydrolysis of the covalent
intermediate with concomitant release of inorganic phosphate.
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Fig. 2.
CSPs from alanine mutations in the WPD acid loop. (a) T177A, (b) W179A, and (c) P188A

are shown. The vertical colored bars represent residues in the acid loop (blue), P-loop (pink),
and the Q-loop (yellow), and the inset shows the location of the mutation in the acid loop.
The corresponding surface renderings of significant CSPs are shown in (d—f). Blue
represents residues with CSP values greater than <A8> + 2o, and light blue represents <A&>
+ 1o. (g) Cumulative frequency of 2a CSPs for residues from all 13 loop mutations plotted
as a histogram and color-coded by protein location. (h) PTP1B structural representation
(PDB ID: 1PTT) of CSP colored by protein location as determined in (g). (i) Surface
rendering of clusters highlighted in (g and h). Colors correspond to the frequency of a
residue significantly perturbed by 1 of the 13 mutations as indicated by the color bar. Protein
figures were generated with PyMOL [52]. Data for the remaining 10 acid loop mutations are
provided in SI Fig. 4.
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Decrease in
Kcat Km (mM) Keat/Km (M-1s°1) catalytic efficiency
WT 56 +1 0.57 £ 0.08 98 x 10%+ 14 x 103 -
Y153A  49+3  1.10+0.3  45x 103+ 12 x 10° 22x
L232A 26+ 1 1.00 £ 0.1 26 x 103+ 3 x 103 3.8x
E276A 49 +1 1.10+£0.1 45 x 103+ 4 x 103 22x
M282A 60+ 1 090+0.09 67x103+7 x 103 1.5x
E297A 43 + 1 1.10+ 0.1 39x10%+4 x 10° 2.5x

Fig. 3.
Allosteric sites selected for mutagenesis in PTP1B. (a) Locations of allosteric residues

selected for mutations to alanine are shown as spheres. The catalytic nucleophile C215 is
shown as a green sphere. The distance between the Ca atom of C215 and the Ca of the
indicated residue is displayed underneath the residue label. Closeup view of the allosteric
residues selected for mutation is color-coded with respect to each mutant. (PDB ID: 1PTT)
[26]. Table of Michaelis—Menten kinetic constants of allosteric alanine mutants is shown
below. Thermal stability of each mutation is shown in Sl Fig. 5.
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Allosteric mutants alter acid loop conformation. BB3 titration and distal mutants of PTP1b
both shift the acid loop into an inactive state. Cartoon rendering of PTP1B (PDB ID: 1PTT,
2HNP) is shown where the acid loop is affected by (a) BB3 ligand shown in stick and (b)
distal mutations shown in cyan spheres. Gray spheres represent the network detected through
alanine loop mutant analysis. (c—e) Acid loop resonances of distal mutations overlaid with
WT apo (open) and closed conformations. (f~h) Acid loop resonances of a BB3 titration
overlaid with resonances in the closed conformation from a tungstate titration. The protein
backbone was rendered in Pymol [52].
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Fig. 5.
Analysis of the hydrophobic core network in PTP1B. (a) Overlays of NMR spectra for acid

loop mutants highlighting the range of chemical shifts for Y153 and F280 in the aromatic
network. (b) Linear correlation of acid loop mutational effects on Y153 and F280 in the
aromatic network. The color of the data points indicates the chemical shift for the acid loop
mutant listed to the right of panel (b). (c) Superimposed structures for WT andW179F
PTP1B in the apo- and substrate-bound forms. The acid loop and aromatic side chains for
WT apo PTP1B (PDB ID: 2HNP) are shown in blue [24]. The acid loop and aromatic side
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chains for WT vanadate-bound PTP1B (PDB ID: 3180) are shown in cyan [53]. Aromatic
side chains for W179F are shown in magenta (apo, PDB ID: 3QKP) and orange (vanadate
bound, PDB ID: 3QKQ) [33]. Residues exhibiting linear chemical shifts for acid loop
mutants with /2 = 0.65-0.98 are shown as black spheres. WT apo and bound PTP1B are
shown in light gray ribbons.
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WT 5.50+0.2 19+0.2 28x10%+ 0.4 x 103 -
R66A 490+0.2 22+0.2 22x10%+0.3x10% 1.3 x
N74A 2.50+0.1 3.9+0.5 6.4 x 102+ 0.8 x 102 4.4x
D164A 4.80+0.1 1.0+0.1 49x10%+0.5x 103 0.6 x
L167A 0.21 +0.01 7.0+1 3.2x10+0.6 x 10 88 x

Fig. 6.
Allosteric sites in VHR. (a) Surface rendering of CSP values greater than +2g of the 10%

trimmed mean (0.065 ppm) with the frequency of occurrence (out of the 5 loop mutants)
indicated by the color bar. (b) Cartoon rendering of VHR (PDB ID: 1VHR) with selected
distal mutations shown in spheres. Purple spheres represent residues in the variable insert
region, while cyan spheres represent residues in a-helix 7. The acid loop is shown in blue,
while the P-loop is represented in magenta.
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