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ABSTRACT: Protein tyrosine phosphatases (PTPs) are an important class of
regulatory enzymes that exhibit aberrant activities in a wide range of diseases. A detailed
mapping of allosteric communication in these enzymes could, thus, reveal the structural
basis of physiologically relevant—and, perhaps, therapeutically informative—
perturbations (i.e, mutations, post-translational modifications, or binding events)
that influence their catalytic states. This study combines detailed biophysical studies of
protein tyrosine phosphatase 1B (PTP1B) with bioinformatic analyses of the PTP
family to examine allosteric communication in this class of enzymes. Results of X-ray
crystallography, molecular dynamics simulations, and sequence-based statistical
analyses indicate that PTP1B possesses a broadly distributed allosteric network that
is evolutionarily conserved across the PTP family, and findings from both kinetic

Allosteric Site

studies and mutational analyses show that this network is functionally intact in sequence-diverse PTPs. The allosteric network
resolved in this study reveals new sites for targeting allosteric inhibitors of PTPs and helps explain the functional influence of a

diverse set of disease-associated mutations.

B INTRODUCTION

The enzymatic phosphorylation of tyrosine residues is centrally
important to cellular function and is anomalously regulated in
an enormous range of diseases (e.g., diabetes, cancer, auto-
immune disorders, and Noonan syndrome).'~* It is controlled
by the concerted action of two classes of structurally flexible—
and dynamically regulatable—enzymes: protein tyrosine
kinases (PTKs), which catalyze the ATP-dependent phosphor-
ylation of tyrosine residues, and protein tyrosine phosphatases
(PTPs), which accelerate the hydrolytic dephosphorylation of
phosphotyrosines.”® A detailed understanding of the mecha-
nisms by which these enzymes respond to activity-modulating
structural perturbations (i.e., mutations, post-translational
modifications, or binding events) could, thus, illuminate their
contributions to various diseases and facilitate the design of
new PTK- or PTP-targeted therapeutics.

Over the last several decades, many biophysical studies have
dissected the catalytic mechanisms and regulatory functions of
PTKs,”® which are common targets of pharmaceuticals.9
Detailed analyses of PTPs, by contrast, have lagged behind."’
These enzymes represent an underdeveloped source of bio-
medical insight and therapeutic potential (no inhibitors of
PTPs have cleared clinical trials).

Classical PTPs use two loops to dephosphorylate tyrosine
residues. The P-loop (~8 residues) binds phosphate moieties
through a positively charged arginine, which enables nucleophilic
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attack by a nearby cysteine; the WPD loop (~10 residues)
contains a general acid catalyst (an aspartate) that protonates
the tyrosine leaving group and hydrolyzes the phosphoenzyme
intermediate.'' "3 During catalysis, the P-loop remains fixed,
while the WPD loop moves ~10 A between open and closed
states. Nuclear magnetic resonance (NMR) analyses suggest
this movement controls the rate of catalysis."*

Recent analyses of protein tyrosine phosphatase 1B (PTP1B)—
an important drug target for the treatment of diabetes, obesity, and
breast cancer—indicate that motions of its WPD loop are
regulated by an allosteric network that extends to its C-terminus
(see Figure 1A).">" This network is susceptible to modulation by
both (i) inhibitors that displace its C-terminal @7 helix'”'*
(ii) mutations that disrupt communication between the a7
helix and the WPD Ioop;15 the specific collection of residues
that enable allosteric communication in PTP1B—and,
perhaps, other PTPs—however, has yet to be fully resolved.

This study combines biophysical, bioinformatic, and kinetic
analyses to map the allosteric communication network of
PTP1B and to assess the relevance of that network to other
PTPs. This mapping has two goals: (i) the identification of
allosteric sites that could supply new targets for selective

