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SI Methods
Analysis of Residue-Residue Coevolution. We examined the coevolution of residue-residue
pairs in the PTP family by using the GREMLIN pseudolikelihood method. In brief, we used an

online server (http://gremlin.bakerlab.org/) that (i) generates a multiple sequence alignment

(HHBIits, e-value of 1E-10, 4 iterations, UniProt database) from PTP1B1.321, our starting
sequence, (i1) filters that alignment by removing sequences that cover less than 75% of the
starting sequence and/or that contain over 75% gaps, and (iii) uses the GREMLIN
pseudolikelihood method to identify coupled residue-residue pairs. Several recent publications
detail the development and use of the GREMLIN approach.'~ Figure S2 and Table S3B provide

the results of our analysis, and SI Note 1 discusses those results.
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SI Notes

SI Note 1. Analysis of Residue-Residue Coevolution. GREMLIN is one of several recently
developed approaches for examining residue-residue coevolution in proteins. It differs from SCA
by using a pseudolikelihood framework to integrate sequence information and structural context
(i.e., crystallographically informed estimates of the likelihood of specific inter-residue contacts?).
Previous studies suggest that the vast majority of GREMLIN-predicted residue pairs make intra-
and intermolecular contact within (or between) proteins and are, thus, poor indicators of the
presence of allosteric networks (i.e., regions in which more distally separated pairs might co-
evolve'?). We hypothesized, however, that an allosteric network that is conserved across a
protein family, and that functions through inter-residue contacts, should manifest itself through
clusters of coevolving contacts. Accordingly, we used GREMLIN to look for these contacts; in
doing so, we found clusters of interconnected pairs located within (and between) sectors A and B
(Figs. S3A and S3D). Some of these pairs showed large separation distances (> 5 A, a
conservative threshold for inter-residue contact), but a comparison of two ligand-bound and
ligand-free crystal structures suggests that these distances are probably shorter in alternative
conformations of PTP1B (Figs. S3B-S3C and Table S3B). In summary, the high density of co-
evolving pairs of contacting residues located within sectors A and B is consistent with their

allosteric functionality.
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SI Note 2. Results of Comparisons of Kinetic Models. Kinetic data for BBR-mediated
inhibition of PTP1B and TC-PTP fit well to mixed models of inhibition, while analogous data for
SHP?2 fit best to a noncompetitive model (Table S4); these results suggest that the interaction

between SHP2 and BBR is insensitive to the presence of bound pNPP.
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Figure S1. Statistical coupling analysis of PTPs. (A) Hierarchical clustering of the positional

correlation matrix shows two groups of positions with strong intragroup correlations. (B) A plot
of the first three independent components of this matrix. Two clusters of points, each dominated
by positions from one of the two hierarchically clustered groups, appear at extremes of the ev2
and ev3 axes (the left and top, respectively). (C) A mapping of the top three independent
components of the positional correlation matrix onto sequence space. Clusters of correlated
positions do not map to clusters of correlated sequences; accordingly, positional sectors do not
appear to emerge within phylogenetically distinct subfamilies of PTPs. (D) A crystal structure of
PTP1B (PDB entry 3A5J) shows sectors A (blue, ev3) and B (orange, ev2) defined as described
in the Experimental Section. Inhibitors mark the active site (red, 3EB1) and allosteric site (green,

1T4J); residues from sector A located within the WPD loop are colored purple for reference.
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Figure S2. Analysis of solvent exposure. These histograms show the fraction of residues in (A)
the full catalytic domain, (B) sector A, and (C) sector B grouped by relative solvent accessible
surface area (PyMol, get sasa relative, dot density = 4, solvent radius = 1.4). (We note: for
these analyses, we used the apo structure of PTP1B, or PDB entry 3A5J, as a reference).
Distributions from sectors A and B differ from that of PTP1B (P < 0.01); the two sectors possess

a greater fraction of buried residues.
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Figure S3. Analysis of residue-residue coevolution in PTPs. (A-C) Pairs of co-evolving residues
identified with the GREMLIN pseudolikelihood method are mapped onto three structures of
PTP1B: (A) ligand-free (PDB entry 3A5J), (B) competitively inhibited (2F71), and (C)
homooligomeric (4BJO). Lines connect pairs of residues with GREMLIN scores larger than 1.0
and inter-residue distances of <5 A (green), 5-10 A (yellow), or > 10 A (red). (D) A crystal
structure of PTP1B (3A5J) highlights GREMLIN-based pairs located entirely within one of the

