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S1. Supplementary Methodology

Crystal Structure Analysis

Crystal structures of PTP1B and YopH were obtained from the RCSB Protein Data Bank
(PDB).! Structures with missing residues within the residue range E2-1281 for PTP1B and S187-
K456 for YopH were not taken forward for further analysis, to allow Principal Component
Analysis (PCA) to be performed over these regions. PCA produces orthogonal eigenvectors
(principal components, PCs) that describe the variance of the different structures, with the PCs
produced ranked by the amount of variance they describe in the given dataset. PCA was performed
in Cartesian coordinate space on the C, carbons of the WPD-loops of all structures studied.

A total of 231 and 16 structures of PTP1B and YopH being included in PCA, respectively,
with 3 additional YopH-PTP1B chimera structures also included. A complete list of all PDB
structures used for the analysis of each enzyme is provided in Table S1. PCA was then performed
on these structures using the CPPTRAJ?> module that is part of the AmberTools18* suite of
programs, by first reformatting all structures into Amber-readable format (through a combination
of shell scripts and the pdb4amber program within AmberTools18%), and subsequently performing
PCA on the C, carbon atoms of the residues selected for the analysis. PCA was performed by first
generating an average structure based on all the X-ray crystal structures used, and then performing
root mean square (RMS) fitting of all structures to this average structure for the subsequent PCA.
Several different RMS fitting procedures were used depending on the analysis being performed
(for example, whether the PCA was being performed on both PTP1B and YopH simultaneously
or independently), and the specific residues chosen for all analyses are provided in the section

Root Mean Square Fitting Selections for X-ray Structure and Simulation Analysis.
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Root Mean Square Fitting Selections for X-ray Structure and Simulation Analysis

As described in the main text, several different root mean square deviation (RMSD) fitting
procedures were used for our analyses, and the specific RMS fitting procedure was chosen based
on the context in which the analysis was being performed. Residues selected for RMS fitting were
stable/rigid (and with defined secondary structure) such that they would provide a good RMS fit
throughout the simulations (unlike i.e., a flexible loop region which would sample many different
regions of conformational space). For individual PCA of PTP1B, RMS fitting was performed on
the C, atoms of residues: 15-26, 33-41, 69-84, 91-102, 106-109, 133-150, 153-162, 166-176, 188-
201, 212-214, 220-237, 246-256, and 264-281. For individual PCA on YopH and the YopH-
PTP1B chimeras,* RMS fitting was performed on the C, atoms of residues 191-208, 246-251, 254-
259, 264-277, 281-284, 288-296, 306-308, 311-324, 327-337, 344-351, 362-386, 389-392, 400-
402, 408-420 and 429-440. For combined PCA on the WPD-loops of all enzymes, RMS fitting
was performed on 55 residues which are structurally conserved between the YopH and PTP1B
scaffolds, and relatively rigid. The quality of the chosen residue selection was validated by
outputting an RMS fitted trajectory of both the PTP1B and YopH simulations together, to allow
for visual evaluation of the quality of the fit. For PTP1B, the selected residues were: 68-72, 170-
175, 212-231, 247-256. For YopH, the selected residues were: 245-249, 256-260, 345-350, 351-

365, 400-419 and 430-439.

System Preparation for Conventional and Enhanced Sampling Molecular Dynamics Simulations
A total of six crystal structures®® were used in this study to generate the starting points for

simulations of the unliganded forms, Michaelis complexes with p-nitrophenyl phosphate (pNPP)

and covalent phospho-enzyme intermediates for PTP1B and YopH, with their WPD-loops in both

their open and closed conformations (see Table S2 for a full list of structures used, and the
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modifications required for preparation of each system). In brief, simulations at the pNPP-bound
Michaelis complexes were prepared by modifying structures with a peptide inhibitor bound, while
simulations of the phospho-enzyme intermediates were prepared by modifying structures with a
vanadate ion bound to the active site (by replacing the vanadate ion with inorganic phosphate).
Simulations of the Michaelis complexes were performed with the catalytic aspartic acid (D181 in
PTP1B and D356 in YopH, respectively) protonated and the cysteine nucleophile deprotonated,
whilst simulations of both the unliganded enzyme and phospho-enzyme intermediate were
performed with the catalytic aspartic acid on the WPD-loop deprotonated (protonation states
selected to be in line with the chemical mechanism depicted in Figure 1). Care was taken to ensure
the protonation and tautomerization of all other residues were kept consistent for all simulations,
based on a combination of empirical screening using PROPKA!? v3.1 and visual inspection. Based
on a predicted pK, of 8.27 for both the WPD-loop open and closed conformations (using both
conformations available in PDB ID: 6B90*, E102 of PTP1B was protonated in all our simulations.
Finally, tautomerization states and any required Asn or Gln side chain “flips” were predicted using
the MolProbity!! server, with the results visually inspected to ensure consistency across all
simulations (tautomerization states used for all simulations are provided in Table S3). For all
conventional and enhanced sampling MD simulations, structures were solvated in an octahedral
water box, with the box size selected such that no protein atom was within 10 A of the box
boundary, and Na* or CI” counterions were added as required to ensure overall charge neutrality
of the system. System solvation and other simulation preparations for our EVB simulations are
described separately in the section System Preparation for the Empirical Valence Bond

Simulations.
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Ligand Parameterization for Conventional and Enhanced Sampling Molecular Dynamics

Simulations

Partial charges for the ligand, pNPP (modelled in its dianion form), were calculated using the
standard restrained electrostatic potential (RESP) protocol, using Antechamber.!? The electrostatic
potential of pNPP was determined in vacuo at the HF/6-31G(d) level of theory, using Gaussian 16
Rev. A.03,3 after having performed geometry optimization at the same level of theory. All other
force field terms for pNPP were then described using the general Amber force field 2 (GAFF2),'
with relevant parameters provided in Table S4. In the case of the phosphorylated cysteine residue,
geometry optimization of this residue was performed at the MP2/6-311G(d,p) level of theory,
using capping acetyl (ACE) and N-methylamide (NME) capping groups, and implicit solvent,
using the conductor-like polarizable continuum model (CPCM).!> As with pNPP, charges were
determined in vacuo at the HF/6-31G(d) level of theory, using Gaussian 16 Rev. A.03."® Further,
the charges of the main chain and capping group atoms were kept constant (in order to match the
charges of deprotonated cysteine from the Amber ff14SB force field!¢), and only the side chain
charges were allowed to change. All other parameters were taken directly from the ff14SB force
field, where possible, and any remaining missing terms were obtained using GAFF2.!* The
parameters used to describe the covalent phospho-enzyme intermediate are provided in Table SS.
These parameters were then used for all conventional and enhanced sampling molecular dynamics
simulations. In the case of the EVB simulations, these simulations were performed using the

OPLS-AA force field'"!® for consistency with previous related studies,'®22

and therefore separate
EVB parameters were derived as described in the section Parameterization and Calibration of

the Empirical Valence Bond Simulations.
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Conventional Molecular Dynamics Simulations

All conventional MD simulations were performed using the GPU-accelerated version of
Amber16,* with the protein and water molecules described using the ff14SB!® force field and the
TIP3P?* water model, respectively. Simulations of all 12 different systems of interest here
(unliganded, pNPP-bound Michaelis complexes and phospho-enzyme intermediates, starting from
both open and closed conformations of the WPD-loops of both PTP1B and YopH) were performed
for 25 x 200 ns each, in the NPT (300 K, 1 atm) ensemble. In order to prepare for production
quality MD simulations, we used a minimization, heating and equilibration procedure, that is
described in the section Equilibration Procedure for Conventional Molecular Dynamics
Simulations. All production quality MD simulations were performed using a 2 fs time step, with
the SHAKE algorithm?* used to constrain all bonds containing hydrogen atoms. The temperature
and pressure during the simulations were regulated using Langevin temperature control®®
(collision frequency of 1 ps™!), and a Berendsen barostat*® (pressure relaxation time of 1 ps),
respectively. All simulations used an 8 A direct space non-bonded cutoff, with long range
electrostatics being evaluated using the particle mesh Ewald algorithm.?” Four distance and one
angle restraint(s) were applied during simulations of the Michaelis complex to maintain the pNPP
substrate in a catalytically competent configuration throughout the MD simulations (see Table S6
for a full list of restraints applied). Equivalent restraints were put in place for both PTP1B and
YopH simulations, and we note that no restraints were placed between the substrate and the WPD-
loop to ensure full conformational freedom of this loop. These restraints were only applied to the
Michaelis complex simulations to prevent dissociation of pNPP from the active site upon WPD-
loop opening, and were used for both the conventional MD simulations and the parallel tempering

metadynamics simulations.
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Equilibration Procedure for Conventional Molecular Dynamics Simulations

A common equilibration procedure was used for all conventional molecular dynamics
simulations in this work, which used the Amber16 simulation package.? All simulation steps used
the SHAKE algorithm?* to restrain all bonds to hydrogen atoms, and simulations of the p-
nitrophenyl phosphate (pNPP)-bound Michaelis complexes of PTP1B and YopH included the
additional restraints described in Table S6, which were applied to prevent the substrate from
dissociating from the active site. In the first step, all hydrogen atoms and solvent molecules
(including any counterions) were energy minimized using first 500 steps of steepest descent
minimization, followed by 500 steps of conjugate gradient minimization. In order to keep the
protein and substrate fixed in place during the minimization, 10 kcal mol™' A2 positional restraints
were applied to all heavy (non-hydrogen) protein and ligand atoms. These positional restraints
were retained as the system was heated from 50 to 300 K in an NVT ensemble over the course of

200 ps of simulation time using a 1 fs time step with Langevin temperature control?

(collision
frequency of 1 ps™!). For the subsequent steps, the restraints were reduced from 10 to 5 kcal mol™!
A2 and applied to only the C, atoms of all protein residues. Following this, another energy
minimization and heating process was performed, again using 500 steps of steepest descent
minimization followed by 500 steps of conjugate gradient minimization. The restraints on the Cq
atoms were retained as the system was heated from 25 K to 300 K over the course of 500 ps in an
NVT ensemble using the same conditions as described above. Simulations were then performed
in the NPT ensemble (300 K, 1 atm) using Langevin temperature control?® (collision frequency of
1 ps!) and a Berendsen barostat?® (1 ps pressure relaxation time). NPT simulations were

performed using a 2 fs simulation time step. The 5 kcal mol™! A2 positional restraints described

above were slowly released in 1 kcal mol™' A2 increments every 10 ps of 50 ps of simulation time
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Finally, a 1 ns long unrestrained MD simulation was performed for further equilibration, using the
same NPT conditions as described above. After this, simulations were then considered ready for
production simulations. All replicas were assigned different random velocity vectors for both
heating steps, to generate 25 independent starting structures for production MD simulations of

each state simulated.
Equilibration Procedure for Enhanced Sampling Molecular Dynamics Simulations

This procedure was used for simulations that used GROMACS with PLUMED, which
corresponds to both the Hamiltonian replica exchange molecular dynamics (HREX-MD)?® and
parallel tempering metadynamics simulations performed in the well-tempered ensemble (PT-
MetaD-WTE) protocols. For simulations with pNPP-bound to the active site, all dynamics steps
included the substrate restraints described in Table S6. Furthermore, during all equilibration steps,
2.39 kcal mol™' A2 positional restraints were applied to all heavy atoms.

First, the systems were subjected to 5000 steps of steepest descent and then conjugate gradient
energy minimization. Next, systems were heated from 25 to 300 K over the course of 500 ps in an
NVT ensemble using Langevin temperature control?® (collision frequency of 1 ps!) and a time

step of 1 fs. Following this, the systems were equilibrated in the NPT ensemble (300 K, 1 atm)

125 t29

using Langevin temperature control~ and a Parrinello—Rahman barostat” (pressure relaxation
time of 1 ps) to regulate temperature and pressure, respectively. NPT equilibration was performed
with a time step of 2 fs. Both NVT and NPT equilibration simulations used the P-LINCS*°
algorithm to restrain all bonds to hydrogen atoms. Furthermore, all simulation steps used a 10 A

non-bonded interaction cut-off was used to evaluate long range electrostatic interactions, using the

Particle Mesh Ewald (PME) algorithm.?’
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Hamiltonian Replica Exchange Molecular Dynamics Simulations

Hamiltonian replica exchange molecular dynamics (HREX-MD),?® which has been described
in detail elsewhere (see ref. 3!), is an enhanced sampling simulation technique that provides an
unbiased approach to increase the rate of sampling of the free energy landscape for a region of
interest. In the present work, HREX-MD simulations were performed on the unliganded enzyme
structures of PTP1B and YopH, using the systems prepared as described in the section System
Preparation for Conventional and Enhanced Sampling Molecular Dynamics Simulations.
All HREX-MD simulations were performed using the Amber ff99SB-ILDN* force field and
TIP3P?* water model as implemented into GROMACS 2018.4, interfaced with PLUMED v2.5
(the AMBER ff99SB-ILDN was chosen over the AMBER {f14SB!¢ for HREX-MD simulations
as only force fields embedded into the GROMACS software can be used for this simulation
methodology). Following a standard minimization, heating and equilibration procedure (described
in detail in the Supplementary Methodology), two production quality HREX-MD simulations of
500 ns per replica (over 8 replicas, see below) were performed for PTP1B and YopH each, with
one simulation starting from structures with the WPD-loop in its closed conformation, and the
other starting from a loop-open conformation to maximize the potential sampling of the
conformational space. All HREX-MD simulations were performed in the NPT ensemble, using a
2 fs time step and the P-LINCS algorithm®® to restrain all bonds to hydrogen atoms. A 10 A non-
bonded interaction cut-off was used to evaluate long range electrostatic interactions, using the
Particle Mesh Ewald (PME) algorithm.?” The simulations were performed using Langevin
temperature control®® (collision frequency of 1 ps!) and with pressure regulated using a Parrinello-

Rahman barostat® (pressure relaxation time of 1 ps).
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When setting up the HREX-MD simulations, a generous definition of the WPD-loop was used
to define the residues included in the "hot region" of the simulations (i.e., residues 175-191 in the
case of PTP1B, and 349-365 in the case of YopH). The Hamiltonian of the hot region was then
modified by scaling the partial charges by A, the Lennard Jones parameters by A, and the dihedral
terms by A (with the exception of the first and last residues of the "hot region", which were scaled
by VA). A total of 8 replicas, with A values exponentially scaled between 1.0-0.6 (A values of 1.0,
0.930, 0.864, 0.803,0.747, 0.694, 0.645, 0.6 were used), resulting in an effective temperature range
of 300-500 K. Exchanges between replicas were attempted every 1 ps, achieving an average
exchange rate of 40% for PTP1B and 38% for YopH. Subsequent analysis was performed solely

on the neutral replicas (A=1).
Parallel Tempering Metadynamics Simulations

Parallel tempering metadynamics performed in the well-tempered ensemble (PT-MetaD-
WTE)*-¢ is a form of metadynamics simulation well suited to describe complex reaction
coordinates such as protein conformational changes. PT-MetaD-WTE (which combines
temperature based replica exchange with metadynamics simulations) is particularly useful method
for sampling complex reactions coordinates such as the protein conformational change simulated

here,37-39

as any slow degrees of freedom not well described by the chosen metadynamics CVs
will still have their sampling enhanced through the use of temperature based replica exchange.
During conventional metadynamics*’ simulations, two or three collective variables (CVs) are
normally chosen to describe the process under investigation, with each CV being biased by a
history dependent Gaussian-type bias. In PT-MetaD-WTE,*' multiple metadynamics simulations

are propagated in parallel with each replica assigned a different temperature (in our case

temperatures of 300, 312.62, 325.78, 339.47, 353.75, 368.63, 384.13 and 400.29 K were used) and
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exchanges between adjacent replicas are attempted periodically. By performing simulations in the
well-tempered ensemble (WTE), we are able to enhance the energy fluctuations of each replica
whilst still keeping the average close to the canonical value. This in practice means one can use a
much smaller number of replicas over a given temperature range and still achieve a reasonable
exchange rate as compared to standard PT-MetaD.-¢ PT-MetaD-WTE simulations were
performed with GROMACS 2018.4,% interfaced with PLUMED v2.5,%* using the Amber ff14SB!6
force field and the TIP3P? water model (systems were setup with “tleap” in AmberTools18* and
then converted to a GROMACS compatible format using the program “parmed”, also in
AmberTools18).

Following initial structure preparation (see the section System Preparation for Conventional
and Enhanced Sampling Molecular Dynamics Simulations), PT-MetaD-WTE simulations
were performed on all of the unliganded, pNPP-bound Michaelis complex, and phospho-enzyme
intermediate states of both PTP1B and YopH (i.e., 6 systems in total). After the equilibration of
each replica to its target temperature, PT-MetaD-WTE simulations were performed in two stages.
First, a 10 ns long PT-MetaD simulation was performed with a bias potential placed on the
potential energy of the system. In this step the bias factor, Gaussian height and Gaussian deposition
rates was set to 60, 0.6 kcal mol™! and 1 ps for both PTP1B and YopH, respectively. The Gaussian
widths were set to 100 kcal mol™! and 110 kcal mol™! for PTP1B and YopH simulations,
respectively. In the second step, the bias on the potential energy was retained (in order to run
simulations in the WTE) but no additional Gaussians were deposited onto this CV. Instead, three
CVs were chosen to describe WPD-loop motion (see below) for the production PT-MetaD-WTE
simulations, which were run for between 700-800 ns per replica. Simulations were stopped once

they had been observed to be converged, which was assessed by the analysis of the time evolution
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of the free energy profiles (Figure S1 and Figure S2), alongside the clear observation of diffusive
dynamics along each CV (see Figure S3 and Figure S4).