and
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Figure 1. Analysis of mutations. (A) An alignment of apo (gray, PDB entry 3AS]), competitively inhibited (blue, SK9W, TCS401), and
allosterically inhibited (orange, 1T4], BBR) crystal structures of PTP1B. Competitive inhibitors lock the WPD loop in a closed conformation
(black) and stabilize the a7 helix; allosteric inhibitors displace the a7 helix and prevent the WPD loop from closing. (B) The apo structure of
PTP1B shows the locations of mutations that (purple) alter the activity of the enzyme (i.e., change k., and/or K, by 50% or more), (red) modify
its sensitivity to inhibitors that bind to the active site (TCS401 and/or AA), (blue) modify its sensitivity to more than one variety of inhibitor (i.e.,
TCS401 or AA, which bind at the active site, and BBR, which binds at the allosteric site), and (white) exert no effect. (C, D) Alignments of crystal
structures with mutations that are located outside of the active site [panel (C)] and/or the allosteric site [panel (D)], but that disrupt inhibition at
those sites. Structures: wild-type (3AS] and SK9V), F135Y (6CWU), A122S (6CWV), Y152A/Y153A (SKA2), and L192A (SKAS). [Note: These
structures possess similar resolutions of 1.7—2.08 A and space groups of P3,21 and P3,21.] Mutations do not cause major conformational changes
in the backbone or side chains of the sites at which they influence inhibition.

allosteric modulators of PTPs (i.e., pharmaceutical leads) and
(ii) the identification of structural features that help explain the
functional influence of disruptive mutations.

B EXPERIMENTAL SECTION

Materials. We purchased TCS401, or 2-[ (carboxycarbonyl)-
amino]-4,5,6,7-tetrahydro-thieno[2,3-c]pyridine-3-carboxylic
acid hydrochloride, from Santa Cruz Biotechnology (Santa Cruz,
CA); BBR, or 3-(3,5-dibromo-4-hydroxy-benzoyl)-2-ethyl-ben-
zofuran-6-sulfonic acid-(4-(thiazol-2-ylsulfamyl)-phenyl)-amide,
from Cayman Chemical (Ann Arbor, MI); and all other reagents
from Sigma—Aldrich (St. Louis, MO).

Protein Expression and Purification. We overexpressed
the catalytic domains PTP1B;_3,;, PTPIB;_»5; TC-PTP;_y,,
and SHP2,;, ,, in BL21(DE3) competent E. coli cells
(Thermo Fisher) via pET21b plasmids. Each plasmid
contained a PTP gene fused to a C-terminal 6x polyhistidine
tag. We followed methods for protein expression and protein
purification detailed previously.'’

Protein Crystallization and X-ray Crystallography.
We prepared crystals of PTP1B by using hanging drop vapor

diffusion. In brief, we performed the following steps: (i) We
prepared a concentrated protein solution of PTP1B (~400 yM
PTP1B, 50 mM HEPES, pH 7.3) and a crystallization solution
(100 mM HEPES, 200 mM magnesium acetate, and 14%
polyethylene glycol 8000, pH 7.5). (ii) We mixed 3 uL of the
protein solution with 6 uL of the crystallization solution on the
surface of a reservoir cover (EasyXtal CrystalSupport, Qiagen).
(iii) We inverted the cover over a 2-mL reservoir filled with
1 mL of crystallization solution and incubated the setup at 4 °C.

We collected X-ray diffraction (XRD) data through the
Collaborative Crystallography Program of the Berkeley Center
for Structural Biology (Lawrence Berkeley National Lab), and
we solved crystal structures with the following steps: (i) We
performed integration, scaling, and merging of XRD data by
using the xia2 software package.”® (ii) We analyzed intensity
statistics with Phenixxtriage,”’ a program compatible with the
Python-based Hierarchical Environment for Integrated Crys-
tallography (Phenix).” (iii) We performed molecular replace-
ment by using Phaser and 3AS] (PDB entry) as a search
model.”” (iv) We refined our structures with the phenix.refine
graphical interface,” and we performed reciprocal space
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Figure 2. Evidence of an evolutionarily conserved allosteric network. (A) The results of a statistical coupling analysis. The orange and blue clusters
represent two groups of residues, termed “sectors”, that exhibit strong intragroup correlations in nonrandom distributions of amino acids.
Highlights show the allosteric site (green inhibitor, PDB entry 1T4]), the active site (red inhibitor, 3EB1), and residues from sector A located
within the WPD loop (purple spheres). (B) An analysis of crosstalk between pockets of PTP1B modeled with MD simulations. Pockets appear as
spheres, colored according to their persistency along the MD trajectory; the size of each sphere indicates its average volume in MD simulations (all
pockets are large enough to accommodate at least three molecules of water). Links have thicknesses proportional to the frequency of interpocket
merging and splitting events (i.e., communication), and their colors indicate connections between pockets with residues from sector A (blue) or
sector B (orange). Five connected pockets include residues from sector A, and five include residues from sector B; these groups of communicating
pockets, which interconnect, support the allosteric functionality of sectors A and B.