two sectors identified with SCA.
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Persistency in MD Simulation
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Figure S4. Inter-pocket crosstalk in PTP1B. (A) An analysis of crosstalk between pockets
sufficient to hold at least three molecules of water. Pockets are represented as spheres, colored
according to their persistency along the MD trajectory; the size of each sphere is proportional to
its average volume in MD simulations. Lines denote inter-pocket communication and have
thicknesses is proportional to the frequency of merging and splitting events.* The interconnected
networks P-H-E-C-S and F-I-L-N-S include residues from sectors A and B, respectively. (B) An
analysis of crosstalk between pockets sufficient to hold at least five molecules of water. Six
small pockets from the first analysis disappear: E, O, R, and T, which do not contain sector
residues; N, which contains only one sector residue; and S, a pocket defined by two residues

from each sector. Tables S3C and S3D list residues associated with each pocket in A and B.
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Mlchaells Menten Kinetics
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Figure S5. Kinetic models. For each PTP, we evaluated four different models of BBR-mediated

inhibition. Abbreviations are as follows: enzyme (E), substrate (S), enzyme-substrate complex

(ES), enzyme-inhibitor complex (EI), and enzyme-substrate-inhibitor complex (ESI).
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Figure S6. Allosteric inhibition of PTPs. Initial rates of PTP-catalyzed hydrolysis of pNPP in the

presence of increasing concentrations of BBR. Lines show models of best fit as follows: (A)

PTP1Bi.321, mixed; (B) TC-PTP1.292, mixed; (C) SHP2237-509, noncompetitive; (D) PTP1B1.2s1,

mixed. Error bars denote SE (n > 3 independent reactions). Exact sample sizes are reported in

Table S1B.
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Figure S7. Analysis of functionally influential mutations in sector B. (A) An alignment of
PTP1B (PDB entry 5k9W), TC-PTP (1L8K), and SHP2 (5SEHR) with the active site (yellow
inhibitor, TCS401, 5k9W) highlighted for reference. In autoinhibited SHP2, the D’E loop of the
N-SH2 domain blocks the active site; activation occurs when the N-SH2 domain binds a peptide
and, upon doing so, undergoes an allosteric conformational change that propagates to the N-
SH2/PTP interface to expose the active site.’” (B) The locations of functionally influential
mutations in sector B (labeled for PTP1B). These influential residues appear far (~13-17 A) from
the active site and, thus, likely affect its activity through allosteric communication (here, we used
the bound position of TCS401 to determine the position of the active site). For SHP2, allosteric
conformational changes may also affect the stability of the N-SH2/PTP interface (which includes

part of the active site) and, thus, the equilibrium between open and closed conformations.
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Figure S8. Analysis of experimentally characterized mutations. (A) Mutated sites grouped by the
number of sector residues within 4 A of each. (B-C) The fraction of influential mutations within
different groups; here, we define “influential” mutations as those with a significant impact on (B)
enzyme kinetics and/or susceptibility to inhibition or (C) only enzyme kinetics. (D) Mutated sites
grouped by the number of total residues within 4 A of each. (E-F) The fraction of mutations that
influence (E) enzyme kinetics and/or susceptibility to inhibition or (F) only enzyme kinetics. (G)
Mutated sites grouped by their relative solvent accessible surface areas (PyMol, get sasa
relative, dot _density = 4, solvent radius = 1.4). (H-I) The fraction of mutations that influence
(H) enzyme kinetics and/or susceptibility to inhibition and (I) only enzyme kinetics. Only the
grouping from A-C shows an obvious trend from left to right: residues proximal to sector

residues tend to influence function. Sample sizes appear at the top of each plot.
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Table S1A. Analysis of Mutants of PTPs

Enzyme kea [57'] Akt [%]° Ky [uM] AKy [%]
PTPIB (WT)" 9.2 (0.5) NA 282 (89) NA
PTPIB (C92A)" 5.7 (0.4) -38 (8) 217 (86) 23 (44)
PTPIB (M109A)" 1.2 (0.2) -87 (8) 268 (210) -5 (81)
PTPIB (R112A)" 10.1 (0.4) 11 (7) 185 (43) -34 (37)
PTPIB (V113T)" 9.0 (0.4) 2(7) 241 (57) -14 (38)
PTPIB (A122F)" 5.5(0.3) -40 (7) 273 (92) -3 (45)
PTPIB (A122S)" 8.8 (0.4) -4 (7) 227 (68) -19 (40)
PTPIB (F135Y)" 10.8 (0.5) 18 (8) 392 (86) 39 (46)
PTPIB (Y152A/Y153A)"  7.1(0.7) -22 (10) 396 (211) 41 (82)
PTPIB (H175A)" 5.8 (0.2) -37(7) 262 (60) -7 (38)
PTPIB (F182Y)" 4.0 (0.2) -56 (7) 275 (64) -2 (39)
PTPIB (A189S)" 5.0 (0.5) -45 (8) 330 (177) 17 (71)
PTPIB (F196Y)" 13.1 (0.7) 43 (10) 366 (108) 30 (50)
PTPIB (I219T)" 0.8 (0.1) 91 (8) 3735 (1121) 1224 (555)
PTPIB (R254A)" 0.4 (0.1) -95 (8) 2696 (1952) 856 (744)
PTPIB (G259S)" 4.3 (0.3) -53 (7) 587 (229) 108 (94)
PTPIB (F280Y)" 8.5 (0.5) -7 (8) 343 (103) 21 (49)
PTP1B (R56G) 1.9 (0.1) -79 (7) 2930 (540) 939 (354)
TC-PTP (WT) 8.6 (0.3) NA 209 (42) NA
TC-PTP (A71V) 3.0 (0.3) -66 (5) 224 (119) 7 (60)