Exchanges between replicas were attempted every 1 ps, and all six PT-MetaD-WTE
simulations had exchange rates between 21-29%. The 3 CVs chosen (Figure S5 and Table S7 and
Table S8) were used to enable sampling of the free energy landscape of WPD-loop motion. CV1
was the interloop distance-RMSD (DRMSD) of the C, atoms of the WPD- and P-loops, with the
closed crystal structures used as the reference structure. CV2 and CV3 describe the motions in the
central and C-terminal portions of the WPD-loop respectively through a center of mass distance
measurement between the WPD-loop residues to atoms on the P- or Q-loops (which are highly
rigid). Gaussians with an initial height of 0.2 kcal mol™! were deposited every 2 ps, with the
Gaussian height gradually reduced over the course of the simulation by using a bias factor of 12.
Gaussians widths were set to 0.1, 0.3 and 0.3 A, respectively, and wall potentials were used to
prevent the sampling of non-relevant states (walls were placed to prevent sampling of states
beyond those seen in the HREX-MD simulations). All analysis was performed on the replica
simulated at 300 K and simulations were reweighted and projected onto unbiased CVs using the
approach described by Tiwary and Parrinello.*? The minimum free energy pathway (MFEP)
analysis was performed using the Minimum Free Energy Path Surface Analysis (MEPSA)

approach.*?
Analysis of Conventional and Enhanced Sampling Molecular Dynamics Simulations

Unless stated otherwise, all analysis of all conventional and enhanced sampling molecular
dynamics simulations was performed using the CPPTRAJ* module that is part of the
AmberTools18? suite of programs. All hydrogen bonds formed between the WPD-loop and the

remainder of the enzyme were identified using a donor-acceptor distance cut-off of 3.5 A, and a
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donor-hydrogen-acceptor angle of 180+45°. Only hydrogen bonds with an occupancy of >1% of
the cluster simulation time were included in the subsequent analysis. PCA on the trajectories was
performed in the same manner as described in the structural analysis section (RMS fit to a stable
region of the enzyme, generate average structure, RMS fit to the average structure and then
perform PCA on the C, carbons of this trajectory). The raw populations of PC1 and PC2 from each
simulation were converted to a 2D histogram (using 900 bins in total, i.e., 30 x 30 bins on each
axis) and scaled using a natural log scale. Natural log scaling was chosen as it directly relates
populations to Gibbs free energy. Dynamic cross correlation matrices (DCCMs) and average inter-
residue distance matrices of the PT-MetaD-WTE trajectories were computed using CPPTRAJ? for
the C, atom of every residue. Prior to the DCCM calculation, the same RMS fitting procedure as
used for PCA calculations was applied.

In the SPM approach,* dynamic cross correlation maps (DCCMs) and average inter-residue
distance matrices are computed and used to calculate the shortest (communication) pathways
between all nodes (here, a residue is a node) in the network. Nodes and edges (pathways between
nodes) that are often used for communication between residues can then be identified, and these
residues can therefore be considered as being important for regulating the global conformational
dynamics of the enzyme. Shortest Path Maps (SPM)* were determined using the DCCM and
average inter-residue distance matrices for the simulations of PTP1B and YopH with pNPP-bound
to the active site, using the available python script.**

The closest water molecule to the phosphorus atom on the phosphate group in the phospho-
enzyme intermediate of each enzyme was determined using the “closest” command within
CPPTRAJ,? in all cases selecting the closest water molecule to the phosphorus atom in each

snapshot (using the oxygen atom of the water molecule to determine the distance between the
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water molecule and the phosphorus atom). In a similar manner, as the aspartic acid oxygens in
Figure 7B are equivalent, the closest oxygen atom was identified at each snapshot and used to
generate the histogram. Distances and hydrogen bonds were also measured using CPPTRAJ.? The
secondary structure content of WPD-loop residues was determined using the DSSP algorithm
available within CPPTRAJ.

Whilst our CVs allow for efficient sampling of the WPD-loop’s accessible conformational
space, they do not clearly distinguish between the open and closed WPD-loop states (2 out of the
3 of the CVs are combinations of main and side chain atom distances, See Figure S5 for further
explanation). We therefore reweighted our PT-MetaD-WTE simulations, projecting the underlying
free energy landscape onto the inter-distance RMSD between the WPD- and P-loops (i.e., CV1)
and the fraction of native contacts* (described below) between the WPD- and P-loops (Figure 4).
This allowed us to clearly distinguish between the closed and open state(s) of the WPD-loop
alongside constructing a minimum free energy pathway (MFEP) between both states.

The native contacts parameter (Q)* provides a measure of the distance from a given
configuration to a reference configuration (in this case the closed state of the WPD-loop), through
the combination of multiple distance measurements. Q values are assigned between 1 and 0, with
a value of 1 indicating the reference state (100% retention of native contacts) and decreasing values

indicating a move away from the reference state. Q was calculated as described in Eq. 1:

1 1
Q) = S Z 1 +exp[ﬁ(rl-j(X) - /11‘1-‘3- ] 1)

(i,j)es

Where X is the conformation along the reaction coordinate, X is the conformation along the

reaction coordinate, 7;; (X) is the distance between atoms i and j for a given conformation X, ri(]’-

is the reference distance between atoms i and j and S is the number of all possible atom pairs. Both
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the B (regulates the softness of the switching function) and A (scales how rapidly QO changes with
increasing distance) values are adjustable parameters. In our case the p value was kept as 5 A™! as
is reccommended,* whilst the A values was set to 1.2 for both enzymes (value chosen as it spreads
the snapshots out well between 1 and 0). The C, distances between equivalent residues on the
WPD-loop and P-loop were used for both enzymes. For PTP1B, WPD-loop residues 176-188 and
P-loop residues 214-220 were used, for YopH, WPD-loop residues 351-363 and P-loop residues
402-408 were used. The PTP1B and YopH closed state WPD-loop reference structures used for
the native contacts definitions were PDBs: 6B908 and 21427, respectively.

Empirical estimations of the pK, values of all titratable residues as a function of WPD-loop
closure were performed using PROPKA v3.1.!° For each native contact value, a total of 100 frames
were taken from our PT-MetaD-WTE simulations of PTP1B and YopH (with pNPP-bound) and

subjected to the PROPKA calculation (and then averaged).
System Preparation for the Empirical Valence Bond Simulations

Empirical valence bond (EVB)* simulations were performed of both the cleavage and
hydrolytic steps in the PTP1B- and YopH-catalyzed hydrolysis of pNPP. The structures used to
describe each chemical step are the same as those used for our conventional and enhanced
sampling simulations, and are described in Table S2. Specifically, we used PDB IDs: 317Z° and
1QZ0° to describe the cleavage step and 3I180° and 21427 to describe the hydrolysis step in the
reactions catalyzed by PTP1B and YopH, respectively, as these structures were solved in complex
with either appropriate transition state analogues to describe the Michaelis complex, or vanadate
ion as a proxy for the phospho-enzyme intermediate.

All systems were solvated in a 23 A radius droplet of TIP3P?* water molecules, centered on

the backbone oxygen atoms of the arginine of the P-loop (R221 and R409 using PTP1B and YopH
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numbering, respectively), and described using the Surface Constrained All Atom Solvent
(SCAAS) model,*’ as in our previous work.?%-2148-50 [n this model, all residues within the inner
85% of the sphere are fully mobile during the simulations, all residues within the outer 15% of the
sphere are restrained to their original crystallographic positions using 10 kcal mol™ A2 harmonic
positional restraints, and all residues outside the water droplet are constrained to their
crystallographic coordinates using 200 kcal mol™! A~ harmonic positional restraints. Residues
outside the water droplet and in the restrained region of the droplet were simulated in their
uncharged forms, in order to avoid introducing system instabilities associated with the presence of
charged residues outside the explicit simulation sphere. All residues within the mobile region of
the droplet (the inner 85% of the sphere) were simulated in the ionization states predicted from
pK. estimates performed as described in the section Analysis of Conventional and Enhanced
Sampling Molecular Dynamics Simulations. A complete list of the assigned protonation states
of all ionizable residues in our EVB calculations, as well as the histidine tautomerization states

assigned, are provided in Table S12.
Parameterization and Calibration of the Empirical Valence Bond Simulations

A starting point for EVB simulations is selecting a well-defined reference state for calibration
of the EVB off-diagonal coupling element, Hjj, and the gas-phase shift, a (for a detailed description
of what these EVB parameters mean, see e.g., refs. 4°1). This reference state can be for instance
the non-enzymatic reaction in vacuum or in solution, or the wild-type enzyme as a baseline for
examining the effect of different enzyme variants. The EVB parameters are then calibrated to
reproduce activation (AGY) and reaction (AG®) free energies for the reference state based on either
experimental data or predictions made from high-level calculations. Once the reference state has

been parameterized, calculations for all other systems are performed using the same EVB
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parameters, unchanged between systems for a discussion of the transferability of the EVB
parameters, see e.g. refs. 52,53).

In the present work, we used the nucleophilic attack of ethanethiolate on pNPP and the
hydrolysis of the resulting thiolphosphate (with the p-NP leaving group removed) in the presence
of propionic acid as an acid/base catalyst as model systems to describe the corresponding cleavage
and hydrolysis steps shown in Figure 1 (for a description of the valence bond states, see Figure
S18 and Figure S19). We calibrated our EVB parameters to reproduce activation free energies of
29.4 and 35 kcal mol™! for the cleavage and hydrolysis steps, respectively, based on extrapolation

from experimental data presented in refs. 3456

, as well computational modeling of the hydrolysis
of methyl phosphate.’” In addition, we used the pK, difference in solution between the nucleophile
and leaving group at each reacting state to calibrate the reaction free energies, yielding values of
—1.4 and —10.2 kcal mol! to describe the cleavage and hydrolysis steps, respectively. This
calibration resulted in the EVB parameters provided in Section S5, which were in turn used to
describe all systems studied herein.

Following from this, we also performed quantum chemical calculations using density
functional theory (DFT) to characterize the transition state for the nucleophilic attack of
ethanethiolate on pNPP in the presence of propionic acid to protonate the departing leaving group
(as a model for the catalytic aspartic acid side chain present in PTP1B and YopH). Due to the
availability of experimental data against which to calibrate our EVB off-diagonal coupling
element, Hjj, and the gas-phase shift, a (Section S5), our focus here was on obtaining a meaningful
QM geometry for the model reaction against which to parameterize our EVB bonding parameters,

with the obtained the Scys-P and P-Opnpp distances to the nucleophile and leaving group then used

to parameterize bond formation and cleavage in our corresponding EVB simulations.
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We note that we focused here on only the cleavage step, as we then used the same geometric
EVB parameters in reverse to describe the corresponding hydrolysis step. We performed our
calculations using the M06-2X functional,’® and the 6-31+G(d,p) basis set, using the Gaussian09
(Rev. E01) software package.’® Solvation was described using a mixed explicit/implicit solvent

model as in our previous work?%37:60

with implicit solvation taken into account using the Solvation
Model based on Density (SMD) model,! and with the inclusion of six explicit water molecules in
order to ensure all hydrogen bond donor/acceptor sites were saturated. We first obtained an
optimized transition state for this reaction, which was validated by vibrational frequency analysis
and by following the intrinsic reaction coordinate (IRC)®>%3 in both reactant and product directions
to verify that it is the correct transition state for the process of interest (i.e., group transfer coupled
with proton transfer to the leaving group from propionic acid). The corresponding distances and
geometries of key stationary points are shown in Table S13 and Figure S20 and the Cartesian
coordinates for the optimized stationary points are provided in Section S7.

Partial charges of the corresponding moieties were calculated as described in the section
Ligand Parameterization for Conventional and Enhanced Sampling Molecular Dynamics
Simulations. All other OPLS-AA-compatible force field parameters were obtained using the
“ffld_server”, as implemented in Schrodinger’s Macromodel suite,% and then converted to Q6
readable format using Qtools v0.5.10 (DOI: 10.5281/zenodo.842003). The Morse bond
parameters, as well as the non-bonded parameters for the exponential repulsion function placed on
the reactive bond being formed/cleaved during the reaction were parameterized to reproduce the
distances of the bonds at the transition state obtained in our QM geometry optimization of the

model reaction (Table S13), and the same parameters were then used for all systems studied in

this work. All EVB parameters necessary to reproduce our work can be found in the Section S5.
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System Equilibration and Empirical Valence Bond Simulations

EVB simulations in this work were performed using the Q6 simulation package,® using the
OPLS-AA force field as implemented into 06.'® A 10 A cut-off was set for all non-bonded
interactions, except those involved in the chemical reactions, for which the cut-off was set to 99 A
(effectively no cut-off). Long-range electrostatic interactions were described using the local
reaction field (LRF) approach,®® and the temperature was controlled by the Berendsen
thermostat.?® All systems underwent a sequence of short equilibration and heating simulations over
a total of 213 ps of simulation time, in order to gradually remove possible steric clashes and bad
contacts in the system prior to equilibration at 300 K. Once the system reached 300 K, all restraints
on the mobile region of the protein were removed, and only weak (0.5 kcal mol™' A~?) harmonic
positional restraints were retained on the reacting moieties. Finally, we performed a further 30 ns
of equilibration to fully equilibrate the system (backbone RMSDs over the course of the
equilibration procedure are provided in Figure S21).

In line with previous work,?!*34° for computational efficiency, all equilibrations were
performed at the approximate EVB transition state (A = 0.5), as this allows for EVB trajectories in
the reactant and product directions to be propagated simultaneously thus reducing human time,
while also allowing for faster convergence of the simulations. We performed 30 individual
equilibrations of each system being simulated, yielding a total cumulative simulation time of 0.9
us per system and per catalytic step. The final structure from each equilibration run was then used
as the starting point for the subsequent EVB production simulations, with one production EVB
trajectory generated from the endpoint of each equilibration run.

Production EVB runs were performed using the valence bond states depicted in Figure S18

and Figure S19, as described in the main text. The weak harmonic positional restraints of 0.5 kcal
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mol™' A2 placed on the reactive atoms during the equilibration were retained for the production
EVB simulations as well. Moreover, at the second catalytic step (the hydrolysis reaction), the P-
Onuc distance at the phospho-enzyme intermediate was restrained using a one sided harmonic wall
potential, which was inactive at distances between 0 and 4 A, and which applied a force constant
of 10 kcal mol™' A2 for distances beyond 4 A to keep the reacting fragments within 4 A of each
other. This wall potential was only active in the intermediate state, as the P-Onue bond was fully
formed by the final product state. This restraint was introduced to prevent water exchange between
the nucleophile and other solvent molecules as we observed in unrestrained simulations, simply
due to the fact that while these water molecules are otherwise chemically equivalent, the nature of
a VB-based model requires pre-defining the reacting atoms and therefore it is important to be able
to track the nucleophilic water molecule during the reaction. In order to be consistent with the
hydrolysis reaction, a one-sided wall potential with the same parameters as described above was
used to restrain the reacting Scys-P distance to the nucleophile during the cleavage reaction (which
was again only active in the Michaelis complex).

Finally, we note here that for comparison, we also modelled the cleavage step using the end-
point of our EVB simulation (which does not include the motion of Q446 into the active site in the
case of YopH). In doing so, we obtain an identical activation free energy in the case of PTP1B
(14.2 + 0.4 kcal mol™!), whereas in YopH we obtain a higher activation free energy (17.6 + 0.3
kcal mol™!) when Q446 is not in a catalytically competent conformation, in agreement with

structural data.
EVB Simulation Analysis

Analyses of root mean square fluctuation (RMSF), and root mean square deviations (RMSD)

of all backbone atoms during our simulations were performed using AmberTools16.> All other
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analyses were performed using 06,%° Qtools v0.5.10 (DOI: 10.5281/zenodo0.842003) and VMD
1.9.3.7 RMSD clustering was performed on all catalytic residues/substrates and water molecules
directly involved in the chemical reaction, using the algorithm of Daura et al.%® as implemented in
GROMACS v.2018.1,% with an RMSD cut-off 0.05 A. The centroids of the top ranked cluster of

each state were used to produce Figure 9 (PTP1B) and Figure S16 (YopH).
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S2. Supplementary Results

In this section we provide additional results from those presented in the main text for certain
sections. Figure labelling for this section is independent of the rest of the document for readability
purposes and labelled with the format: “Figure SRX”, where SR stands for Supplementary

Results and X is the figure number.
Further Analysis of the Crystal Structure PC Projections

Alongside the separate principal component analysis (PCA) performed on the WPD-loops of
PTP1B and YopH crystal structures described in the main text, we also performed PCA on the
WPD-loop conformations of all PTP structures together (Figure SR1). Our focus was on
distinguishing between different closed and open conformations of the loop, including a non-
productive "hyper-open" conformation of the WPD-loop observed in YopH-PTP1B chimeras* in
which some WPD-loop residues of YopH were replaced with those of PTP1B. For this a total of
250 structures of PTPIB, YopH and YopH-PTP1B chimeras (231, 16 and 3 structures each

respectively) were used, as described in the Supplementary Methodology.