refinement through several rounds of manual model adjust-
ment in COOT,* followed by one round of PDB-REDO.*® The
crystallographic data collected in this study are reported in
Table S2 of the Supporting Information.

Statistical Coupling Analysis (SCA). We performed a
statistical coupling analysis of the PTP family by using
approaches similar to those outlined previously:"** (i) We
used BLAST to search the nonredundant NCBI database for
sequences similar to PTP1B (Uniprot P18031), and we aligned
3755 of those sequences—a number within the range
(~1000—5000) previously found to be sufficient for
SCA*"*—with Clustal Omega (default settings). (ii) We
removed sequence positions with a gap frequency of >20%,
and we eliminated a single member of each pair with a
sequence identity of >95%. These steps yielded a set of ~700
sequence-distinct PTPs. (iii) We estimated the conservation of
different positions in our alignment by using the Kullback—
Leibler relative entropy to quantify the divergence between the
distribution of amino acids observed at a specific position and
the average distribution of amino acids observed in all proteins.
(iv) We calculated conservation-weighted positional correla-
tion and sequence correlation matrices, as described in the
work of Halabi et al.”” (v) We performed hierarchical cluster-
ing of the positional correlation matrix to identify groups of
amino acids that displayed strong intragroup correlations (see
Figure S1A in the Supporting Information). (vi) We performed
an eigenvalue decomposition of the conservation-weighted
positional correlation matrix. (vii) We used an independent
component analysis to transform the top eight eigenvectors
into eight maximally independent components. (viii) We per-
formed a singular value decomposition of the sequence align-
ment to map the independent components of the positional
correlation matrix onto sequence space. This analysis yielded
no obvious connection between the groups of positionally
correlated sites and groups in sequence space (see Figures S1B
and SIC in the Supporting Information). (ix) We fit
histograms of independent components of the positional corre-
lation matrix to a t-distribution, and we used a 90% cutoff to
select positions with the largest weights within each component.
(x) The positions returned by two of the top independent

components closely resembled the two groups of positions
identified in our clustering analysis (i.e., sector A included 100%
of the sites in the small cluster in Figure S1A in the Supporting
Information, and sector B included 70% of those in the large
cluster) and, when mapped onto the surface of PTP1B, defined
sets of proximally positioned residues (see Figure 24, as well as
Figure S1D and Table S3A in the Supporting Information).
Other (lower) independent components, which returned
spatially diffuse sets of sites, may have interesting functional
implications, but we did not explore them in this study.

Analysis of Interpocket Crosstalk. We examined
dynamic crosstalk between surface pockets of PTP1B by using
a molecular dynamics (MD) trajectory generated in our previous
study."” In brief, we monitored the evolution of pockets on the
surface of an apo form of PTP1B by using Pocketron.”® This
algorithm uses NanoShaper 0.7°' to identify pockets of a
defined size (e.g, a volume sufficient to accommodate three or
five molecules of water), and it tracks the evolution of those
pockets along an MD trajectory (snapshots every 150 ps). The
temporal exchange of atoms between adjacent pockets pro-
vides a means of identifying hidden allosteric communication
networks. >’ Figure 2B, as well as Figure S4 and Tables S3C
and S3D in the Supporting Information show the results of this
analysis.

Calculation of Sequence Identity. We calculated
sequence identity between the catalytic domains of PTPs
(i.e, PTP1B,_s,;, TC-PTP, ;o) and SHP2,;; s,5) by using
EMBOSS Needle.” The range of sequence identities reported in
the main text correspond to the least similar pair (PTP1B and
SHP2, 30%) and most similar pair (PTP1B and TC-PTP, 63%).