“Newly collected kinetic measurements of mutations developed in Hjortness et al.’
“Values of Akea and AKwm correspond to differences between kinetic parameters for mutant and wild-type enzymes.
“For all measurements, values in parentheses indicate the 95% confidence interval.

Table S1B. Discrete Kinetic Measurements of PTPs and Mutants.
This table details the discrete kinetic measurements made in this study, including standard error
and exact sample sizes. See the Excel file that accompanies this work.
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Table S2. Crystallographic Data for Mutants of PTP1B.

AI1228 F135Y
Accession code 6CWV 6CWU
(www.rcsb.org)
No. crystals analyzed 1 1
Wavelength A A
Space group P3,21 P3,21
Unit cell parameters
a 89.43 89.20
b 89.43 89.20
c 105.55 105.73
o 90.00 90.00
B 90.00 90.00
Y 120.00 120.00
Diffraction data
High resolution bin 2.04-1.98 2.13-2.08
# of reflections 2612 1961
Refinement
Resolution range 44.72-1.98 77.25-2.08
Completeness 99.3 95.98
R(work) 0.2046 0.2547
R(free) 0.2464 0.2912
B(avg) 39.2 39.1
Bond lengths 0.008 0.006
Bond angles 0.818 1.046
Protein residues 281 281
Magnesium ions 1 1
Water molecules* 220 352

*This number denotes the number of water molecules observed in the crystal structure (inside the binding pocket
and exterior to the protein).
**Crystal structures are available in the Protein Data Bank (www.rcsb.org).
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Table S3A. Results of SCA: Sectors with Strong Intragroup Correlations.

Sector A

Sector B

92,107, 169,171,173, 176, 179, 180, 181, 183,
184, 185, 191, 192, 194, 198, 199, 210, 212, 213,
214,215, 216, 217, 218, 219, 220, 221, 222, 223,

224,226, 229, 254, 257, 262, 263, 266, 269

20, 23, 35, 36, 38, 39, 40, 41, 44, 45, 46, 48,
49, 51, 52, 53, 54, 55, 56, 57, 59, 65, 66, 67,
68, 69, 70, 72, 82, 85, 86, 88, 91, 95, 96, 173

“Residues in bold overlap with pockets identified our analysis of inter-pocket crosstalk.

Table S3B. Results of GREMLIN: Spatially Separated Coevolving Residue-Residue Pairs.

Resi Resj Score Prob 345J 2F71 Diff | Resi Resj Score Prob 3A45J 2F71 Diff
71 102 1.905 1 6.1 6.08 0.02 | 86 111 1.084 099 577 557 02
181 217 1.89 1 12.71 645 626|226 260 1.053 0.99 642 583 0.59
228 270 1.746 1 502 485 0.17 (250 270 1.049 099 6.84 631 0.53
217 221 1.74 1 725 6.61 0.64|217 222 1.038 098 6.01 6.05 0.04
119 122 1.71 1 625 6.02 023]266 271 1.015 098 521 525 0.04
217 220 1.604 1 5.6 556 0.04

56 59 1.6 1 559 562 0.03

216 221 1483 1 6.3 3.08 3.22

218 221 1464 1 6.16 6.07 0.09

106 174 1279 1 509 451 0.58

89 119 127 1 7.05 739 0.34

59 69 1.241 1 747 747 0

66 69 1.205 099 539 538 0.01

52 68 1.193 099 724 728 0.04

216 220 1.184 099 6.9 6.96 0.06

40 53 1.159 099 8.11 811 0

247 267 1.154 099 583 536 047

216 262 1.151 099 6.87 939 252

143 161 1.145 099 6.17 629 0.12

51 258  1.119 099 546 545 0.01

120 181 1.103 099 847 251 596

“Highlights. Blue: pairs of residues that exist entirely within one of the two SCA-based sectors. Green through red:
residues separated by < 5 A (green), 5-10 A (yellow), or > 10 A (red).
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Table S3C. Analysis of Inter-Pocket Crosstalk (Pocket Size > 3 Water Molecules)