We projected the coordinates of each crystal structure onto the first three PCs (Figure SR1),
which describe 96.2% of the total variance observed in the data, with all remaining PCs providing
a relatively small contribution (Figure S6). Analysis of the PC projections and each PCs'
corresponding mobility plot (Figure SR1C-F) demonstrates that the first principal component,
PC1, describes the open-to-closed transition of the WPD-loop. This is further validated by the
well-defined partition of the open and closed crystal structures of PTP1B and YopH along PC1
(we note here that PDB ID: 1QXK®’ represents a semi-closed conformation of PTP1B, induced by

the presence of an active site inhibitor), (Figure SR1A-B). PC2, on the other hand, appears to
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largely describe differences in the structures of the residues that anchor to the C-terminal portion
of the WPD-loop (the a4- and a3-helices of PTP1B and YopH, respectively), thus partitioning the
PTPI1B, YopH and YopH-PTP1B chimeras into three clearly defined groups. Unlike PC2, PC3
describes variance primarily in the central portion of the WPD-loop, but, like PC2, does appear to
describe structural differences between PTP1B, YopH and YopH-PTP1B WPD-loops, and not the
open-to-closed transition. In summary, our PCA calculations on available structural data suggest
that the open-to-closed transition of both the WPD-loops of PTP1B and YopH can largely be
described by a single PC. This structural differences between PC1 (loop opening/closure) for
PTP1B and YopH were addressed by PCA performed on the structures of PTP1B and YopH

separately (as described in the main text).
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Figure SR1. Principal component analysis (PCA) on the WPD-loops of the crystal structures of PTP1B, YopH and
the YopH-PTP1B chimeras (for details see main text). (A, B) Projections of crystal structures onto the first three
principal components (PCs), with the total variance described by each PC indicated in brackets in the axis labels. (C)

Relative mobility of each residue in each PC projection, with residue numbers and names provided above and below
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respectively for both PTP1B and YopH. (D-F) Projection of PCs 1-3 onto a representative structure of PTP1B. The
color gradient on the WPD-loop indicates moving from negative (red) to positive (blue) values along the given PC (as
seen in panels A, B). The catalytic cysteine (yellow) and aspartic acid are shown as spheres for reference, and the
locations of the B10-strand and o4-helix on PTP1B (which precede and follow the WPD-loop residues, respectively)

are indicated in all three panels.

Hamiltonian Replica Exchange Sampling and Convergence

The analysis of the conformational sampling of our HREX-MD simulations of PTP1B and
YopH shows limited sampling of the WPD-loop closed states for PTP1B and YopH (Figure SR2).
In particular, after ~250 ns, essentially no sampling of the WPD-loop closed state is observed for
YopH. These results would therefore suggest our simulations are unable to provide a reliable
estimate of the free energy difference between the WPD-loop closed and open states.

We have previously observed a similar issue when studying the dynamics of an active site loop
in the enzyme triosephosphate Isomerase (TIM) with HREX-MD simulations. Simulations of TIM
were initiated from the loop closed state but within ~25 ns of simulation time all replicas had
opened the loop and it was not observed to close again throughout the rest of the simulation. As is
the case here, this is likely because although HREX-MD enhances the sampling to increase the
probability of observing rare events (like loop conformational changes) the simulations are still
relatively short when compared to the experimental loop closure rates (for both TIM and the two
PTPs studied here). In contrast (and as also observed in our previous study of TIM), metadynamics
simulations which use collective variables to enhance sampling did not suffer from this issue (see

Figures S3 and S4 for evidence of “diffusive dynamics” in our PT-MetaD-WTE simulations).
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Figure SR2. The Co RMSD of the WPD-loop to the closed X-ray crystal structures of PTP1B (A) and YopH (B) from
the neutral replica of our HREX-MD simulations. For clarity, only every 50 snapshot is plotted. The structures 6B90*

and 21427 were used as reference for the WPD-loop closed states for PTP1B and YopH, respectively.

Changes in pK, along the WPD-loop Opening/Closing Pathway

Using our PT-MetaD-WTE trajectories of both PTPIB and YopH with pNPP-bound, we
predicted how the pK. of all titratable residues differs along the WPD-loop opening/closing
pathway. To do this, we extracted snapshots from our trajectories at different native contact values
along the WPD-loop opening/closing pathway. Using PROPKA v3.1,!° we then calculated the
average (from 100 snapshots at each point) pKa predicted for each residue, with complete results
for PTP1B and YopH provided in Tables S14 and S15 respectively. We note that whilst empirical
methods like PROPKA are not reliable for exact pK, values, they should be able to identify trends
(in this case associated with WPD-loop conformational changes).!® We observed no notable
changes in the pK. of any residue throughout both PTPs, and even in the case of the catalytic acids,

the changes are quite subtle (the maximum difference was less than 1 unit for both PTPs). These
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results are also consistent with our PROPKA predictions on crystal structures of open and closed

state crystal structures of PTP1B and YopH (discussed in the Supplementary Methods).
Identification of Residues Directly Correlated to WPD-Loop Motion

To complement our enhanced sampling simulations, we performed structural bioinformatics
analysis on the resulting PT-MetaD-WTE trajectories in order to explore potential pathways of
allosteric communication throughout both PTPs. As we are particularly interested in how the
motion of the WPD-loop is regulated by the remainder of the protein, we computed dynamic cross
correlation matrices (DCCMs) for both PTPs (Figure S13) to identify which residues correlated
with the motion of the WPD-loop (Figure SR3). DCCMs measure the degree of correlated motion
between residues (using the Ca carbon of each residue for the measurement) over the course of the
simulation. Motions between atoms are assigned values between +1 (perfectly positively
correlated motion) and —1 (perfectly anti-correlated motion), and 0 indicating no correlation
between residues. We also identified many residues that correlate with WPD loop motion for
PTP1B to include those that make up both of the known allosteric drug binding sites on PTP1B
(BB and K1978 allosteric sites, see Figure SR3). These results are of particular interest, given
the relatively limited information on YopH allostery and the potential application of inhibitors

towards YopH.”!-7

We further note that comparison of the truncated DCCM plots obtained for unliganded, pNPP-
bound and the phospho-enzyme intermediate simulations of PTP1B and YopH (Figure S14) are
largely similar, with the unliganded state generally showing slightly higher correlation than the
remaining two states. However, the same sets of residues are indicated for each state, suggesting
the same allosteric network is active in all three states. Specifically, for PTP1B, we identified

residues on the a3-, a6- and a7-helices; the B5-, f6- and B7-strands, and the E-Loop (~residues
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109-129). For YopH, we identified residues on the al-, a4- and a7-helices; the B5-, 6- and B7-
strands, and the E-Loop (~residues 284-304). Interestingly, despite their close spatial proximity
and catalytic importance (see Figure 1), the motion of the P-loop is not notably correlated with
WPD-loop motion in either PTP1B or YopH (Figure SR3). As mentioned in the main text, in
contrast to the P-loop, however, and of interest considering the data presented in Figure 5, we find

the motions of the WPD-loop and E-loop to be correlated with one another.

PTP1B

Figure SR3. Residues in PTP1B and YopH that are directly correlated with WPD-loop motion identified from our
PT-MetaD-WTE simulations of PTP1B and YopH with pNPP-bound. Correlated residues (shown as red spheres) were
identified by calculating dynamic cross correlation matrices (DCCMs) for both PTPs and identifying any residue with
a correlation cut-off value >|0.3| to any WPD-loop residue (meaning that both correlated and anti-correlated residues
are shown). The WPD-loop, P-loop and Q-loop are colored in blue, green and magenta respectively, and key secondary
structure regions are also labelled. The two known allosteric drug binding sites (BB and 197) are also depicted with a
representative drug bound in each position (using PDB IDs: 1T497° and 6B958 respectively). Truncated DCCM plots

of PTP1B and YopH in all three simulated states are provided in Figure S14.
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Further Description of the SPM Generated for PTP1B

This section provides further details and comparisons to relevant experimental data for the
Shortest Path Map (SPM)* generated for PTP1B, see discussion surrounding Figure 6 in the main
text. Our SPM analysis of PTP1B identifies a central “highway” of key residues (H175, M109 and
H214) which contain four major branches spouting off from this highway (Figure 6A). One of
these branches begins from the a7-helix (H296 and E297), passing through Loop 11 residues
(including Y152 and Y153) towards the N-terminus of the WPD-loop (H175). The observation
that allosteric activation of the a7-helix is communicated through Loop 11 through to the N-
terminus of the WPD-loop is consistent with prior NMR and structural studies,®’* and the SPM
analysis allows us to characterize the key residues and pathways involved in this allosteric
activation. Known allosteric mutations A69V and R56V form another branch to the central
highway, passing through residues on the 3-strand (T84), P-loop (H214) and Loop 9 (M109)
before reaching the N-terminus of the WPD-loop. Note that analogous mutations at equivalent
positions in other PTPs (SHP2 and TC-PTP) also significantly alter activity.” Another branch
starts between the al and a2-helices, and passes through the C-terminal region of the a6-helix,
followed by the Q-loop before finally reaching the central highway residue H214 on the P-loop.
Mutations G259Q (on the Q-loop) and R254A (on the a5-helix) likely interfere with this pathway
of communication. The final branch identified begins at F135, travels through the a3-helix (i.e.,

residues the G92 and C93) and Loop 3 (i.e. P87 and G85) before reaching H214.
Impact of Substrate Restraints on the Michaelis Complexes Stability.

Both our conventional MD and PT-MetaD-WTE simulations with pNPP-bound utilized
several one-sided harmonic restraints (commonly referred to as “wall potentials”, Table S6)

between the P-loop and the phosphate group of the substrate. The rationale for this was to prevent
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the dissociation of the substrate so as to ensure we are studying only the ligand bound state
throughout the simulation(s). We note as well there is strong experimental evidence that a substrate
can bind independent of WPD-loop conformation,’®’® (i.e., the loop does not need to be closed for
substrate binding to occur).

Based on a reviewer comment, in this section we have evaluated how stable the substrate
(pNPP) is in the absence of any restraints. To do this, we performed 20 replicas of 200 ns long MD
simulations of PTP1B and YopH with pNPP-bound starting from the WPD-loop closed state. We
have compared these results to an equivalent amount of simulation time using our prior protocol
with restraints applied between the P-loop and pNPP (Figure SR4).

Analysis of Figure SR4A and B unsurprisingly shows that the simulations performed with
restraints maintain the reactive phosphorus sulfur distance to a narrow range for both PTPs. In
contrast, simulations of both PTPs with pNPP-bound in the absence of restraints show sampling
of a mixture of both reactive and non-reactive phosphorus-sulfur distances (Figure SR4C and D).
In order to examine substrate binding in the non-productive conformations, we clustered our
PTPI1B trajectories (Figure SR4E and F), and found that in the extended phosphorus-sulfur
distance sampled in our simulations is due to rotation of the substrate away from an optimal
conformation for inline nucleophilic attack. The non-productive conformation (Figure SR4F)
identified through clustering is still able to interact with the arginine side chain and many other
hydrogen bond donors which ultimately stabilize this conformation. Given the small size of the
substrate and the fact that it interacts with both PTPs almost solely through its phosphate group,

its limited stability at the Michaelis complex is perhaps therefore of little surprise.
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Figure SR4. Impact of substrate restraints on the sampling of pNPP. (A, B) Distance between the phosphorous atom
of pNPP and the sulfur atom of the catalytic cysteine over the course of our MD simulations with the restraints between
the P-loop and pNPP as defined in Table S6 both (A) with and (B) without any restraints applied. In both cases 20
replicas each of length 200 ns are shown (with the red dotted lines marking out the start of a new trajectory). (C, D)
Histograms of the distance described in panels A and B both (C) with and (D) without restraints applied. (E,F)

Representative structures of catalytically competent and catalytically incompetent substrate binding modes observed
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in simulations of PTP1B, respectively, without any restraints applied during the simulations. Representative structures
were obtained through clustering with the DBSCAN’ algorithm (epsilon set to 1), using all heavy atoms of the

substrate (after first aligning the trajectory onto a stable portion of the scaffold).

Impact of Performing the EVB Simulations as One Continuous Process or Two Discrete Steps

For a typical EVB simulation protocol with multiple reaction steps, we would normally directly
model the second step (hydrolysis step in this case) using the structure obtained from the end-point
of the first step of the EVB simulations (which would be the phospho-enzyme intermediate).
However, in between the cleavage and hydrolysis steps, the side chain rotamer of a conserved
glutamine on the Q-loop (residues Q262 and Q446 for PTP1B and YopH, respectively, see Figure
1) changes from originally pointing away from the active site to coordinating the nucleophilic
water molecule for the hydrolysis step (see detailed discussion in ref. 9). We do not observe this
displacement at the end point of our EVB simulations of the cleavage reaction (Figures 9 and
S17), likely due to the product (p-nitrophenol) still being located in the active site of the enzyme.
As this rotamer change is observed in PDB IDs: 3180° and 21427 (PTP1B and YopH, respectively),
which were crystallized in the presence of vanadate ion as a proxy for the phospho-enzyme
intermediate, we modelled the two reaction steps as discrete processes with the appropriate starting
crystal structure for each process (see the Methodology section), and also with the p-nitrophenol
leaving group removed from the starting point for the hydrolysis reaction, as this would be
expected to depart rapidly from the active site.”® This gives rise to the six key stationary points
presented in Figures 9 and S16. We note here that for comparison, we also modelled the cleavage
step using the end-point of our EVB simulation (which does not include the motion of Q446 into
the active site in the case of YopH). In doing so, we obtain an identical activation free energy in

the case of PTPIB (14.2 + 0.4 kcal mol '), whereas in YopH we obtain a higher activation free
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energy (17.6 + 0.3 kcal mol™!) when Q446 is not in a catalytically competent conformation, in

agreement with structural data.
Analysis of Reacting Distances From our EVB Simulations

We have explored structural changes observed in our EVB simulations of the different reaction
steps and systems. In terms of transition state geometries (Table S10), we observe very similar P-
O distances to either the leaving group in the cleavage or nucleophile in the hydrolysis step
between the non-enzymatic and enzymatic reactions (irrespective of enzyme). However, we
observe a slight contraction in the Scys-P distances with Pauling bond orders between the sulfur
atom of the cysteine side chain and the phosphorus atom of the phosphate group in both PTP1B
and YopH, compared to the non-enzymatic reaction. This difference becomes clear when
considering Pauling bond orders of the transition state ensembles (determined from the calculated
distances provided in Table S10 and the equilibrium bond distances used in our EVB simulations,
using the relationship r = r, — 0.6In(n), see the Supplementary Information Methods). These
are 0.42, 0.58 and 0.63 for the non-enzymatic reaction and the PTP1B and YopH catalyzed
reactions, respectively, in the cleavage step, and 0.53, 0.76 and 0.80 in the hydrolysis step. For the
P-O,~pr distance in the cleavage step, the differences are much smaller, whereas for the hydrolysis
step, the P-Omz0 bond orders follow a similar trend to the Scys-P distances (0.50 to 0.40 to 0.38 for
the three different reactions, respectively). From this analysis based on Pauling bond orders (see
full data in Table S10), it is clear that (aside from the differences between the non-enzymatic and
enzyme catalyzed reactions), the main transition state differences between PTP1B and YopH are

observed in the sulfur-phosphorus distances, for both reaction steps.
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Figure S1. Time evolution of the free energy for the 3 collective variables (CVs) used for our PT-
MetaD-WTE simulations of PTP1B in the (A) unliganded, (B) pNPP-bound and (C) phospho-

enzyme intermediate states. For a definition of the CVs used, see Table S7.
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Figure S2. Time evolution of the free energy for the 3 collective variables (CVs) used for our PT-

MetaD-WTE simulations of YopH in the (A) unliganded, (B) pNPP-bound and (C) phospho-

enzyme intermediate states. For a definition of the CVs used, see Table S8.
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Figure S3. Diffusive dynamics of the 3 collective variables (CVs) used for our PT-MetaD-WTE

simulations of PTP1B in the (A) unliganded, (B) pNPP-bound and (C) phospho-enzyme

intermediate states. Note that wall-potentials were used on each CV to prevent the sampling of

conformational states beyond those observed in our HREX-MD simulations (see Methodology

and Supplementary Methodology for further details). For a definition of the CVs used, see Table

S7.
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Figure S4. Diffusive dynamics of the 3 collective variables (CVs) used for our PT-MetaD-WTE
simulations of YopH in the (A) unliganded, (B) pNPP-bound and (C) phospho-enzyme
intermediate states. Note that wall-potentials were used on each CV to prevent the sampling of
conformational states beyond those observed in our HREX-MD simulations (see Methodology
and Supplementary Methodology for further details). For a definition of the CVs used, see Table
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Figure S5. Graphical depicition of the collective variables (CVs) used to describe WPD-loop
motion in PTP1B (note that effectively the same sets of CVs were used to descrbe YopH). CV1 is
the inter-distance RMSD (DRMSD) between the C, of the WPD-loop to the P-loop. CV2 is the
center of mass (COM) distance between the WPD-loop residues D181 and F182 to the backbone
heavy atoms of the P-loop. CV3 is the COM distance between the C-termial residues of V184 and
P185 to the backbone of the P-loop R221. Note that the P-loop is highly stable in both enzymes
(and throughout the metadynamics simulations), and so acts as a good reference point. The WPD-
loop, P-loop and Q-loops are coloured cyan, green and purple respecively. A more detailed list of
CVs and the corresponding parameters used can be found in Table S7 for PTP1B, and Table S8

for YopH.
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Figure S6. The percentage variance described by each principal component (PC) from PCA
performed on the WPD-loops of X-ray structures of PTP1B and YopH, as well as YopH-PTP1B
chimeras.* The values of the three principal components with the largest eigenvalues (i.e., the

largest description of the variance) are stated on each graph.
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Figure S7. PCA of the WPD loops of the X-ray structures of (A,B) PTP1B, (C,D) YopH and (E,F)
YopH and YopH-PTP1B chimeras.* For a list of PDB structures used for the analysis, see Table
S2. The total variance described by each PC is provided in brackets on the axis labels. The first
two PCs are projected onto each PCA. In all cases, the catalytic aspartic acid and cysteine

nucleophile are shown as balls on each structural figure.
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Figure S8. (A, B) Root mean square fluctuations (RMSF, A) of all C, atoms of the unliganded
forms of (A) PTP1B and (B) YopH, obtained from HREX-MD simulations of these systems.
(C) The RMSF of the WPD-loop regions for both enzymes. For PTP1B, RMS fitting was
performed to the C, atoms of residues: 15-26, 33-41, 69-84, 91-102, 106-109, 133-150, 153-162,
166-176, 188-201, 212-214, 220-237, 246-256, and 264-281 after generating an average structure
from the HREX-MD trajectory. For YopH, RMS fitting was performed to the C, atoms of residues:
191-208, 246-251, 254-259, 264-277, 281-284, 288-296, 306-308, 311-324, 327-337, 344-351,
362-386, 389-392, 400-402, 408-420 and 429-440 after generating an average structure from the

HREX-MD trajectory.
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Figure S9. Mobility plots of PCl and PC2 from the PCA performed on our HREX-MD

simulations of the unliganded-states of (A) PTP1B and (B) YopH.