Enzyme Kinetics. We measured the kinetics of PTP-
catalyzed hydrolysis of p-nitrophenyl phosphate (pNPP) by
using a Spectramax M2 plate reader to monitor the formation
of p-nitrophenol (absorbance at 40S nm) at intervals of S s.
The composition of each reaction was as follows: PTP
(0.05—0.1 uM), pNPP (0.17, 0.33, 0.67, 2, S, 10, 15, and
20 mM), and buffer (50 mM HEPES, 2%—10% DMSO,
S0 ug/mL BSA, pH 7.3). BBR, when present, was included
at concentrations of 0, 10, 20, and 40 uM. Table S1B in the
Supporting Information details discrete kinetic measurements.
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Statistical Analysis of Kinetic Models. We analyzed the
inhibitory effect of BBR on various PTPs by evaluating four
models of inhibition (see Figures SS and S6 in the Supporting
Information). For each kinetic dataset, we used an F-test to
compare a two-parameter model of mixed inhibition to several
single-parameter models, and we used Akaike’s Information
Criterion (AIC, or A,) to compare the single-parameter
models to each other. In Table S4 in the Supporting Infor-
mation, mixed models with p < 0.05 are superior to all single-
parameter models, and single-parameter models with A; > 5
are inferior to the reference “best-fit” model.

Estimation of IC5,. We estimated the half maximal inhib-
itory concentration (IC,) of BBR by using kinetic models to
estimate the concentration of inhibitor required to reduce
initial rates of PTP-catalyzed hydrolysis of 20 mM of pNPP by
50%; we chose this high concentration of substrate, because it
minimizes the concentration dependence of ICs, values.
We used the MATLAB function “nlparci” to determine the
confidence intervals of kinetic parameters, and we propagated
those intervals to estimate corresponding confidence on ICsy,.

Analysis of Mutations in PTPs. We assembled lists of
previously studied mutations (i.e., functionally influential and/
or disease-associated) by surveying the literature. We placed
these mutations into two groups: Group 1 includes experi-
mentally characterized mutations (Table SSA in the Support-
ing Information). For this group, we classified mutations as
having a large influence on activity when they changed k., K,
or a defined activity by 50%, and we characterized them as
having a significant influence on inhibition when their effect on
K4 or inhibitor-modulated activity was large relative to other
mutations in each study. Group 2 includes disease-associated
mutations (i.e., both characterized and uncharacterized)
identified in genetic analyses (Table SSB in the Supporting
Information). For each group, we used PyMOL and PDB entry
3AS] to evaluate the number of residues in sectors A and B
that are proximal (<4 A) to mutated residues (e.g, residue A
for A122F).

Statistical Analysis of Distributions. We used the
Kolmogorov—Smirnov statistical test to determine if multiple
sample distributions belonged to the same parent distribution.
In our first analysis, we compared distributions of the relative
solvent accessible surface areas of residues in sectors A or B to
a distribution of the relative solvent accessible surface areas
of all residues in the catalytic domain (see Figure S2 in the
Supporting Information). This analysis indicated that the
distributions were different from each other (P < 0.01). In the
second analysis, we assessed the positional bias of disease-
associated mutations by comparing cumulative distributions
describing (i) the proximity of mutations to network residues
and (ii) the proximity of randomly selected sites to network
residues. This analysis indicated that the two distributions were
indistinguishable from each other (P < 0.01).

B RESULTS AND DISCUSSION

Mutations Provide Evidence of a Broadly Distributed
Allosteric Network. Two recent biophysical studies of PTP1B
provide a starting point for mapping allosteric communication in
this enzyme: (i) A systematic nuclear magnetic resonance
(NMR) analysis of PTP1B dynamics identified several residues
located outside of the active site that, when mutated, can
disrupt catalytically essential motions of its WPD loop."* (ii) A
detailed study of terpenoid-mediated inhibition showed that
numerous mutations located outside of the active site and/or

primary allosteric site can disrupt inhibition by molecules that
bind to those sites."” Figure 1B consolidates the results of both
studies and supplements them with newly collected activity
data on mutants from the second (see Table SI in the
Supporting Information); the delocalized arrangement of
functionally influential residues—some of which (e.g, C924,
A122S, A122F, H175A, and F135Y) are distal to regions of
known allosteric relevance—suggests the presence of a broadly
distributed allosteric network.