Pocket ID Persistency Residues > 80% of the Time Avg Volume (4°)
(% MD simulation)
A 91 204, 210, 79, 80, 206, 205, 208, 209 96
B 61 3,2,242,244 74
C 60 183, 266, 263, 182, 265, 179, 221, 184 167
D 55 74,252,776, 234,75, 249 122
E 53 268,269, 272, 184, 185, 186 55
F 52 , 39, 63, 65, 64, 66, 37 67
G 46 249, 248, 238, 244, 245, 234, 243 91
H 45 190, 185, 187, 152, 178, 186 64
I 40 , 91, 85,43, 87 87
J 40 90, 93, 137, 135 80
K 39 169, 103, 104, 105, 171, 170 58
L 34 47,41, 50, 44, 36, 70
M 30 236,232, 281 79
N 23 254,27, 28,258, 52,29, 259 81
(0) 22 97, 162, 138, 140, 60, 139 66
P 22 196, 280, 192 79
Q 16 94,61, 64 81
R 15 155, 148, 197, 153, 150 53
S 13 , 49,217, 219 69
T 11 59, 60, 97, 101 62

*See Figure S3A for the pocket ID reference.
“Residues that overlap with SCA-based sectors are highlighted in blue (sector A) and orange (sector B).

Table S3D. Analysis of Inter-Pocket Crosstalk (Pocket Size > 5 Water Molecules)

Pocket ID Persistency Residues > 80% of the Time Avg Volume (4°)
(% MD simulation)
A 74 204, 210, 79, 80, 206, 205, 208, 209, 105
78
B 30 3,2,242,244,241,235, 1 101
C 54 183, 266, 263, 182, 181, 216, 179, 221 185
D 46 74, 252,76, 234, 75, 249 137
E 10 268,269, 272, 184, 185, 186 82
F 24 , 39, 63, 65, 64, 66, 37 90
G 26 249, 248, 238, 244, 245, 234, 243, 74, 122
76,252
H 20 190, 185, 187, 152, 178, 186 81
I 19 ,91,85,43,87,94, 95, 126
J 19 90, 93, 137, 135, 94, 138 108
K 10 169, 103, 104, 105, 171, 170,99 82
L 15 47,41, 50, 44, 36, 96
M 18 236,232, 281,278,199, 135 102
P 14 196, 280 105
Q 16 94 102

*See Figure S3B for the pocket ID reference.
“Residues in blue (sector A) and orange (sector B) overlap with SCA-based sectors.
“*Underlined residues are new, relative to the first analysis.
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Table S4A. Comparison of Kinetic Models for the Inhibition of PTP1B1.321 by BBR.

Model SSE DF Criteria  Reference Fit Param. (uM)
(uM’/s?)
Competitive 0.0493 35 Ki=0.298
Uncompetitive 0.104 35 Ki=5.53
Noncompetitive 0.0499 35 Ki=6.73
Mixed 0.0114 34 p<0.001  Competitive and Kic=1.12
Noncompetitive Kiu=114

Table S4B. Comparison of Kinetic Models for the Inhibition of TC-PTP;.29 by BBR.

Model SSE DF Criteria  Reference Fit Param. (uM)
(uM’/s?)
Competitive 0.136 35 Ki=0.566
Uncompetitive 0.115 35 Ki=12.0
Noncompetitive 0.0589 35 Ki=13.8
Mixed 0.0263 34 p<0.001  Noncompetitive Kic=3.42
Kiu=19.2

Table S4C. Comparison of Kinetic Models for the Inhibition of SHP2,37.529 by BBR.

Model SSE DF Criteria  Reference Fit Param. (uM)
(uM’/s?)
Competitive 0.00117 35 Ai=820 Noncompetitive Ki=2.52
Uncompetitive 0.00133 35 Ai=12.7  Noncompetitive Ki=9.30
Noncompetitive 0.00093 35 Ki=12.7
Mixed 0.00089 34 p=0.209 Noncompetitive Kic=7.15
Kiu=16.5

Table S4D. Comparison of Kinetic Models for the Inhibition of PTP1B1.251 by BBR.

Model SSE DF Criteria  Reference Fit Param. (uM)
(uM’/s?)
Competitive 0.0297 35 Ki=2.05
Uncompetitive 0.0196 35 Ki=21.6
Noncompetitive 0.0109 35 Ki=25.1
Mixed 0.00854 34 p=0.004 Noncompetitive Kic=10.4
Kiu=31.1

* Blue highlights indicate models of best fit.

Table SS5A. Analysis of Experimentally Characterized Pathologically Relevant Mutations.
This table lists experimentally characterized mutations from previous studies and analyzes them
as described in the Experimental Section. See the Excel file that accompanies this work.3-3

Table S5B. Analysis of Disease-Associated Mutations.

This table lists disease-associated mutations from previous studies and analyzes them as
described in the Experimental Section. See the Excel file that accompanies this work.>3¢
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