S42



A 4 Reference Structure: 6DR1 B 4 Reference Structure: 6DT6
Average: 1.77 Average: 1.90
g StDev: 0.25 ;(: StDev: 0.27
QO 34 O 34
@ 3 o 3
= =
o X it
2 2, |
o o 2
O o)
= X
O (&)
© )
m m
14

0 2500 5000 7500 10000 0 2500 5000 7500 10000
Trajectory Frame Number Trajectory Frame Number

Figure S10. (A, B) Measurement of the backbone WPD-loop RMSD of WT-YopH to the crystal
structures of two YopH-PTP1B chimeras which adopt “hyper-open” WPD-loop conformations
(PDB IDs: 6DR1* and 6DT6,* respectively). Trajectory frames used are those with their WPD-
loop in an extended a-helix conformation from our HREX-MD simulations (see Figure 3 and the
associated discussion in the main text). PDB IDs: 6DR1* and 6DT6* (referred to as chimera 2 and
chimera 3 in the original manuscript*) are used as the reference structure for RMSD calculations
in panels A and B respectively. Selected frames were fitted to the reference structure using the C,
atom of residues: 191-208, 246-251, 254-259, 264-277, 281-284, 288-296, 306-308, 311-324, 327-

337, 344-351, 362-386, 389-392, 400-402, 408-420 and 429-440. The RMSD of the WPD-loop

S43



was then determined using the backbone of residues 351-365. (C, D) Aligned structures of HREX
simulation of WT-YopH (shown in magenta) with the smallest backbone WPD-loop RMSD to the
two crystal structures of the wide open YopH-PTP1B chimeras. The crystal structures of chimera
2 (PDB ID: 6DR1,* panel C) and chimera 3 (PDB ID: 6DT6,* panel D) are shown in cyan and
green respectively. The WT-YopH closed state is shown in dark blue below for reference. For both
figures, the P-loop is colored yellow and the point at which helix extension occurs in the wide-
open states (see main text) is circled for both figures. Further, the $7-sheet and a4-helix, which

precede and follow the WPD-loop, are indicated on the figure.
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Figure S11. Heat maps of the WPD-loop hydrogen bonding (H-bond) network differences for
YopH in the closed, open and hyper-open WPD-loop conformational states, obtained from our
HREX-MD simulations. The top panels describe the H-bonds between WPD-loop residues and
other residues distributed throughout the entire enzyme, while the bottom panels describe inter-
WPD-loop H-bonds (note that in the bottom panels, only half of the matrix is shown, as it is
symmetrical). The heat map is colored according to the average number of H-bonds formed per

frame between each residue.
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Figure S12. Measurement of sequence conservation among PTPs. The probability of a amino acid

residue for a given position is depicted using the protein sequence of PTPIB as the template.
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Residues E115 and R223 (both highlighted with red boxes) are highly conserved at their respective
positions, and form the salt bridge between the P-loop and Loop 5 (see the main text for further

discussion). The sequence logo was generated using the GREMLIN” webserver

(http://gremlin.bakerlab.org) and the PTP1B amino acid sequence, using default settings.
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Figure S13. Dynamic cross correlation matrices (DCCMs) obtained from our PT-MetaD-WTE
simulations of PTPIB and YopH in their unliganded, pNPP-bound and phospho-enzyme
intermediate states. DCCMs were obtained using the C, carbon of each residue and are colored
coded as indicated by the color bars on the left-hand side of each row. A value of +1 (red) indicates

perfectly correlated motion, whilst -1 (blue) indicates perfectly anti-correlated motion.
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Figure S15. (A) Histograms (bin range 3-5 A and bin size 0.05 A) of the distance between the
phosphorous atom of the substrate pNPP to the sulfur atom of the nucleophilic cysteine on the P-
loop for both PTP1B and YopH, obtained from conventional MD simulations of the first chemical
step. Note that a one sided harmonic restraint (often referred to as a “wall potential”’) was applied
in both cases to maintain coordination of the substrate throughout the simulation (see the
Methodology and Table S6). (B) Histograms (bin range 2.5-4 A and bin size 0.05 A) of the
distance between the closest water molecule (as measured by its oxygen atom) to the phosphorus
atom on the phospho-enzyme intermediate obtained from conventional MD simulations of the

second chemical step. (C, D) 2D-histograms (bin range —180° to +180°, bin size 12°) of the
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catalytic aspartic acid’s side chain dihedral from conventional MD simulations of the first chemical
step for both (C) PTP1B and (D) YopH. y1 is defined as the dihedral of atoms: N, C,, Cp and C,
and x> is defined as the dihedrals of atoms C., Cp, C, and Os1. In all cases, histograms of the
cleavage (i.e., pPNPP-bound, panels A, C and D) and hydrolysis steps (i.e., the phospho-enzyme
intermediate, panel B) for both PTP1B and YopH were generated from 25x200 ns production MD

simulations, with all simulations starting from the closed (catalytically competent) state.
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Figure S16. Representative structures of (A) the Michaelis complex, (B) the transition state for
the cleavage step, (C, D) the phospho-enzyme intermediate, (E) the transition state for the
hydrolysis step, and (F) the final product complex, for the YopH-catalyzed hydrolysis of pNPP.
Note that while states C and D are essentially identical, we modelled the two reaction steps (Figure
1) as discrete processes, using separate starting structures with appropriate transition state
analogues bound as described in the main text and the Supplementary Methodology section. The
structures shown here are the centroids of the top ranked cluster obtained from RMSD clustering
of 30 individual EVB trajectories of each stationary or saddle point, performed as described in the
Supplementary Methodology. The equivalent figure for PTP1B is provided in the main text (See

Figure 9).
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Figure S17. Electrostatic contributions of selected amino acids (AAG¥ec, kcal mol™) to the
calculated activation free energies for the cleavage and hydrolysis steps catalyzed by PTP1B and
YopH. Note that all electrostatic contributions were scaled assuming an internal dielectric constant
of 4.808! Tn addition, amino acid side chains that are directly participating in the transition state
(from the catalytic cysteine and aspartic acid) are not shown here. Note that reacting atoms

(including catalytic residues) are not shown in this plot.
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Figure S18. Valence bond states used to describe the cleavage reaction (i.e. first chemical step)
catalysed by PTP1B and YopH. Note that for the non-enzymatic reaction, we use a truncated
system whereby only the side chains of the reacting amino acid residues are used, as described in

the Methodology section. Atom numbering for the valence bond states is depicted in Figure S23.
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Figure S19. Valence bond states used to describe the hydrolysis reaction (i.e., second chemical

O

step) catalysed by PTP1B and YopH. Note that for the non-enzymatic reaction, we use a truncated
system whereby only the side chains of the reacting amino acid residues are used, as described in

the Methodology section. Atom numbering for the valence bond states is depicted in Figure S24.
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Figure S20. Key reacting distances at the (A) reactant, (B) transition and (C) product states
obtained from DFT optimization of the non-enzymatic nucleophilic attack of ethanethiolate on
pNPP in the presence of propionic acid. Calculations were performed at the SMD/M062X/6-
31+G(d,p) level of theory. The corresponding raw data for this figure is shown in Table S13 and

the corresponding Cartesian coordinates are shown in Section S7.
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Figure S21. The root mean square deviations (RMSD, A) of all backbone atoms during our EVB
equilibration MD simulations. Equilibration simulations were performed at the approximate EVB
transition states (A = 0.5) for both PTPs and catalytic steps. Shown here are both PTP1B and YopH
during the first (cleavage) and second (hydrolysis) steps of the catalytic reaction. Data was
collected every 10 ps from 30 replicas each of length 30 ns. The grey lines show the 30 individual

runs, whilst the red line shows a rolling average RMSD from all 30 replicas.
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Figure S22. Labelling of the atom types of the substrate p-nitrophenyl phosphate (pNPP, A) and
the phosphorylated cysteine residue in the phospho-enzyme intermediate (CSP, B). In panel B,
capping groups to the main chain are shown only for completeness, and only the atoms
corresponding to the CSP residue in our simulations are labelled. The corresponding force field

parameters used in our simulations are provided in Table S4 (pNPP) and Table S5 (CSP).
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S4. Supplementary Tables

Table S1. All X-ray crystal structures obtained from the Protein Data Bank (PDB)' for the

structural analysis performed in this work.

PTP1B Structures YopH YopH-PTP1B
Structures Chimeras?®
1aax,%? 1bzc,®® 1bzh,?® 1bzj,8 1c83,%* 1¢84,%* 1¢85,34 1¢86,%° 1lyv,” 1920,° 6dr1,* 6dr7,*
1c87,8% 1ecv,®* 1een,® 1eeo0,% 1918 1919,%” 191,87 1g7f,38 1xxp,'?® 1xxv,'?® | 6dt6.4
1979,%8 1gfy,® 1i57,% 1jf7,°" 1189,%? 1nl9,%® 1nny,** 1no6,% 2i42,7 3blt,'*"

1nwe,® 1nwl,% 1nz7,% 10em,% 10e0,%¢ 1ony,*” 1onz,°” 1ph0,%
1pty,82 1th,99 1pyn’100 1q1m7101 1C]6j,102 1q6m,‘°2 1q6n,1°2
196p,'%? 1g6s,'%2 1g6t,"%? 1gxk,*° 1sug,®® 148,70 1t49,70 1t4j,7°
1xbo,%* 2azr,'%5 2b07,% 2bge, %6 2f6f,197 2f6t,108 2fev, 108 2f6w, 108
2f6y, 198 2f6z,198 2f70,1%8 271,18 2fjn, "% 2h4g,""° 2h4k,""? 2hb1,110
2nt7,""" 2nta'" 2qbp,'"? 2qbqg,'"? 2qbr,? 2qbs,'? 2veu,'"?
2vev,"® 2vew, ' 2vex, '3 2vey, '3 2zmm, "4 2zn7,"* 3a5j,° 3a5k,”
3d9c,'"® 3eax,"'"® 3eb1,'"® 3eu0,'® 3i7z,° 3i80,° 3gkp,""” 3qkq,'"”
3sme,'"® 3zv2,""° 4bjo,'?° 4i8n,'?" 4gah,'?? 4qap'?? 4gbe,'??
4qgbw,'?? 4zrt,?3 5k9w,'?4 5ka0,"'?* 5ka1,'?* 5ka2,'?* 5ka3,'?*
5ka4,'?* 5ka7,'%* 5ka8,'%* 5ka9'?* 5kaa,'?* 5kab,'?* 5kad,'?*
5qde,? 5qdf,® 5qdg,® 5qdh,? 5qdi,® 5qd;j,® 5qdk,® 5qdl,® 5qgdm,?
5qdn,® 5qdo,? 5qdp,® 5qdq,® 5qdr, 5qds,® 5qdt,? 5qdu,® 5qdv,?
5qdw,® 5qdx,® 5qdy,® 5qdz,® 5qe0,® 5ge1,® 5qe2,® 59e3,% 5qe4,®
5qe5,8 59e6,® 5qe78 59e8,2 5qe9,2 5qea,? 5qeb,® 5qgec,® 5qed,®
5qee,? 5qef,® 5geg,? 5qgeh,? 5qei,® 5qej,® 5gek,® 5qel,® 5gem,?
5qen,® 5ge0,® 5qep,® 5qeq,® 5qger,? 5ges,® 5qet,? 5qeu,® 5qgev,?
5qew,® 5qex,? 5qey® 5qez,® 5qf0,8 5qf1,® 5qf2, 5qf3,® 5qf4,2
5qf5,8 5qf6,8 5qf7, 5qf8,% 59f9,® 5qfa,® 5qfb,® 5qfc,® 5qfd,® 5qfe,?
5qff,® 5qfg,® 5qfh,® 5qfi,® 5qfj,® 5qfk,? 5qfl,® 5qfm,® 5qfn,® 5qfo,®
5qfp,® 5qfq,® 5qfr,2 5qfs,? 5qft,® 5qfu,® 5qfv,® 5qfw,® 5qfx,® 5qfy,?
5qgfz,8 59g0,% 5q91,% 5992,% 50g93.% 5q9g4,® 59g5,% 5qg6,% 59972
50g8.% 59g99,8 5qga,® 5qgb,® 5qgc,® 5qgd,® 5qge,® 5qgf,® 5119,
6b8e,? 6b8t,2 6b8x,% 6b8z,% 6b90,% 6b95,8 6bai,® 6ewu,”® 6ewy.”®

3blu,'?” 3bm8, %"
3f99,128 3f9q,128
3f9b, 128 3u96,12°
4yaa,"®0 476b,130
474,130 47n5.130

® The YopH-PTP1B chimeras consist of the YopH enzyme with part of the PTP1B WPD-loop transposed into the

sequence.* ® No publication is associated with this structure.
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Table S2. X-ray crystal structures used for simulations of PTP1B and YopH.?

Wild-Type PTP1B

Simulation PI]]))B Modifications Required before simulation
Unliganded-Enzyme 6B90° None (both open and closed WPD-loop conformations are provided
Closed in this PDB).
Unliganded-Enzyme g | None (both open and closed WPD-loop conformations are provided
8 y 6B90
Open in this PDB).
pNPP-Bound Closed® | 317Z° Inhibitor modified to pNPP, geometry optimized.
NPP-Bound Open® g | Manual placement of pNPP into the active site based on position of
P P 6B90 b
pNPP in the ligand-bound closed state (see previous row).
CSP State Closed® 3180° Bound vanadate ion modified into a phosphate group, geometry
optimized.
CSP State Open® 6B90* Constructed based on CSP-bound closed state (see previous row).
Wild-Type YopH
Simulation PI]]))B Modifications Required before simulation
Unliganded-Enzyme | =y ), Bound VO; ion removed.
Closed
Unhgan(c)l;celllEnzyme 1YPT® None.
pNPP-Bound Closed® | 1QZ0° Inhibitor modified to become pNPP, geometry optimized.
NPP-Bound Open® ¢ | Manual placement of pNPP into the active site based on position of
P P 1YPT b
pNPP in the ligand-bound closed state (see previous row).
CSP State Closed® 21497 Bound vanadate ion modified into a phosphate group, geometry
optimized.
CSP State Open°® 1YPT® | Constructed based on CSP-bound closed state (see previous row).

2 “Open” and “Closed” refer to the conformations of the WPD-loop in each crystal structure. Shown here are also any

modifications made to each structure prior to simulations, if relevant. ® pNPP-bound denotes the pNPP-bound

Michaelis complex. ¢ CSP denotes the phospho-enzyme intermediate, with the catalytic cysteine phosphorylated.
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Table S3. Non-standard protonation states and histidine tautomerization states used in all

simulations.?