Distally Influential Mutations Do Not Affect the
Backbone Conformation of PTP1B. X-ray crystallography
provides a useful means of resolving structural changes that
enable long-range communication in proteins.” To search for
structural features that explain the delocalized influence of
mutations in PTP1B, we aligned X-ray crystal structures of
PTP1B, 55 and PTP1Bg sy collected in this study with
previously solved structures of PTPI1By;s4/y153a and
PTP1B, 9s. We chose these mutants for two reasons: (i)
Their mutated residues are located outside of the regions at
which they influence catalytic activity and/or inhibition and,
thus, appear to participate in allosteric communication with
those regions. (ii) Their mutated residues are distant from one
another (i.e., A122 and F135 are located over 18 A away from
Y152 and Y153) and may, thus, represent spatially distinct
entry points into an allosteric system (see Figure 1B). To our
surprise, mutated residues did not alter the confor-
mation of the protein backbone and caused negligible—and
largely isolated—structural distortions in the side chains that
line the active site or allosteric site (i.e., differences in the
conformations of side chains in these sites are similar to their
differences in alternative structures of the wild-type enzyme or
appear in the absence of concerted changes in neighboring
residues; see Figures 1C and 1D). Crystallographic results,
thus, indicate that mutations do not affect catalysis or
inhibition by triggering gross changes in protein conformation,
but suggest a subtler—and, perhaps, dynamically focused—
influence for which residue-specific contributions may be
difficult to ascertain with structural methods alone.

PTPs Possess an Evolutionarily Conserved Allosteric
Network. Statistical coupling analysis (SCA) provides an
alternative means of resolving allosteric networks in proteins.”*
This method identifies correlations in nonrandom distributions
of amino acids between different positions in a multiple sequence
alignment; groups of positions with strong intragroup correla-
tions—groups referred to as “sectors”—can reveal evolutionarily
conserved functional domains (e.g, allosteric networks or binding
interfaces).”” To search for allosteric networks in PTP1B, we
performed an SCA of ~700 sequence-distinct members of the
PTP family (i.e., sequences with <95% similarity; see Figure S1
in the Supporting Information). This analysis revealed two
sectors that, when mapped onto the surface of PTP1B, define
networks of proximally positioned residues. Sector A connects
the C-terminal allosteric site to the WPD loop and includes
numerous sites (e.g, R221, Prol8S, Trpl79, and Phe269)
previously implicated in allosteric communication between
these two regions.”® Sector B connects the active site to several
nearby loops with no previously established allosteric relevance
(see Figure 2A, as well as Table S3A in the Supporting
information). Sectors A and B, which are adjacent to each
other, constitute ~26% of the catalytic domain and contain
disproportionately large fractions of buried residues (i.e., 80%
and 72% of the residues in sectors A and B, respectively, have
relative solvent accessible surface areas of 0—20%; only 48% of
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the full catalytic domain is similarly buried [see Figure S2 in the
Supporting Information]). Interestingly, all influential mutations
from Figure 1B are located near sectors A and B (<4 A, a
distance sufficient to include hydrogen bonds and van der
Waals interactions between polar and nonpolar residues,
respectively36); nonconsequential mutations (i.e, V113Y and
F280Y), by contrast, appear farther away (>5 A; see Table S5 in
the Supporting Information). The enhanced influence of
mutations located near sectors A and B suggests that these
two evolutionarily conserved sectors enable allosteric commu-
nication in PTPs.