Non-Standard Protonation States

Syst HIE Taut isation State”
ystemt Catalytic Catalytic Extra automerisation State

Aspartic acid Cysteine Residues

WT PTP1B
Unliganded-Enzyme | Deprotonated | Deprotonated | 102GIH® 25,54, 60,94, 173, 175, 208,

pNPP-Bound® | Protonated Deprotonated | 102GIH® 296
(same as above)

CSP-State® | Deprotonated N/A 102GIH®
(same as above)
WT YopH
Unliganded-Enzyme | Deprotonated | Deprotonated None 270, 350
pNPP-Bound® | Protonated Deprotonated None (same as above)
CSP-State® | Deprotonated N/A None (same as above)

4 For a description of how these states were determined, see the main text. * HIE corresponds to a neutral histidine
residue which is protonated on its Ne nitrogen atom. All other histidine residues were simulated as neutral and
protonated on their N5 nitrogen (HID). ¢ pNPP-Bound denotes the pNPP-bound Michaelis complex. ¢ CSP-state
denotes the phospho-enzyme intermediate, with the catalytic cysteine phosphorylated. © GLH denotes a protonated

glutamic acid side chain.
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Table S4. The GAFF2 force field!* parameters used to describe the substrate p-nitrophenyl

phosphate (pNPP).
Atom Name | Atom Type | Partial Charge | Atom Name | Atom Type | Partial Charge

N no 0.796 OH 0s -0.712
ONI1 0 -0.553 H21 ha 0.169
ON2 0 -0.553 H22 ha 0.169

Cl ca -0.134 H31 ha 0.186
C21 ca -0.124 H32 ha 0.186
C22 ca -0.124 PO pS 1.386
C31 ca -0.442 OP1 0 -0.905
C32 ca -0.442 OP2 0 -0.905

C4 ca 0.905 OP3 0 -0.905

 Parameterization was performed as described in the main text. Labelling of atom types can be found in Figure S22.

Table S5. The ff14SB force field!® parameters used to describe the phosphorylated cysteine

residue (CSP) at the phospho-enzyme intermediate.?

Atom Name | Atom Type | Partial Charge | Atom Name | Atom Type | Partial Charge
N N -0.416 O1P 02 -0.900
CA X -0.035 O2P 02 -0.900
C C 0.597 o3P 02 -0.900
O O -0.568 H H 0.272
CB CT 0.045 HA Hl 0.051
SG S -0.562 HB2 Hl 0.037
P P 1.242 HB3 Hl 0.037

 Parameterization was performed as described in the main text. Any missing force field terms were added by analogy

using the GAFF2 force field.!* Labelling of atom types can be found in Figure S22.
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Table S6. Restraints used to stabilize the pNPP substrate (residue ID: PND) in a catalytically
competent position during the conventional MD and PT-MetaD-WTE simulations with pNPP-

bound to both PTP1B and YopH.?

Distance Restraints
Distances (A) Restraints (kcal mol” A?)
Restraint Index Atom IDs
r P r r rk* rk

PND@PO

Distancel 0.0 0.0 3.8 10.0 0.0 10.0
CYM@SG
PND@OP1

Distance2 0.0 0.0 2.5 10.0 0.0 10.0
RES1°@H
PND@OP2

Distance3 0.0 0.0 2.5 10.0 0.0 10.0
RES2°@H
PND@OP3

Distance4 0.0 0.0 2.5 10.0 0.0 10.0
RES3‘@H

Angle Restraints
Angles (°) Restraints (kcal mol ™! °2)

Restraint Index Atom IDs

r P r r rk* rk
PND@OH

Anglel PND@PO -10 140 | 180 350 10.0 10.0
CYM@SG

@ The values ' through to 7, are the four positions used to define the restraints, and are presented in “A” or “°”
respectively. The force constants 7&* and rk> are for the left and right parabolas respectively and are shown in kcal
mol' A2, Note that the four distance restraints are “half-sided”, meaning no restraint is felt unless 7* is exceeded.
Note also that no restraints are placed between pNPP and the WPD-loop. ° Residue in PTP1B is: S216, residue in
YopH is R404. ¢ Residue in PTP1B is: G220, residue in YopH is G408. ¢ Residue in PTP1B is: 1219, residue in YopH

is V407.
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Table S7. Collective variables (CVs) used for our PT-MetaD-WTE simulations of PTP1B.2

PTP1B
Cv CV Type Residue Residue Grid Min Sigma Upper Gaussian Bias
Index selection 1 | selection 2 and Max Wall Height Factor
Position?
CV0® | Potential N/A N/A —160000.0 100.0 None. 0.6 kcal 60
energy to —40000.0 keal mol ™!
kcal mol ™! mol !
CV1 Inter Co of Co of 0to 10 A 0.1A 6.9 A 0.2 keal 12
Distance residues residues 214- mol ™!
RMSD 175-190 220
CV2 | Center of Heavy Backbone 2t030 A 03 A 23A 0.2 kcal 12
Mass atoms of heavy atoms mol !
Distance residues of residues
181-182 214-221
CV3 | Center of Heavy Backbone 6t030 A 03 A 24 A 0.2 keal 12
Mass atoms of heavy atoms mol !
Distance residues of residues
184-185 214-221

@ Upper wall potentials have a restraint size of 50 kcal mol ' A2 for deviations beyond the wall. ® Note that CVO0 was
held constant (after an initial 10 ns long simulation) during the simulations in order to run our PT-MetaD simulations
in the well-tempered ensemble (WTE), see Methodology and Supplementary Methodology. Note also that the same
CVs (and CV parameters) were used for all three states simulated. A graphical representation of the CVs used is

provided in Figure SS.
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Table S8. Collective variables (CVs) used for our PT-MetaD-WTE simulations of YopH.?

YopH
Cv CV Type Residue Residue Grid Min Sigma Upper Gaussian Bias
Index selection 1 | selection 2 and Max Wall Height Factor
Position?
CV0® | Potential N/A N/A —160000.0 110.0 None 0.6 kcal 60
energy to —40000.0 keal mol !
kcal mol ™! mol™!
CVl1 Inter Coof Cq of 0to 10 A 0.1 A 8 A 0.2 kcal 12
Distance residues | residues 403- mol !
RMSD 351-365 409
CV2 | Center of Heavy Backbone 2t030 A 03 A 25A 0.2 kcal 12
Mass atoms of | heavy atoms mol ™!
Distance residues of residue
356-357 403-410
CV3 | Center of Heavy Backbone 4t030 A 03 A 25A 0.2 keal 12
Mass atoms of | heavy atoms mol !
Distance residues of residue
359-360 403-410

@ Upper wall potentials have a restraint size of 50 kcal mol ™' A2 for deviations beyond the wall. ® Note that CV0 was
held constant (after an initial 10 ns long simulation) during the simulations in order to run our PT-MetaD simulations
in the well-tempered ensemble (WTE), see Methodology and Supplementary Methodology. Note also that the same
CVs (and CV parameters) were used for all three states simulated. A graphical representation of the CVs used is

provided in Figure SS.
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Table S9. Non-WPD-loop or P-loop single point mutations available from the literature that are

known to alter PTP1B kcat or K by 50%.2

Mutations keat (s K (uM) Mutant kcac / Mutant Ky, /
WT keat WT K

Set 1:7°
WT 9.2 282 N/A N/A
R254A 04 2696 0.04 9.56
G2598 43 587 0.47 2.08
R56G 1.9 2930 0.21 10.39

Set 2:*
WT 5.22 1.92 N/A N/A
K197A 2.22 2.31 0.43 1.20
Y152G 1.61 3.51 0.31 1.83
Y153G 0.81 1.32 0.16 0.69

Set 3:7
WT 56 0.57 N/A N/A
Y153A 49 1.1 0.88 1.93
L232A 26 1.0 0.46 1.75
E276A 49 1.1 0.88 1.93
M282A 60 0.9 1.07 1.58
E297A 43 1.1 0.77 1.93

Set 4:'%
WT 4.4 5.0 N/A N/A
L192A 0.5 0.46 0.11 0.09
N193A 2.5 1.8 0.57 0.36

Set 5:%
WT 38.5 0.77 N/A N/A
G259Q 16.3 3.02 0.42 3.92

Set 6:'!
WT 100%"° Not available® N/A N/A
A69V <50%° Not available® <0.5 N/A

 Mutations which meet this threshold (> |50%]) change in kcat or Km are marked in bold. The impact of each mutation
is assessed against the WT kinetics data from the same study. In total, eleven different positions were found. * PTP1B
activity assays were performed in lysates,'3! meaning only a relative activity value is available, see ref. 131 for further

experimental details.
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Table S10. Calculated distances at the Michaelis complexes (MC), transition states (TS) and
product states (PS) obtained from out EVB simulations. Shown are also the average numbers of

water molecules within 4 A of the reacting atoms.?

Cleavage

Syst Scys-P P-O O,nee-H H-O No. of

ystem Cys= -UpnpeP pPNPP- =UAasp waters
RS 4334005 | 1.62+001 | 238007 1.14 £ 0.02 124+03
Non- g1 | 2694004 | 2054003 120+ 0.01 136+ 0.01 12.5+03

enzymatic

IS 2.13+0.02 | 3.10=0.03 1.04 £ 0.01 3.45+0.08 123 +0.4

MC | 338+0.03 | 1.67+0.01 1.52+0.01 1.09+0.01 02+0.1

PTP1B TS1 | 249+0.02 | 2.12+002 | 1.19+0.01 137+0.01 0.5+0.1
IS 2.04+0.01 | 3.34+0.05 1.03+0.01 1.66 + 0.02 14+0.1

MC | 330+0.03 | 1.67+0.01 1.51 +0.01 1.09+0.01 0.7+0.1

YopH TS1 | 244+0.02 | 211+002 | 1.18+0.01 137+0.01 0.8+0.1
IS 2.03+£0.01 | 3.13=0.05 1.04 £ 0.01 1.64 £ 0.02 13+02

Hydrolysis
No. of
Scys-P P-Ouz0 Ouz0-H H-Oaxsp

waters
IS 2.12+0.02 | 3284004 | 1.01+0.01 3.16 + 0.04 133402
Non- 1 yor | 2544004 | 2.02+0.03 1.18+0.01 1.38+0.01 13.9+0.3

enzymatic

PS 464+006 | 157001 | 2.01+0.08 1.09 £ 0.02 13.6 0.3

IS 1.98+£0.01 | 3.09£004 | 1.00+0.01 2.35+0.14 24+0.1

PTP1B TS2 | 233+0.02 | 216+002 | 1.16+0.01 1.41 +0.01 23+0.1
PS 343+0.03 | 1.60+0.01 1.59+0.01 1.06+0.01 2.6+0.1

IS 1.97+0.01 | 3.14+0.03 1.00 £ 0.01 2.21+0.15 2.7+0.1

YopH TS2 | 230+0.02 | 2194002 | 1.15+0.01 1.40 + 0.01 3.0+0.1
PS 337+0.03 | 1.60+0.01 1.58+0.01 1.07£0.01 3.6+0.1

2@ RS/MC, TSI, IS, TS2 and PS correspond to the reactant state/Michaelis complex, transition state for the cleavage,

phospho-enzyme intermediate, transition state for the hydrolysis and product state, respectively. Note that while the

IS obtained at the endpoint of the cleavage and starting point of the hydrolysis reactions are chemically identical, we

modelled the two stages of the reactions using separate crystal structures with appropriate transition state analogues

for each reaction step bound to the active site, as described in the main text. Scys-P denotes the distance between the

cysteine side chain and the phosphorus atom of the phosphate group, P-Opnee denotes the distance between the
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phosphorus atom and the leaving group oxygen in the cleavage step, P-Onxo denotes the distance between the
phosphorus atom and the nucleophilic water molecule in the hydrolysis step, Opnee-H denotes the distance between
the leaving group oxygen and the proton being transferred from the aspartic acid side chain in the cleavage step, Onzo-
H denotes the distance between the nucleophilic water molecule and the proton being transferred back to the aspartic
acid side chain in the hydrolysis step, and H-Oasp denotes the distance between the proton and the relevant oxygen
atom of the aspartic acid side chain. All distances are shown in A. Data is presented as average values and standard

error of the mean over 30 individual EVB trajectories per system / reaction step.
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Table S11. Electrostatic contributions of individual amino acids (AAGeiec, kcal mol™) to the

calculated activation free energies for the cleavage and hydrolysis steps catalyzed by PTP1B and

YopH.?
Amino Acid PTP1B Amino Acid YopH
Cleavage Hydrolysis Cleavage Hydrolysis
D29 -0.20 £ 0.01 0.08 +0.01 R205 0.30 +0.03 0.10 £0.01
R47 0.48 £ 0.01 0.20 +0.01 R230 0.58 £0.08 0.28 £0.01
D48 -0.65+0.05 -0.15+0.03 D231 -0.83 £ 0.05 -0.15+£0.01
D53 -0.23 £0.01 0.15+0.01 R235 0.20 +£0.01 -0.18 £0.01
R56 0.23+0.01 -0.20+0.01 R255 0.15+0.01 -0.20£0.01
K73 0.15+0.01 -0.20+0.01 C259 -0.13£0.01 0.18 £0.01
R79 0.20+0.01 -0.30+0.01 L285 0.28 £0.01 -0.23 £0.01
R105 0.13+0.01 -0.20+0.01 E290 2.28 £0.03 -1.18+0.03
L110 0.23+0.01 -0.23+0.01 Q357 -1.10£0.05 1.33 £0.05
NI11 -0.50 £ 0.01 0.40 +0.01 D373 -0.15+£0.01 0.25+0.01
R112 -0.65+0.03 0.35+0.03 R380 0.15+0.01 -0.28 £0.01
E115 2.30+0.08 -1.25+0.03 D394 -0.15+£0.01 0.20 £ 0.01
K116 -1.53 £0.08 1.38 +£0.08 R398 0.25+£0.01 -0.33 £0.01
K120 -433+0.13 4.18+0.13 H402 -0.28 £0.01 0.15+0.01
R156 0.03+0.01 -0.23+0.01 R404 -1.65+0.13 1.65+0.13
F182 -0.23 £0.01 0.35+0.01 A405 -0.18 £0.01 -0.28 £0.01
E186 0.28 £ 0.01 -0.10+0.01 G406 0.43 +£0.01 -0.75+0.01
K197 0.05+0.01 -0.18 £ 0.01 V407 -0.03 £0.01 -0.30£0.01
R199 0.13+0.01 -0.25+0.01 G408 -0.15+£0.01 -0.30£0.01
H214 -0.33 £0.01 0.28 +£0.01 R409 -1.38+0.03 -0.95+0.03
S216 0.68 £ 0.03 -1.45+0.05 T410 1.20 £0.08 -1.10£0.05
A217 -0.13 £0.01 -0.28 £0.01 D421 -0.15+£0.01 0.23 £0.01
G218 0.50+0.01 -0.73 £0.05 R423 0.13+0.01 -0.20£0.01
1219 0.05+0.01 -0.28 £ 0.01 R437 0.20+£0.01 -0.15+0.01
G220 -0.18 £ 0.01 -0.25+0.01 R440 0.73+£0.13 -0.98 £0.01
R221 -1.50 £ 0.05 -0.90 £ 0.05 K447 -0.80+0.03 0.78 £0.03
S222 1.15+0.01 -1.10£0.05 E449 0.48 £0.01 -0.38 £0.01
D229 -0.20 £ 0.01 0.33+0.03 Q450 -0.23 £0.01 0.15+0.01
E252 -0.15+0.01 0.18 £0.01
R254 0.23+0.01 -0.15+0.01
R257 0.75+£0.05 -0.90 = 0.05
D265 0.33+£0.03 -0.20+0.01
Q266 -0.20 £ 0.01 0.15+0.01

2 Data was obtained from our calculated EVB trajectories using the linear response approximation (LRA)!3%1%3 and is
presented as average values and standard error of the mean over 30 individual trajectories per system. This data is
presented visually in Figure S17. All electrostatic contributions were scaled assuming an internal dielectric constant

of 4 as it is common practice for a polar active site.38!

S68



Table S12. List of ionized residues and histidine protonation patterns used in our EVB simulations

of PTP1B and YopH.?

Residue Number
Type
PTP1B YopH
A 11,22, 29, 48, 53, 65, 148, 229, 236, 231, 300, 325, 330, 373, 394, 421, 431,
SP 245,265, 289, 298 448, 452
Glu 6, 26,76, 115, 14;’91786’ 200, 252, 276, 196, 290, 363, 377, 430, 449, 459
73,116, 120, 150, 197, 237, 239, 247,
Lys 248, 255, 279, 295 225,366, 447, 456
Ar 24, 45,47, 56,79, 105, 112, 156,199, | 194, 200, 205, 228, 230, 235, 255, 303,
g 221,238, 254, 257, 268 380, 398, 404, 409, 423, 437, 440, 463
His-¢’ 25, 54, 60, 94, 173, 175, 208, 296 270, 350
His-° 214 402

® All other ionizable residues not specified in the table were simulated in their neutral state during the simulations, as

they fell outside the explicit solvent sphere (see the Methodology section). ® His-¢ corresponds to a histidine singly

protonated on its Ne2 nitrogen atom. ¢ His-d corresponds to a histidine singly protonated on its Ns: nitrogen atom.
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Table S13. Key reacting distances for the non-enzymatic model reaction, based on DFT-optimized

stationary points obtained in the presence of 6 explicit water molecules.?