The use of statistical analyses such as SCA to resolve allosteric
systems is controversial. Several studies carried out with
alternative approaches for examining residue—residue coevolu-
tion (notably, the GREMLIN pseudo-likelihood method®” and
direct-coupling analysis®®) suggest that most coevolving residues
are spatially proximal—an attribute inconsistent with long-
range evolutionary coupling. We hypothesized that these
alternative approaches, which exploit analytical frameworks
that bias them toward pairs of contacting residues, should
nonetheless reveal high densities of paired residues within
conserved allosteric networks, provided those networks
function through residue—residue contacts. We used the
GREMLIN pseudo-likelihood approach to test this hypothesis.””
As expected, our analysis identified interconnected networks of
coevolving pairs located within sectors A and B (SI Note 1 and
Figure S3, as well as Table S3B in the Supporting Information).
The overlap between the evolutionarily constrained regions
identified with SCA and GREMLIN is consistent with an
evolutionarily conserved allosteric functionality.

We supplemented our bioinformatic analyses, which
examine family-wide evolutionary trajectories, by using MD
simulations to carry out a focused study of allosteric communi-
cation in PTP1B. Starting with an MD simulation of PTP1B in
its apo form, we tracked the temporal exchange of atoms
between pockets (i, clefts capable of accommodating three
or more molecules of water), and we used the frequency of
exchange events as a metric for interpocket connectivity. This
approach has been used to identify hidden allosteric networks
on the surfaces of proteins and, thus, allowed us to look for
similar networks on the surface of PTP1B.”” Our results
revealed interconnected pockets located within sectors A and B
(see Figure 2B, as well as Figure S4A and Table S3C in the
Supporting Information); these pockets support the allosteric
relevance of those sectors. Nonsector pockets and residues—
some of which disappear with stricter thresholds for pocket
size (Figure S4B in the Supporting Information)—are some-
what surprising, but likely reflect the tendency of conserved
structural motifs to exhibit structural deviations across protein
families (consider the binding pockets of cryptochromes™”). More
broadly, agreement between four complementary analyses—two
sequence-based analyses, a mutational study, and a computational
analysis—provides strong evidence that sectors A and B, which
interconnect, define an evolutionarily conserved allosteric
communication network.

The Allosteric Network Is Functionally Intact on
Sequence-Diverse PTPs. The results of our sequence-based
analyses are intriguing because they indicate that the allosteric
control system found in PTP1B is broadly conserved across the
PTP family. To test this finding, we examined the functional
relevance of sector residues in T-cell protein tyrosine phos-
phatase (TC-PTP) and protein tyrosine phosphatase non-
receptor-type 11 (SHP2)—two enzymes that share 30%—63%

sequence identity with PTP1B. First, we assessed the
susceptibility of TC-PTP and SHP2 to BBR; this inhibitor
binds to a weakly conserved site on PTP1B (see Figure 3A)

Glu27 25

ICs0 (UM)

@PTPIB @ TC-PTP @ SHP2

@BPTP1Brssa

Ratio

Figure 3. Analysis of allosteric susceptibility. (A) An alignment of
crystal structures of PTP1B (PDB entry 1T4J), TC-PTP (1L8K), and
SHP2 (3B70) shows the binding site of BBR (green). The amino
acids that line this site are labeled for PTP1B; they are weakly
conserved between PTPs. (B) The susceptibility of TC-PTP and
SHP2 to BBR-mediated inhibition suggests that these two enzymes
possess the allosteric network through which BBR functions (i.e.,
residues included sector A). (C) A crystal structure of PTP1B (3AS])
highlights the locations of functionally influential mutations identified
in sector B: A69V in PTP1B, and F285S/L, R289G, and N308D in
SHP2 (i.e, FS2, RS6, and S70 in PTP1B). These mutations are
located far (~13—17 A) from the active site (i.e., the bound position
of TCS401 in aligned structures). Colors show sector A (transparent
blue), sector B (transparent orange), and BBR (green). (D) Mutants
PTP1Bgssq and TC-PTP,;y, analogues of the previously charac-
terized SHPpyg9q and PTPIB,4gy, exhibit reduced catalytic
activities—a result suggestive of the conserved allosteric functionality
of sector B in PTP1B, TC-PTP, and SHP2. The dashed line delin-
eates a ratio of 1 between mutant and wild-type kinetic parameters.
In panels (B) and (D), error bars represent 95% confidence intervals.

that allosterically modulates WPD loop dynamics through
residues in sector A.'>'® To our satisfaction, BBR could inhibit
both enzymes and, thus, confirmed that these residues main-
tain their allosteric functionality in different PTPs (Figure 3B).
The sensitivity of TC-PTP to BBR-mediated inhibition is
consistent with its sensitivity to other allosteric inhibitors of
PTP1B;™ the sensitivity of SHP2 to this class of inhibitors, by
contrast, has not been reported previously.

Next, we focused on sector B. This sector has no known
binding sites, so we explored its functional relevance by search-
ing the literature for activity-modulating mutations located
within it. We found five: A69V in PTP1B, and F285S/L,
R289G, and N308D in the full-length SHP2 (the latter set
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maps to F52, R56, and $70 in PTP1B; see Figure 3C).*~* All
of these mutations are located far (~13—17 A) from the active
site, and two—A69V and R289G—are not proximal (<4 A) to
residues from sector A (see Figure 4C, as well as Figure S7 in
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Figure 4. Analysis of pathologically relevant mutations. (A) This plot
shows the influential fraction of experimentally characterized
mutations grouped by their proximity to network residues. All
mutations proximal (<4 A) to five or more network residues are
“influential” (i.e., they altered k., or Ky by >50% or had a detectable
influence on inhibition); nonconsequential mutations, by contrast,
have fewer neighboring network residues. Sample sizes for each
grouping appear at the top of the plot. (B) A crystal structure of
PTP1B (gray, PDB entry 3AS]) highlights the locations of influential
mutations at network residues; colors indicate whether they were
introduced in biophysical studies or found in diseases. (C) Two
cumulative distribution functions describe numbers of network
residues proximal to (i) mutations identified in diseases and (ii) a
random selection of sites. The two distributions are indistinguishable
from each other (P < 0.01), suggesting that disease-associated
mutations do not occur preferentially near the allosteric network.

the Supporting Information). To verify the functional rele-
vance of these latter two mutations, we introduced them into
PTP1B and TC-PTP (ie, we generated PTP1Bgs, and
TC-PTP,;y, which are analogues of SHP2y,40g and PTP1B, 4y,
respectively). Both mutations caused large changes in k., and/or
Ky (ie, they reduced k. or increased Ky by >50%; see
Figure 3D). This effect on activity, when combined with previous
mutational studies, suggests that the allosteric functionality of
residues in sector B is conserved across PTP1B, TC-PTP, and
SHP2.

Functionally Influential Mutations Tend To Occur
Near the Allosteric Network. The contribution of PTPs to
essential regulatory functions is underscored by the frequency

with which they are mutated in diseases, particularly cancer.*”****

To determine if previously studied mutations in PTPs (both
those identified in diseases and those introduced in biochemical
studies) influence function through allosteric modulation, we
examined their proximity to sectors A and B. We focused on
allosteric effects by limiting our analysis to mutations located
outside of the core of the active site (i.e., residues within 5 A of
the competitive inhibitor TCS401 in PDB entry SK9W).
To begin, we grouped experimentally characterized mutations
by their proximity to network residues (ie, we counted the
number of network residues within 4 A of each mutated residue
in PTP1B), and we calculated the fraction of those mutations that
influence function. Figure 4A shows the results of this analysis.
The fraction of functionally influential mutations increases with
the number of neighboring network residues. In fact, all 14
previously identified mutations at network residues—many of
which are found in diseases (see Figure 4B)—alter activity and/
or susceptibility to inhibition. Importantly, analyses that grouped
mutated sites by (i) their proximity to all residues (i, both
sector and nonsector) or (ii) their solvent accessible surface area
did not reveal obvious trends, and a more restrictive analysis that
focused only on activity-modulating mutations (rather than
mutations that influence either activity or susceptibility to
inhibition) did not alter those trends (see Figure S8 in the
Supporting Information). Our analysis thus suggests that many of
the influential mutations identified in previous studies may
function by modulating the allosteric network defined by sectors
A and B.