Reactive State Distances
State AG
Scys-P P-Opnep Opner-H H-Oasp
RS 4.83 1.72 1.82 0.99 0.0
TS 2.70 2.16 1.55 1.03 19.1
PS 2.19 3.30 1.05 1.45 2.5

2 Scys-P denotes the distance between the cysteine side chain and the phosphorus atom of the phosphate group, P-Opnep
denotes the distance between the phosphorus atom and the leaving group oxygen in the cleavage step, Oynep-H denotes
the distance between the leaving group oxygen and the proton being transferred from the aspartic acid side chain in
the cleavage step, and H-Oasp denotes the distance between the proton and the relevant oxygen atom of the aspartic
acid side chain. The calculated free energies relative to the reactant state are also shown here for reference. As in our
previous work with nucleophilic attack of anionic nucleophiles on related species (see e.g., refs. 13413%), it can be seen
that the DFT calculations significantly underestimate the activation free energy relative to experiment (expected value
0f 29.4 kcal mol!, based on experimental data presented in ref. 3*). Therefore, our objective with these calculations is
only to obtain meaningful transition state geometries as these have been shown to be reliable in our prior work, even
when energies are significantly underestimated (see discussion in ref. 1** and references cited therein). All distances
are shown in A and all energies are shown in kcal mol ™. RS, TS and PS denote the reactant, transition and product

states, respectively. All geometries were optimized at the SMD/M06-2X/6-31+G(d,p) level of theory.
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Table S14. The impact of the WPD-loop conformation on the predicted pKa. values of all ionizable

residues in PTP1B.?

Native Contact (Q) Value
1.0 1099 | 098 | 097 | 0.96 | 0.95 0.9 0.85 0.8 0.7 0.6 0.5 0.4
D11 1.9 1.9 1.9 1.9 1.8 1.9 1.8 1.9 1.9 1.9 1.8 1.9 1.8
D22 3.9 3.9 4.0 3.9 4.0 3.9 4.0 4.0 4.0 4.0 4.0 4.0 3.9
D29 3.8 3.9 4.0 4.0 4.0 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9
D48 3.8 2.5 2.5 2.5 2.6 2.8 3.1 3.1 3.0 2.9 2.4 2.4 2.6
D53 3.1 3.0 2.8 2.6 2.6 2.7 3.0 3.1 3.1 3.2 3.2 3.0 2.9
D63 3.1 3.1 3.5 3.5 3.7 3.6 3.7 3.8 3.8 3.7 3.5 34 34
D65 2.0 2.7 2.8 2.7 2.7 2.8 2.6 2.6 2.6 2.7 2.7 2.7 2.7
D137 4.0 3.9 3.9 4.0 3.9 4.0 4.0 3.9 4.0 4.0 3.9 3.8 3.8
D148 3.1 3.5 3.2 33 33 33 33 33 3.5 3.5 3.5 3.2 33
D181 4.6 3.8 3.6 3.6 3.7 3.6 34 3.1 34 3.0 34 3.5 3.6
D229 1.9 2.0 2.1 2.1 2.0 2.1 2.1 2.1 2.0 1.8 1.9 2.0 1.9
D236 3.0 3.0 3.1 3.0 3.0 3.1 3.1 3.0 3.1 3.1 3.0 3.0 34
D240 2.6 2.0 2.0 1.8 1.9 1.9 2.1 2.4 2.2 1.8 2.0 2.4 2.3
D245 3.0 2.9 2.9 3.1 3.0 2.9 2.8 2.9 2.8 2.8 2.9 2.8 2.8
D265 4.0 4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.0 4.0 4.1 4.0 4.1
D284 4.0 3.7 3.0 2.9 2.9 2.8 2.9 3.1 3.1 3.0 3.0 2.8 2.7
D289 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.7 3.8 3.9
D298 4.2 3.7 34 3.5 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.6 35

Residue

E2 4.5 4.7 4.1 4.1 3.9 4.1 3.9 3.7 3.7 4.1 4.1 4.0 4.0
E4 4.8 3.8 3.5 32 32 33 3.7 3.6 32 33 3.8 43 43
Eo6 3.7 3.8 3.8 3.8 3.8 3.8 3.8 3.8 4.0 4.0 3.9 3.7 39
E8 34 43 4.2 4.2 4.1 4.2 4.0 3.9 4.2 4.4 4.2 4.0 4.1

E26 4.7 4.6 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.6 4.6
E62 4.7 4.6 4.5 44 44 44 4.5 4.5 4.5 4.5 4.5 4.5 4.6
E75 3.7 4.6 4.1 3.9 4.0 3.9 4.1 4.2 43 4.4 43 43 4.1
E76 4.1 4.1 4.0 4.1 43 4.2 44 44 4.1 3.7 3.5 32 3.1
E97 5.5 4.5 6.0 6.1 5.7 5.9 5.1 4.8 5.1 5.7 6.2 7.2 7.2
E101 6.5 7.5 6.5 6.5 6.8 6.9 7.6 7.6 7.3 6.7 6.6 5.9 59
E115 34 4.1 4.0 4.1 43 4.4 4.6 4.8 4.7 4.9 4.1 4.2 4.0
E129 4.6 3.8 4.0 4.0 4.1 4.1 4.1 3.9 3.7 3.8 3.9 3.5 3.6
E130 4.1 4.5 43 4.2 43 43 4.4 4.4 4.4 43 43 4.4 4.2
E132 3.0 3.1 32 32 32 3.1 3.1 32 34 32 33 33 33
E136 4.7 4.7 4.6 4.6 4.6 4.6 44 4.5 4.4 4.4 4.4 4.5 4.6
E147 4.2 4.2 43 43 43 43 43 44 43 43 43 43 4.1
E159 4.8 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.9 4.8 4.8
El61 3.8 4.0 3.9 3.9 3.9 3.9 4.0 4.0 3.8 4.0 4.0 4.0 4.0
E167 3.6 3.8 3.7 3.7 3.7 3.6 3.6 3.6 3.6 3.8 4.0 44 4.5
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E170 33 3.7 3.6 3.7 3.7 3.7 3.8 3.8 3.7 3.7 34 33 34
E186 4.6 4.6 44 44 44 44 44 4.2 42 4.3 4.3 4.4 4.5
E200 44 4.6 44 43 4.2 43 43 44 4.4 4.5 4.2 4.1 4.0
E207 3.1 4.0 3.6 3.5 3.6 3.5 34 3.7 3.6 3.5 3.7 3.9 4.1
E252 4.0 3.7 3.7 3.7 3.7 3.6 3.9 4.1 4.0 3.9 4.0 4.0 39
E276 3.6 3.5 3.6 3.6 3.6 3.7 3.7 3.7 3.7 3.6 3.7 3.8 39
E293 4.6 4.6 4.6 4.6 4.5 4.5 4.6 4.5 4.5 4.5 44 44 4.5
E297 2.8 24 2.7 2.8 3.0 2.9 2.7 2.6 2.6 2.6 2.6 32 2.8
H25 6.3 6.6 6.5 6.4 6.4 6.4 6.4 6.5 6.5 6.5 6.6 6.5 6.6
H54 6.0 6.0 6.0 6.0 6.0 6.0 6.0 5.9 6.0 6.0 6.0 6.0 6.0
H60 6.7 6.5 6.6 6.5 6.5 6.5 6.4 6.4 6.4 6.5 6.5 6.6 6.5
H%4 4.7 4.8 4.8 4.8 4.8 4.8 4.7 4.6 4.7 4.9 4.7 4.6 4.8
H173 0.5 1.5 1.0 0.9 0.9 0.9 1.2 1.3 1.2 0.8 1.0 1.2 1.3
H175 3.0 3.7 34 34 34 3.5 3.6 3.8 3.7 34 3.6 3.9 39
H208 6.1 5.9 5.9 5.9 5.9 5.9 5.9 6.0 6.0 6.0 6.0 6.0 59
H214 3.5 34 33 33 3.3 3.3 33 33 34 3.5 3.5 34 34
H296 6.4 6.5 6.6 6.6 6.6 6.6 6.6 6.6 6.5 6.7 6.7 6.6 6.6
C32 9.0 | 10.7 | 10.2 | 10.1 9.9 9.9 9.7 9.9 9.9 9.8 | 102 | 105 | 104
C92 11.5 | 11.1 | 11.3 | 114 | 113 | 11.3 | 11.1 | 11.1 | 11.3 | 114 | 11.3 | 114 | 114
C121 127 | 11.8 | 12.1 | 122 | 123 | 123 | 122 | 12.0 | 12.1 | 12.2 | 12.1 | 122 | 12.2
C215 9.2 8.5 8.7 8.8 8.7 8.7 8.6 8.6 8.5 8.3 8.4 8.3 8.3
C226 13.8 | 13.5 | 134 | 135 | 135 | 135 | 13.6 | 13.6 | 13.6 | 13.5 | 13.5 | 13.6 | 13.5
C231 127 | 12.7 | 12.6 | 12.6 | 12.6 | 12.6 | 12.6 | 12.6 | 12.7 | 12.7 | 12.6 | 12.7 | 12.7
Y20 10.8 | 10.5 | 10.7 | 10.7 | 10.6 | 10.6 | 10.6 | 10.6 | 10.6 | 10.5 | 10.6 | 10.6 | 10.7
Y46 109 | 103 | 10.8 | 109 | 109 | 109 | 10.6 | 10.3 | 10.2 | 10.1 | 10.2 | 10.2 | 10.1
Y66 12.8 | 12.7 | 12.7 | 12.8 | 12.7 | 12.8 | 12.8 | 12.8 | 12.7 | 12.7 | 12.7 | 12.6 | 12.6
Y81 15.7 | 15.7 | 158 | 157 | 157 | 157 | 158 | 159 | 15.7 | 154 | 15.6 | 157 | 15.7
Y124 154 | 152 | 153 | 153 | 153 | 153 | 153 | 152 | 153 | 153 | 153 | 153 | 154
Y152 122 | 114 | 11.5 | 11.2 | 114 | 11.2 | 11.5 | 11.7 | 11.8 | 11.7 | 11.7 | 12.1 | 129
Y153 14.0 | 13.8 | 139 | 13.8 | 13.8 | 13.9 | 140 | 141 | 14.0 | 13.9 | 13.7 | 13.3 | 13.1
Y176 142 | 125 | 13.1 | 13.1 | 134 | 133 | 13.6 | 13.7 | 13.8 | 13.6 | 13.0 | 13.1 | 13.0
Y271 145 | 144 | 145 | 144 | 144 | 145 | 145 | 146 | 145 | 147 | 146 | 146 | 14.6
K5 112 | 11.1 | 11.1 | 11.2 | 11.2 | 11.0 | 11.1 | 1.5 | 11.6 | 11.1 | 11.1 | 11.0 | 10.9
K12 11.0 | 10.7 | 10.8 | 109 | 11.0 | 109 | 11.1 | 11.2 | 10.9 | 10.7 | 10.9 | 11.1 | I1.1
K36 11.0 | 10.6 | 10.6 | 10.6 | 10.7 | 10.7 | 10.8 | 10.6 | 10.6 | 10.7 | 10.7 | 10.6 | 10.6
K39 104 | 103 | 103 | 104 | 104 | 104 | 104 | 104 | 104 | 104 | 104 | 104 | 104
K41 102 | 103 | 103 | 103 | 103 | 103 | 103 | 103 | 104 | 103 | 10.3 | 10.2 | 10.3
K58 109 | 103 | 104 | 103 | 104 | 103 | 104 | 104 | 104 | 104 | 104 | 104 | 104
K73 11.3 | 104 | 10.8 | 10.8 | 10.7 | 10.8 | 10.6 | 10.6 | 10.6 | 10.6 | 10.6 | 10.7 | 10.9
K103 103 | 103 | 103 | 103 | 103 | 103 | 10.2 | 103 | 103 | 10.3 | 10.2 | 10.2 | 10.2
K116 10.5 | 10.6 | 10.6 | 10.6 | 10.6 | 10.6 | 10.7 | 10.7 | 10.6 | 10.6 | 10.7 | 10.5 | 10.6
K120 102 | 103 | 10.5 | 104 | 104 | 104 | 105 | 10.5 | 10.5 | 10.5 | 104 | 103 | 104
K128 10.5 | 109 | 11.0 | 11.1 | 11.0 | 109 | 10.8 | 11.1 | 11.2 | 11.3 | 11.2 | 11.4 | 114
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K131 11.3 | 11.2 | 11.2 | 11.1 | 11.2 | 11.2 | 11.2 | 11.1 | 109 | 11.0 | 11.0 | 11.1 | 11.0
K141 114 | 112 | 11.3 | 11.3 | 113 | 11.3 | 11.2 | 11.2 | 113 | 11.2 | 11.2 | 11.2 | 11.2
K150 11.3 | 11.7 | 114 | 114 | 113 | 11.5 | 11.7 | 11.6 | 11.5 | 11.3 | 11.5 | 11.4 | 115
K197 9.9 104 | 103 | 10.5 | 10.5 | 104 | 104 | 10.1 | 10.2 | 10.0 | 10.5 | 10.8 | 11.0
K237 104 | 10.0 | 104 | 103 | 103 | 102 | 10.2 | 10.1 | 10.3 | 10.2 | 10.3 | 104 | 10.4
K239 114 | 114 | 113 | 11.3 | 113 | 11.2 | 11.2 | 11.3 | 11.2 | 11.3 | 11.3 | 11.3 | 11.0
K247 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 12.0 | 11.9 | 12.0 | 12.1 | 12.0 | 11.9 | 11.9
K248 10.6 | 10.5 | 10.7 | 10.7 | 10.8 | 10.8 | 10.7 | 10.7 | 10.7 | 10.7 | 10.6 | 10.7 | 10.6
K255 112 | 114 | 113 | 11.3 | 11.3 | 11.3 | 11.2 | 11.1 | 11.3 | 11.4 | 11.3 | 11.3 | 11.3
K279 114 | 11.3 | 113 | 11.3 | 11.3 | 11.3 | 11.3 | 11.3 | 11.3 | 11.3 | 11.3 | 11.3 | 11.3
K292 11.0 | 12.0 | 11.1 | 109 | 10.7 | 10.8 | 10.7 | 10.7 | 10.8 | 10.9 | 11.1 | 11.4 | I1.1
R24 12.7 | 129 | 12.6 | 125 | 12.6 | 125 | 125 | 12.6 | 12.6 | 12.6 | 12.7 | 12.7 | 125
R33 12.6 | 12.8 | 12.7 | 12.8 | 12.8 | 12.7 | 12.6 | 12.6 | 12.6 | 12.6 | 12.5 | 12.7 | 12.7
R43 11.6 | 11.6 | 11.6 | 11.7 | 11.6 | 11.6 | 11.5 | 11.4 | 11.5 | 11.7 | 11.6 | 11.4 | 11.5
R45 11.6 | 119 | 11.6 | 11.6 | 11.6 | 11.6 | 11.7 | 11.8 | 11.8 | 11.7 | 11.8 | 11.6 | 11.7
R47 125 | 13.8 | 13.7 | 13.8 | 13.6 | 13.5 | 13.2 | 13.0 | 13.0 | 13.3 | 139 | 139 | 13.7
R56 133 | 13.0 | 13.0 | 13.1 | 13.0 | 13.0 | 13.0 | 13.0 | 13.0 | 12.9 | 13.0 | 13.1 | 13.1
R79 14.1 | 139 | 13.7 | 13.8 | 139 | 13.8 | 13.8 | 13.8 | 14.0 | 144 | 14.1 | 14.0 | 14.1
R105 12.8 | 129 | 12.8 | 12.8 | 12.8 | 12.8 | 12.7 | 12.8 | 12.7 | 12.7 | 12.8 | 129 | 12.7
R112 123 | 125 | 124 | 124 | 124 | 12.4 | 125 | 12.7 | 12.7 | 12.7 | 12.7 | 12.5 | 12.7
R156 114 | 11.8 | 11.6 | 11.6 | 11.5 | 11.5 | 11.6 | 11.5 | 11.5 | 11.5 | 11.4 | 11.6 | 11.8
R169 125 | 123 | 123 | 123 | 123 | 124 | 125 | 125 | 124 | 123 | 12.1 | 11.8 | 11.7
R199 127 | 12.7 | 12.6 | 12.6 | 12.6 | 12.6 | 12.6 | 12.6 | 12.6 | 12.7 | 12.7 | 12.7 | 12.7
R221 128 | 124 | 125 | 126 | 12.6 | 12.6 | 125 | 123 | 122 | 12.0 | 12.1 | 12.5 | 124
R238 127 | 12.8 | 12.7 | 12.7 | 12.6 | 12.6 | 124 | 124 | 12.8 | 13.2 | 13.2 | 13.5 | 135
R254 11.0 | 11.0 | 11.3 | 114 | 114 | 114 | 113 | 11.3 | 11.1 | 11.1 | 11.1 | 11.2 | 11.2
R257 10.1 | 102 | 10.2 | 10.2 | 10.2 | 102 | 10.2 | 10.2 | 10.2 | 10.2 | 10.2 | 10.2 | 10.2
R268 13.7 | 13.6 | 13.7 | 13.7 | 13.8 | 13.7 | 13.8 | 13.8 | 13.8 | 13.8 | 13.9 | 13.8 | 13.8

*pKacalculations were performed on our PT-MetaD-WTE simulations of PTP1B in complex with pNPP, and estimated

using PROPKA v3.1.!° For each Q-value, 100 frames were used to calculate the average value. The native contact

value (Q) is used to define how similar the WPD-loop is to the closed state crystal structure reference, with values

closer to 1 meaning the WPD-loop closed state (see the Supplementary Methodology for further details about how

the O-value is defined). The general acid, D181, is highlighted in bold red.
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Table S15. The impact of the WPD-loop conformation on the predicted pKa values of all ionizable

residues in YopH.?