To determine how the allosteric network affects the
locations in which mutations tend to occur in diseases (an
analysis distinct from our study of their functional influence),
we compared the proximity of network residues to two sets of
sites: (i) mutations identified in diseases and (ii) randomly
selected sites. Surprisingly, proximity distributions were indis-
tinguishable between these two sets (P < 0.01; see Figure 4C),
suggesting a lack of positional bias in the location of naturally
occurring mutations. This result is, perhaps, unsurprising, given
the cancerous—and, thus, genetically diverse—origin of
tabulated PTP mutations (i.e., cancer enables an efficient
and largely random sampling of mutagenic sites); in light of
Figure 44, it may indicate that some natural mutations exhibit
nonallosteric influences, such as effects on PTP stability,
expression level, localization, substrate specificity, or capacity
to engage in protein—protein interactions.

B CONCLUSION

The results of this study suggest that all PTPs possess an
evolutionarily conserved allosteric network that sensitizes them
to structural perturbations at a broadly distributed set of sites.
In brief, our statistical coupling analysis defines this network in
two adjacent, evolutionarily conserved sectors; and MD
simulations, inhibition studies, and mutational analyses show
that residues within these sectors mediate allosteric commu-
nication with distal sites (e.g., the active site).

The allosteric functionality of sector residues has interesting
implications for the sophisticated regulatory systems of PTPs.
For SHP2, which has an SH2 domain that controls access to
the active site,* results indicate that mutations in sector B may
trigger conformational changes that affect catalytic activity, not
just substrate access. This effect is consistent with both the
conserved influence of RS6 in PTP1B and SHP2 (i.e., only the
latter of which has a regulatory domain) and previously
reported kinetic studies and MD simulations of SHP2y4p, 2
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mutant that exhibits an enhanced catalytic activity in its
activated state’” (and, perhaps, a heightened propensity to
transition into that state47). For PTP1B, in turn, our results
suggest that the C-terminal a7-helix functions as a modu-
lator—rather than a mediator—of allosteric communication.
This effect is consistent with the absence of the a7-helix in the
SCA-based sectors, the interpocket crosstalk that occurs
without it, and the preserved susceptibility of an a7-less
variant of PTP1B to inhibition by BBR (the ICg, of BBR is
29.1 + 5.7 uM for PTP1B, 5, and 9.6 + 1.4 uM for the wild-
type enzyme; see Figure S6 in the Supporting Information).
Intriguingly, the functional independence of sectors A and B (if; in
fact, such independence exists) may have interesting regulatory
repercussions, but those repercussions are not clear from the
present work.

The allosteric network also provides important guidance for
drug design: (i) It motivates the development of allosteric
inhibitors that bind to sites within sectors A and B; these sites
are more structurally diverse than the active site'” and could,
thus, confer greater selectivity to PTP-targeted molecules.
Previously identified variants of BBR that selectively inhibit
PTP1B over TC-PTP highlight the value of one such site (i.e.,
the C-terminal allosteric site of PTP1B);*” our results expand
the relevance of this site to other PTPs, notably SHP2 (an
immunomodulator targeted for the treatment of various types
of cancer), and motivate the search for molecules that bind
elsewhere within sectors A and B. (ii) It suggests potential
mechanisms of drug resistance in genetically variable diseases,
such as cancer. Allosterically influential mutations distributed
across the surfaces of PTPs can enhance or reduce catalytic
activity; in doing so, they might compensate for—or, perhaps,
disrupt—the influence of PTP-targeted drugs. Of course, the
regulatory domains of PTPs may further modulate—and,
perhaps, affect binding to—the allosteric network mapped in
this work.'”** The influence of these domains on allosteric
control represents an important topic for future study.

Beyond PTPs, our findings have an important implication
for the study of protein allostery. The consistency of bioin-
formatic results with three complementary analyses (e.g., a
mutational analysis, a study of pocket crosstalk, and an analysis
of inhibition) supports the controversial assertion that patterns
of residue—residue coevolution can—at least within some classes
of flexible and dynamically regulatable enzymes like PTPs—
reveal the existence of functionally coupled groups of distally
positioned amino acids (ie., allosteric networks). The inte-
gration of these patterns into computational approaches for
identifying cryptic allosteric sites (e.g, Markov state models*”*”)
could facilitate an assessment of the functional integrity of those
sites across entire protein families or perhaps enable the
identification of shared, catalytically essential structural features
that enable—or otherwise rely on—long-range communication.
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