Native Contact (Q) Value
Residue Number
1 099 | 0.98 | 097 | 096 | 095 | 09 [ 085| 08 | 0.7 | 06 | 05 | 04
D214 14 | 14 | 15 14 | 14 | 15 1.5 1.6 1.5 1.5 1.5 1.5 1.5
D231 34 | 37 | 36 | 36 | 35 | 35| 32 |33 | 34|33 |30 ] 30| 3.0
D243 22 | 24 | 26 | 26 | 27 | 26 | 23 | 23 | 26 | 24 | 2.1 23 | 22
D300 34 | 34 | 3.1 30 | 3.0 | 3.0 | 3.0 | 3.1 3.1 3.0 | 3.0 | 3.1 3.0
D325 35136 | 37 | 38 |38 | 38 | 37|37 | 37| 36|38 | 38| 36
D330 38 136 | 36 | 35 |35 |36 | 37|36 | 36| 35|37 ]| 39| 38
D356 47 | 44 | 45 | 43 | 44 | 43 | 42 | 42 | 40 | 42 | 41 42 | 39
D373 45 | 47 | 47 | 47 | 47 | 47 | 47 | 46 | 47 | 47 | 46 | 49 | 48
D393 2.1 | 21 1.9 1.9 1.9 1.8 1.8 | 2.0 | 2.0 1.7 | 2.0 19 | 22
D394 26 | 27 |29 |30 | 30| 30| 29 | 31 32 | 3.0 | 3.1 32 | 3.0
D421 1.8 | 20 | 20 | 20 | 20 | 20 | 2.1 | 22 | 2.0 | 2.0 | 2.1 20 | 2.1
D431 36 | 38 | 36 | 36 | 36 | 36 | 3.6 | 35 | 3.6 | 33 | 32 | 3.6 | 35
D448 40 | 39 | 40 | 40 | 40 | 40 | 40 | 40 | 40 | 39 | 3.8 | 40 | 40
D452 33 | 33 | 33 | 32 | 33|32 30 | 3.1 32 | 32 | 32 | 35 | 34
E192 47 | 46 | 45 | 45 | 45 | 45 | 45 | 45 | 43 | 44 | 42 | 40 | 41
E196 39 139 | 39| 38 |38 3939|3939 ]| 39|38 39| 39
E224 46 | 44 | 44 | 44 | 44 | 45 | 41 | 4.1 43 | 45 | 45 | 42 | 42
E268 30 | 3.1 3.1 3.1 3.1 32 | 32 | 34 | 34 | 3.1 33 | 34 | 34
E276 38 1 38 | 39| 40 | 40 | 41 | 40 | 40 | 39 | 39 | 40 | 39 | 39
E290 21 | 23 |22 |22 22|22 |23 |22 |23 |21 |24 | 25|25
E314 36 | 3.7 | 38 | 38 | 38 | 38 | 38 | 39 | 39 | 38 | 3.6 | 3.7 | 3.7
E338 3.1 35137 |38 | 37|37 |34 | 35|32 |34 27| 32 3.1
E363 4.1 38 138 | 38 | 38|39 |38 | 38 | 40 | 40 | 42 | 38 | 39
E377 38 139 | 40 | 41 | 41 | 40 | 3.6 | 3.6 | 3.6 | 3.7 | 33 | 32 | 3.1
E384 47 | 47 | 43 | 43 | 43 | 43 | 42 | 43 | 41 42 | 40 | 39 | 38
E430 32 | 35 | 37 |37 |36 |36 | 36|37 | 37|39 |40 | 40 | 39
E449 42 | 40 | 41 | 40 | 40 | 39 | 38 | 39 | 40 | 43 | 42 | 41 | 42
E459 39 | 40 | 40 | 41 | 42 | 42 | 43 | 43 | 43 | 43 | 43 | 40 | 4.1
H270 27 | 27 | 28 | 28 | 28 | 2.8 | 2.7 | 27 | 27 | 27 | 27 | 2.8 | 28
H350 47 | 47 | 47 | 47 | 47 | 47 | 48 | 47 | 47 | 47 | 45 | 44 | 44
H402 33 | 33 | 3.1 32 | 32 | 32| 34|32 |33 |33 ]| 34| 32| 33
C221 9.1 9.1 9.1 9.1 9.1 9.1 92 |1 94 | 97 | 96 | 94 | 94 | 94
C234 11.2 { 11.1 | 11.1 | 11.1 | 11.1 | 11.1 | 10.8 | 10.8 | 10.7 | 10.7 | 11.0 | 10.9 | 11.0
C259 12.1 | 12.1 | 12.1 | 12.0 | 12.1 | 12.0 | 12.0 | 12.1 | 12.0 | 12.1 | 12.1 | 12.0 | 11.9
C403 90 | 92 | 9.1 9.1 9.1 9.1 87 | 89 | 90 | 87 | 87 | 87 | 8.6
C418 1.5 (115 | 11.5 | 11.5 | 11.5 | 114 | 11.4 | 11.3 | 11.5 | 11.6 | 11.4 | 11.3 | 11.3
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Y189 10.7 | 10.8 | 10.7 | 10.8 | 10.7 | 10.8 | 10.7 | 10.7 | 10.7 | 10.7 | 10.9 | 10.5 | 10.5
Y217 113 | 114 | 114 | 11.5 | 114 | 11.5 | 114 | 114 | 113 | 113 | 11.5 | 11.5 | 114
Y248 10.7 | 10.7 | 10.8 | 10.9 | 10.8 | 10.8 | 10.8 | 10.8 | 10.7 | 10.7 | 10.8 | 10.8 | 10.7
Y261 135135 | 135 | 134 | 134 | 134 | 135 | 13.5 | 135 | 135 | 13.6 | 13.5 | 134
Y301 15.6 | 155 | 15.6 | 15.6 | 156 | 155 | 156 | 15.6 | 156 | 155 | 156 | 155 | 155
Y308 109 | 11.0 | 109 | 11.0 | 11.0 | 11.0 | 109 | 109 | 11.0 | 11.0 | 11.0 | 11.0 | 11.0
Y332 11.0 | 109 | 109 | 109 | 10.9 | 10.9 | 10.9 | 109 | 109 | 10.8 | 10.8 | 10.9 | 11.1
Y383 113113 | 11.3 | 113 | 11.3 | 11.3 | 11.3 | 11.2 | 11.2 | 113 | 11.3 | 113 | 114
K225 103 | 103 | 10.3 | 103 | 10.3 | 10.3 | 10.3 | 10.3 | 103 | 104 | 103 | 103 | 104
K316 10.5 | 104 | 104 | 104 | 104 | 104 | 10.5 | 10.5 | 10.5 | 10.6 | 10.8 | 10.6 | 10.5
K342 10.1 | 10.2 | 10.3 | 103 | 10.3 | 10.3 | 10.3 | 10.3 | 10.4 | 10.5 | 10.6 | 10.5 | 10.6
K366 10.9 | 109 | 109 | 11.0 | 10.9 | 10.9 | 10.8 | 10.8 | 10.5 | 10.8 | 10.7 | 10.9 | 11.0
K379 94 195 |95 |96 | 95 | 96 | 95 | 95 | 95 | 96 | 96 | 94 | 95
K386 104 | 104 | 104 | 104 | 104 | 104 | 104 | 104 | 104 | 104 | 10.4 | 104 | 104
K396 114|113 | 11.3 | 113 | 11.3 | 11.3 | 11.4 | 11.3 | 11.3 | 11.6 | 11.3 | 114 | 114
K447 10.5 | 10.8 | 10.6 | 10.7 | 10.6 | 10.7 | 10.6 | 10.7 | 10.7 | 10.4 | 10.4 | 10.6 | 10.6
K456 11.2 | 11.1 | 11.1 | 11.1 | 11.0 | 11.0 | 11.1 | 11.0 | 11.0 | 11.1 | 10.8 | 11.1 | 11.1
R194 132 | 13.1 | 13.1 | 13.1 | 13.1 | 13.0 | 13.1 | 13.1 | 13.1 | 13.1 | 13.2 | 12.8 | 12.9
R200 143 | 144 | 143 | 143 | 143 | 142 | 143 | 143 | 143 | 143 | 143 | 144 | 14.6
R205 11.9 | 12.0 | 12.0 | 12.1 | 12.1 | 12.1 | 122 | 122 | 122 | 12.1 | 12.1 | 11.8 | 11.9
R216 14.0 | 14.0 | 139 | 140 | 140 | 139 | 139 | 139 | 140 | 139 | 139 | 139 | 14.0
R228 10.8 | 10.8 | 10.8 | 10.8 | 10.8 | 10.8 | 11.2 | 11.0 | 11.0 | 11.1 | 11.1 | 11.0 | 10.9
R230 13.0 | 12.8 | 12.8 | 12.8 | 129 | 12.9 | 13.2 | 13.1 | 13.0 | 13.1 | 133 | 134 | 134
R235 12.0 | 11.9 | 12.0 | 119 | 120 | 11.9 | 11.9 | 119 | 119 | 119 | 119 | 11.8 | 11.9
R236 123 | 122 | 122 | 122 | 122 | 122 | 122 | 122 | 122 | 122 | 122 | 122 | 12.2
R241 134 | 132 | 13.1 | 13.0 | 13.0 | 13.1 | 13.2 | 13.3 | 13.0 | 13.2 | 13.5 | 13.5 | 135
R255 133 | 13.1 | 129 | 12.7 | 12.7 | 12.7 | 127 | 12.6 | 12.6 | 12.6 | 12.6 | 12.5 | 12.7
R272 14.1 | 13.9 | 13.7 | 13.7 | 13.8 | 13.7 | 14.1 | 139 | 140 | 139 | 14.0 | 143 | 143
R278 122 | 124 | 124 | 124 | 124 | 124 | 123 | 123 | 124 | 12.5 | 124 | 124 | 124
R295 124 | 124 | 124 | 124 | 124 | 124 | 124 | 124 | 124 | 124 | 124 | 124 | 124
R303 133 | 132 | 132 | 132 | 132 | 133 | 13.2 | 134 | 135 | 134 | 134 | 134 | 133
R337 134 | 132 | 132 | 13.1 | 13.1 | 13.0 | 12.8 | 12.7 | 12.8 | 12.8 | 125 | 12.6 | 12.7
R380 127 | 125 | 129 | 129 | 129 | 13.1 | 13.7 | 13.5 | 13.7 | 13.8 | 144 | 148 | 149
R398 11.1 | 11.1 | 11.0 | 109 | 11.0 | 11.0 | 11.1 | 11.0 | 11.0 | 10.9 | 11.0 | 11.0 | 11.2
R404 124 | 122 | 122 | 122 | 123 | 123 | 12.1 | 122 | 123 | 122 | 11.9 | 11.9 | 11.8
R409 13.9 | 13.7 | 13.7 | 13.7 | 13.8 | 13.8 | 13.8 | 13.8 | 13.8 | 13.8 | 13.9 | 14.0 | 14.1
R423 13.8 | 13.8 | 13.8 | 13.8 | 13.8 | 13.8 | 13.8 | 13.8 | 13.8 | 13.7 | 13.9 | 13.9 | 13.8
R437 10.0 { 99 | 10.0 | 10.0 | 10.0 | 10.0 | 10.1 | 10.1 | 10.1 | 10.1 | 10.1 | 10.0 | 10.0
R440 11.0 { 11.0 | 11.0 | 11.0 | 11.0 | 11.0 | 11.2 | 11.3 | 11.4 | 11.2 | 11.0 | 11.1 | 11.1
R463 11.5 | 11.5 | 11.5 | 11.5 | 11.5 | 11.5 | 11.5 | 11.5 | 11.5 | 11.5 | 11.7 | 11.7 | 11.7
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*pKacalculations were performed on our PT-MetaD-WTE simulations of YopH in complex with pNPP, and estimated
using PROPKA v3.1.!° For each Q-value, 100 frames were used to calculate the average value. The native contact
value (Q) is used to define how similar the WPD-loop is to the closed state crystal structure reference, with values
closer to 1 meaning the WPD-loop closed state (see the Supplementary Methodology for further details on how the

O-value is defined). The general acid, D356, is highlighted in bold red.
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S5. Empirical Valence Bond Parameters

State 1 13 14
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Figure S23. Atom numbering of the valence bond states used to describe the cleavage (i.e., first

chemical step) reaction catalyzed by PTP1B and YopH (see Figure 1 in the main text for the full

reaction mechanism).
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Figure S24. Atom numbering of the valence bond states used to describe the hydrolysis reaction
(i.e., second chemical step) catalyzed by PTP1B and YopH (see Figure 1 in the main text for the

full reaction mechanism).
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Table S16. Empirical valence bond parameters used to describe the PTP-catalyzed reactions.?

AGH AGy Hi; a
Cleavage 29.6£0.1 -14+0.2 162.5 54.5
Hydrolysis 352+0.2 -10.1£0.2 133.5 47.8

@ Shown here are the are averages and standard error of the mean of calculated activation (AG*) and reaction (AGo)
free energies for the non-enzymatic model systems used to describe the cleavage and hydrolysis steps (Figure 1),
respectively, and the values of Hij and « calibrated to reproduce these energies. All energies are shown in kcal mol ™.
For details of the calibration, see the Methodology section, and for a detailed description of the physical meaning of

these parameters, see e.g., refs. 51,136.
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Table S17. List of the atom types and van der Waals parameters in our EVB simulations to

describe the atoms constituting the reacting parts of the system.?

értom A (lll(/gzgl: Bi (lll(/gzkllf G (l;_clal ai (A?) (k/:;f” 2 (kl:zll-;” 2 Mass
ype mo ) mo ) mol ) mol2 3%) | mol'? A3 (a.w)
CA 1059.1297 23.6736 748.9178 16.7398 12.011
CT 944.518 22.0296 667.8751 15.5773 12.011
C2 1802.2385 34.1758 1274.3751 | 24.1659 12.011
HA 69.5797 4.9095 49.2003 34715 1.0079
HC 84.5728 5.4127 59.802 3.8274 1.0079
H 0.0054 0.0433 0.0038 0.0306 1.0079
HO 0.0054 0.0433 92 1.8 0.0038 0.0306 1.0079
N 971.7502 28.3077 687.1312 20.0166 14.007
o1 616.4387 23.7692 435.888 16.8074 15.999
02 616.4387 23.7692 90 2.5 435.888 16.8074 15.999
ODE 601.1488 22.2648 90 1.5 425.076 15.7436 15.999
03 401.0174 17.3232 90 2.5 283.5621 12.2494 15.999
04 690.3744 23.86 90 2.5 488.1684 16.8716 15.999
ON 554.6317 21.386 392.1838 15.1222 15.999
OP 626.3868 23.6698 4429224 16.7371 15.999
ow 793.3991 25.0106 90 2.5 561.0179 17.6852 15.999
SG 2593.9355 55.597 91 2.5 1834.1894 39.313 32.065
P 2447.7925 46.7907 110 1.7 1730.8507 33.086 30.974

A standard 6-12 Lennard-Jones potential was used for all other atoms except the reacting atoms. In the case of the
reacting atoms, which change bonding patterns between atoms i and j, an alternate function of the form V.., =
CiC; exp(—a;a;ry;) was used to prevent artificial repulsion between these atoms as bonding patterns change. r;

denotes the distance (A) between atoms i and j. Atom type assignments to the atoms in our EVB simulations are

provided in Table S22.
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Table S18. Bond types and corresponding parameters used to describe the covalent bonds

constituting the reacting part of the system.?

Bond Type K, (keal mol ' A7%) ro (A) D (kcal mol™) a(AD | nd)
1 900 1.364
2 1312 1.25
3 1140 1.229
4 200 1.25 0.945
5 245.8 1.5 0.945
6 30 1 2.163
7 95 1.75 1.61
8 1106 0.945
9 2000 1.0
10 938 1.4
11 800 1.46
12 734 1.08
13 1100 1.225
14 1050 1.516
15 680 1.09
16 444 1.81
17 634 1.522

. . . . . 2 .
® Bonds between non-reacting atoms are described using harmonic potentials, V},rmonic = 0.5K} (ri ;= ro) ,while

2
bonds between reacting atoms are described using Morse potentials, V,,,,se = D (1 —exp (—a(ri ;= ro))) . Note

that a bond type assignment of ‘0’ indicates that a bond has been broken in that VB state. Bond type assignments to

the atoms in our EVB simulations are provided in Table S17.

S81



Table S19. Angle types and their corresponding parameters used to describe the bending of

adjacent bonds in the reacting part of the system.?

Angle Type K, (kcal mol ' rad %) O (°)
1 160.0 120.4
2 140.0 117.0
3 70.0 113.0
4 150.0 100.0
5 160.0 114.0
6 150.0 115.923
7 200.0 107.0
8 400.0 109.47
9 130.0 92.754
10 126.0 120.0
11 70.0 120.0
12 160.0 117.5
13 170.0 120.0
14 140.0 120.0
15 160.0 125.3
16 66.0 107.8
17 70.0 109.5
18 280.0 114.0

“The angle potential is described using the potential Vg, 50 = 0.5 X ko (0 — 0,)2. Note that an angle type assignment
of ‘0’ indicates that an angle has been broken in that VB state. Angle type assignments to the atoms in our EVB

simulations are provided in Table S25.
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Table S20. Torsion angle types and the corresponding parameters used to describe the rotation of

dihedral angles in the reacting part of the system.?

Torsion Angle Type | K, (kcal mol! rad? n 0o (°)
1 0.583 2 180
2 0.273 2 180
3 1.5 -1 0
4 2.45 2 180
5 0 2 180
6 0 1 0
7 0.841 2 180
8 -2.6555 -1 0
9 -0.2235 -2 180
10 0.2415 3 0
11 0.15 3 0
12 0.24 3 0
13 0.547 2 180
14 0 1 0
15 2.45 2 180
16 3.625 2 180
17 0.6995 2 180

¢ The torsion angle potential is described using the potential Vyysi0n = K, (1 + cos(ng — ¢,)). Note that a torsion
angle type assignment of ‘0’ indicates that a torsion angle has been broken in that VB state. Torsion angle type

assignments to the atoms in our EVB simulations are provided in Table S26.

Table S21. Improper torsion types and the corresponding parameters in the reacting part of the

system.?
Improper Torsion Angle Type ki (keal mol™ rad?) 70 (°)
1 1.1 180
2 10.5 180
3 4.0 180

* The improper torsion potential is described using the potential Viproper = K;(T — To)?, where ki is the force constant
and 1 is the equilibrium angle (in degrees). Note that an improper torsion angle type assignment of ‘0’ indicates that a

bond has been broken in that VB state.
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Table S22. Atom types in the different valence bond states used to describe the PTP-catalyzed

reaction.?
Cleavage Hydrolysis
Atom Atom Type Atom Atom Type
Number State 1 State 2 Number State 1 State 2
1 CT CT 1 CT CT
2 HC HC 2 HC HC
3 HC HC 3 HC HC
4 C2 C2 4 C2 C2
5 ODE 02 5 02 ODE
6 Ol 02 6 02 01
7 HO HO 7 CT CT
8 CT CT 8 HC HC
9 HC HC 9 HC HC
10 HC HC 10 SG SG
11 SG SG 11 P P
12 N N 12 OP OP
13 ON ON 13 OoP oP
14 ON ON 14 OP OP
15 CA CA 15 ow 03
16 CA CA 16 H HO
17 CA CA 17 HO HO
18 CA CA
19 CA CA
20 CA CA
21 03 04
22 HA HA
23 HA HA
24 HA HA
25 HA HA
26 P P
27 oP oP
28 oP oP
29 OP OP

2 Corresponding parameters for each atom type can be found in Table S17.
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Table S23. Partial charges for the different valence bond states used to describe the PTP-catalyzed

reaction.
Cleavage Hydrolysis
Atom Atom Type Atom Atom Type

Number State 1 State 2 Number State 1 State 2
1 -0.1200 -0.2200 1 -0.2200 -0.1200
2 0.0600 0.0600 2 0.0600 0.0600
3 0.0600 0.0600 3 0.0600 0.0600
4 0.5200 0.7000 4 0.7000 0.5200
5 -0.5300 -0.8000 5 -0.8000 -0.5300
6 -0.4400 -0.8000 6 -0.8000 -0.4400
7 0.4500 0.4299 7 0.0454 -0.2545
8 -0.2545 0.0454 8 0.0380 0.0992
9 0.0992 0.0380 9 0.0380 0.0992
10 0.0992 0.0380 10 -0.6622 -0.9440
11 -0.9440 -0.6622 11 1.2423 1.3832
12 0.7963 0.3191 12 -0.9003 -0.9678
13 -0.5529 -0.2121 13 -0.9003 -0.9678
14 -0.5529 -0.2121 14 -0.9003 -0.9678
15 -0.1338 -0.2193 15 -0.8340 -0.7953
16 -0.1244 -0.0281 16 0.4170 0.3154
17 -0.1244 -0.0281 17 0.4170 0.4500
18 -0.4416 -0.1996
19 -0.4416 -0.1996
20 0.9050 0.1700
21 -0.7123 -0.4833
22 0.1863 0.1580
23 0.1863 0.1580
24 0.1694 0.1734
25 0.1694 0.1734
26 1.3862 1.2423
27 -0.9050 -0.9003
28 -0.9050 -0.9003
29 -0.9050 -0.9003
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Table S24. Bond types used to describe the covalent bonds in the reacting part of the system.?

Cleavage Hydrolysis
Atom Number Bond Type Atom Number Bond Type
#1 #2 State 1 State 2 #1 #2 State 1 State 2
4 5 1 2 4 5 2 1
4 6 3 2 4 6 2 3
5 7 4 0 5 17 0 4
7 21 0 5 10 11 6 0
11 26 0 6 11 15 0 7
21 26 7 0 15 16 9 8
15 16 10 10 15 17 5 0
15 17 10 10 7 8 15 15
15 12 11 11 7 9 15 15
16 18 10 10 7 10 16 16
16 24 12 12 1 4 17 17
17 19 10 10 1 2 15 15
17 25 12 12 1 3 15 15
18 20 10 10 12 11 14 14
18 23 12 12 13 11 14 14
19 20 10 10 14 11 14 14
19 22 12 12
20 21 1 1
12 13 13 13
12 14 13 13
27 26 14 14
28 26 14 14
29 26 14 14
8 9 15 15
8 10 15 15
8 11 16 16
1 4 17 17
1 2 15 15
1 3 15 15

# Corresponding parameters for each bond can be found in Table S18.
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Table S25. Angle types used to describe the angles in the reacting part of the system.?

S&7

Cleavage Hydrolysis

Atom Number Angle Type Atom Number Angle Type
#1 #2 #3 State 1 | State 2 #1 #2 #3 State 1 | State 2
1 4 5 1 2 1 4 5 2 1
4 5 7 3 0 4 5 17 0 3
7 21 20 0 3 17 10 11 4 0
8 11 26 0 4 10 11 12 5 0
11 26 27 0 5 10 11 13 5 0
11 26 28 0 5 10 11 14 5 0
11 26 29 0 5 11 15 16 0 9
20 21 26 6 0 12 11 15 0 7
21 26 27 7 0 13 11 15 0 7
21 26 28 7 0 14 11 15 0 7
21 26 29 7 0 16 15 17 8 0
15 16 18 10 10 9 7 8 16 16
15 16 24 11 11 9 7 10 17 17
15 17 19 10 10 8 7 10 17 17
15 17 25 11 11 12 11 13 18 18
15 12 13 12 12 12 11 14 18 18
15 12 14 12 12 13 11 14 18 18
16 15 17 10 10 4 1 2 17 17
16 15 12 13 13 4 1 3 17 17
16 18 20 10 10 2 1 3 16 16
16 18 23 11 11
17 15 12 13 13
17 19 20 10 10
17 19 22 11 11
18 16 24 11 11
18 20 19 10 10
18 20 21 14 14
19 17 25 11 11
19 20 21 14 14
20 18 23 11 11
20 19 22 11 11
14 12 13 16 16
10 8 9 16 16
10 8 11 17 17
9 8 11 17 17
27 26 28 18 18
27 26 29 18 18
28 26 29 18 18




4 1 2 17 17
4 1 3 17 17
2 1 3 16 16

 Corresponding parameters for each angle can be found in Table S19.
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Table S26. Torsion angle types used to describe the torsion angles in the reacting part of the

system.?
Cleavage Hydrolysis
Atom Number Arfgolzs’ll?;pe Atom Number AIgolZs’ll?;pe

41 4 #3 44 Stilte St;te #1 4 43 44 Stzllte St;lte
1 4 5 7 3 0 1 4 5 17 0 3
1 4 5 7 4 0 1 4 5 17 0 4
3 1 4 6 0 6 3 1 4 6 6 0
3 1 4 6 5 0 3 1 4 6 0 5
2 1 4 6 0 6 2 1 4 6 6 0
2 1 4 6 5 0 2 1 4 6 0 5
6 4 5 7 4 0 6 4 5 17 0 15
7 21 20 18 0 7 7 10 11 12 11 0
7 21 20 19 0 7 7 10 11 13 11 0
8 11 26 27 0 11 7 10 11 14 11 0
8 11 26 28 0 11 8 7 10 11 12 0
8 11 26 29 0 11 9 7 10 11 12 0
9 8 11 26 0 12 12 11 15 16 0 14
10 8 11 26 0 12 13 11 15 16 0 14
18 20 21 26 13 0 14 11 15 16 0 14
19 20 21 26 13 0 Cas’ | 1 4 5 2 1
20 21 26 27 14 0 Ceys® 7 10 11 8 0
20 21 26 28 14 0 Ceys 7 10 11 9 0
20 21 26 29 14 0 Ceys 7 10 11 10 0

Casp 1 4 5 1 2

Coys’ 8 11 26 0 8

Ceys 8 11 26 0 9

Ceys 8 11 26 0 10
15 16 18 20 16 16
15 16 18 23 16 16
15 17 19 20 16 16
15 17 19 22 16 16
16 15 17 19 16 16
16 15 17 25 16 16
16 15 12 13 17 17
16 15 12 14 17 17
16 18 20 19 16 16
16 18 20 21 16 16
17 15 16 18 16 16
17 15 16 24 16 16
17 15 12 13 17 17
17 15 12 14 17 17
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17 19 20 18 16 16 [ |
17 19 20 | 21 16 16
18 16 15 12 16 16
18 20 19 22 16 16
19 17 15 12 16 16
19 20 18 23 16 16
20 18 16 | 24 16 16
20 19 17 25 16 16
24 16 15 12 16 16
24 16 18 23 16 16
25 17 15 12 16 16
25 17 19 22 16 16
23 18 20 | 21 16 16
33 19 20 21 16 16

2 Corresponding parameters for the defined torsions can be found in Table S20.° Casp denotes the Cq carbon of the
catalytic aspartic acid, ¢ Ceys denotes the Cy carbon of the catalytic cysteine. These two atoms are not part of the

reacting system.
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Table S27. Improper torsion angle types used to describe the improper torsion angles in the

reacting part of the system.?

Atom Number Improper Torsion Angle Type :
Cleavage Hydrolysis
#1 #2 #3 #4 State 1 State 2 State 1 State 2
1 4 5 6 2 2 2 2
15 16 18 24 1 1
15 17 19 25 1 1
15 12 13 14 2 2
16 15 17 12 3 3
16 18 20 23 1 1
17 19 20 22 1 1
18 20 19 21 3 3

2 Corresponding parameters for each torsion angle can be found in Table S21.
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S7. Cartesian Coordinates of QM Optimized Stationary Points

Reactant State

3.31800 1.12700 0.33400
4.65300 0.86100 0.09000
5.05600  -0.46500  -0.04300
4.16100  -1.52600 0.06900
2.82600  -1.25600 0.31900
2.40100 0.07400 0.44800
2.96300 2.14800 0.43500
5.37300 1.66500  -0.00300
4.50900  -2.54700  -0.03200
2.11600  -2.06600 0.43100
6.45500  -0.75200  -0.30200
7.23700 0.18600  -0.38500
6.79800  -1.91900  -0.42900
1.11600 0.39900 0.71600
-0.20900  -0.52200 0.12000
-0.28900  -1.71800 1.07200
0.14400  -0.86200  -1.31600
-1.32300 0.50900 0.29400
-2.78300  -3.03100  -2.55500
-3.35600  -2.33900  -3.18100
-1.74400  -3.02900  -2.90900
-3.19500  -4.03500  -2.70200
-2.85800  -2.61600  -1.09200
-2.39200  -1.63100  -0.99600
-2.25600  -3.30300  -0.48300
-4.57000  -2.52700  -0.42600
-2.41100 3.41100  -1.11300
-3.18600 4.09800  -1.46200
-2.69000 3.05600  -0.11600
-2.37700 2.55100  -1.78700
-1.04800 4.11800  -1.09300
-0.00400 3.10800  -0.71200
0.16400 3.00200 0.61100
0.65200 2.16100 0.77800
-0.80500 4.50200  -2.08600
-1.04800 4.94200  -0.37600
0.59100 2.40500  -1.50900
-2.48500 0.75700 2.72200
-2.79200  -0.18000 2.62100
-1.98000 0.85900 1.87700
-2.82800  -1.88400 2.17800
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-3.46100
-1.94100
-1.94000
-1.20000
-2.67700
-3.84200
-2.96700
-4.23000
-4.62200
-4.50500
-3.93700
-0.06300
-0.88300
-0.06500

TTZTOIDNITNOITITTZTOZEZTZTOITT

Transition State

-3.28800
-4.58000
-4.87800
-3.88700
-2.59500
-2.25500
-3.03800
-5.36300
-4.14300
-1.81800
-6.22100
-7.08700
-6.47400
-1.04000
0.72500
0.50000
0.13200
1.48300
3.44700
4.32400
3.03300
3.78600
2.40900
2.06500
1.53100
3.04300
1.70000
2.21300
2.10300
1.91000
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-2.03400
-1.86000
0.21100
-0.12900
0.29700
0.49900
0.45200
-0.41100
2.06700
1.56800
1.66300
-0.49100
0.03000
-1.03200

0.96300
0.66800
-0.61400
-1.59700
-1.30000
-0.01100
1.95100
1.41400
-2.58300
-2.05300
-0.92600
-0.05800
-2.05500
0.28300
-0.59300
-1.85600
-0.47600
0.57600
-2.86000
-2.23300
-3.17300
-3.75500
-2.10400
-1.22300
-2.73800
-1.54900
4.25000
5.19600
3.81700
3.56400

1.43000
1.74800
-2.88300
-2.33200
-2.24400
-0.74800
-0.28900
-0.61600
1.44700
0.61200
2.01900
3.56500
3.46400
2.74600

-0.79600
-0.42400
0.05200
0.15500
-0.21900
-0.71000
-1.17000
-0.49600
0.52400
-0.15600
0.43700
0.33800
0.85600
-1.08900
-0.19500
-1.01000
1.18800
-0.80900
3.25800
3.45100
4.22500
2.72800
2.44100
2.99200
2.27700
0.81800
0.60500
0.79600
-0.31600
1.42900
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0.18700
-0.46300
-0.45200
-0.72100
-0.21600
-0.03600
-0.90100

3.29900

3.21600

2.74400

2.73300

3.22200

1.87000

1.59600

1.05000

2.37900

3.65000

2.87300

3.72100

5.55800

5.02200

4.86900

0.62600

1.55200

0.46000
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Product State

3.41500
4.58700
4.81500
3.88600
2.71300
2.46200
3.21700
5.32700
4.08600
1.96300
6.03900
6.84700
6.23700
1.33500
-1.09800
-0.80100
0.04300
-1.74600
-2.73500
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4.47200
3.13900
2.79200
1.80100
4.88300
5.15300
2.41600
-0.45400
-1.41700
-0.03100
-3.10200
-3.03900
-2.69700
1.33400
0.72000
1.47600
1.47400
1.41200
0.51400
0.52900
1.02300
0.10400
-0.72300
-0.47500
-1.34300

1.28700
0.78200
-0.59500
-1.47600
-0.97000
0.41700
2.35300
1.44200
-2.54000
-1.62500
-1.11900
-0.34000
-2.33000
0.86400
-0.70400
-1.44200
-0.72400
0.68300
-3.70300

0.48300
0.22500
-1.05400
-1.12300
1.41100
-0.34100
1.10900
-2.56600
-2.36300
-1.86200
-1.89500
-1.05000
-1.62300
2.72200
2.18000
2.15700
0.70400
0.10200
0.94800
-1.21800
-0.56900
-1.77000
-3.59300
-3.41000
-2.86100

0.59700
0.06900
0.11000
0.66700
1.19100
1.16800
0.58400
-0.36800
0.68000
1.62000
-0.43800
-0.93500
-0.39000
1.70800
0.11600
1.42600
-0.89400
0.33500
-2.83600
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-3.55200
-2.18200
-3.17000
-1.80100
-1.36400
-0.98700
-2.72300
-1.62300
-2.16900
-2.27100
-1.41400
-0.31600

0.47100

0.73200

1.13900

0.30100
-0.50600

0.80300
-3.69300
-3.65700
-2.97700
-3.06500
-3.48700
-2.18900
-0.93200
-0.51600
-1.79400
-3.43800
-2.81200
-3.62300
-5.56700
-4.94300
-4.99600
-1.81100
-2.41600
-2.04700

-3.15800
-4.24200
-4.43800
-2.75400
-2.02400
-3.30400
-1.83000
3.84100
4.65600
3.40000
3.07100
4.33600
3.16200
3.19300
1.86000
4.81200
5.07000
2.24000
0.32600
-0.65700
0.53000
-2.34600
-2.86900
-2.08300
0.59200
0.18500
0.90000
1.19800
1.13500
0.25500
0.70100
1.04400
0.57200
-0.30600
0.12600
-1.24200

-3.31800
-3.61100
-2.15200
-2.10100
-2.78600
-1.62400
-0.81700
-1.41500
-1.89600
-0.65000
-2.16200
-0.79400
-0.22400
1.03100
1.43100
-1.56500
-0.00800
-0.99500
2.19200
2.26000
1.53300
2.49800
1.79700
2.09700
-3.13600
-2.34100
-2.79900
-1.74900
-0.98000
-1.91700
0.13900
-0.52700
0.92400
4.24800
3.61400
4.14700
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