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ABSTRACT: Protein tyrosine phosphatases (PTPs) are promis-
ing drug targets for treating a wide range of diseases such as
diabetes, cancer, and neurological disorders, but their conserved
active sites have complicated the design of selective therapeutics.
This study examines the allosteric inhibition of PTPIB by
amorphadiene (AD), a terpenoid hydrocarbon that is an unusually 2
selective inhibitor. Molecular dynamics (MD) simulations carried ZJ7 % )
out in this study suggest that AD can stably sample multiple W
neighboring sites on the allosterically influential C-terminus of the

catalytic domain. Binding to these sites requires a disordered a7
helix, which stabilizes the PTP1B—AD complex and may
contribute to the selectivity of AD for PTP1B over TCPTP.
Intriguingly, the binding mode of AD differs from that of the most
well-studied allosteric inhibitor of PTP1B. Indeed, biophysical measurements and MD simulations indicate that the two molecules
can bind simultaneously. Upon binding, both inhibitors destabilize the a7 helix by disrupting interactions at the a3—a7 interface and
prevent the formation of hydrogen bonds that facilitate closure of the catalytically essential WPD loop. These findings indicate that
AD is a promising scaffold for building allosteric inhibitors of PTP1B and illustrate, more broadly, how unfunctionalized terpenoids
can engage in specific interactions with protein surfaces.

B INTRODUCTION rate-limiting step in catalysis, and (ii) this motion is regulated
by a network of hydrogen bonds (h-bonds) that extends to the
C-terminal a7 helix on the catalytic domain.'”"*~*° Inter-
actions between the a3, a6, and a7 helices—referred to in this
paper as the helical triad—affect the intermediate timescale
dynamics of WPD loop motion. At conformational extremes,
an ordered a7 helix stabilizes a closed WPD loop, and a
disordered helix stabilizes an open WPD loop. The removal of
the @7 helix reduces catalytic activity by 40—60%.”"**
Allosteric inhibitors that bind to poorly conserved sites on
PTP1B are promising starting points for building selective
therapeutics. An early screen identified benzobromarone
derivatives that bind outside of the active site.”” These
inhibitors displace the a7 helix, restrict rotation of the a3 helix,
and prevent the formation of h-bonds that stabilize a closed
WPD loop.”* Unfortunately, these molecules have not been
translated into approved drugs. Nuclear magnetic resonance
(NMR) analyses and multitemperature crystallography have
uncovered other allosterically influential regions—most
notably, the disordered C-terminus that extends from the

Protein tyrosine phosphatases (PTPs) are an influential class of
regulatory enzymes that have long eluded drug design; they are
often referred to as “undruggable”, largely as a result of the low
bioavailability and poor selectivity of known inhibitors. These
enzymes regulate cellular growth, motility, and oncogenic
transformation and contribute to a broad set of complex
physiological processes (e.g., memory, inflammation, metabo-
lism, and autoimmunity).'™® Classical PTPs catalyze the
hydrolytic dephosphorylation of tyrosine residues with four
conserved active site loops: (i) the P-loop [C(X)SR(S/T)],
where an arginine facilitates both substrate binding and
transition state stabilization and a cysteine enables nucleophilic
attack of the phosphate ester, (ii) the WPD loop (*”WPD'#!),
which has the general acid catalyst required for hydrolysis, (iii)
the Q-loop, where a glutamine positions a water for
nucleophilic attack of the phosphocysteine intermediate, and
(iv) the substrate binding loop, which selects for phosphory-
lated tyrosine residues.” The conserved active site of PTPs has
hindered the design of selective therapeutics.

The catalytic domains of PTPs appear to include an
allosteric network that communicates between the active site Received:  July 31, 2022
and less conserved regions.'”"" PTP1B provides an illustrative Revised:  September 24, 2022
example.'*™"* Over the years, a myriad of biophysical analyses Published: October 12, 2022
of this enzyme have yielded two particularly important
findings: (i) the closure of its WPD loop enables
dephosphorylation of the phosphocysteine intermediate, a
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catalytic domain to the endoplasmic reticulum, the “197 site”,
which sits between the a3 helix and a f-sheet, and the “L16”
site (residues 237-243), located beneath the a6—a7
junction.”** The design of inhibitors that bind to these
regions, however, remains challenging, and to date, no
inhibitors of PTP1B have entered phase III clinical trials.>*%~>*

Motivated by the paucity of well-characterized allosteric
inhibitors of PTPs, we used an engineered microbial system to
search for terpenoids that inhibit PTP1B.>* We reasoned that
nonpolar terpenoids, if inhibitory, would bind outside of the
positively charged active site. Indeed, detailed kinetic analyses
(i.e., initial rate curves collected at different substrate
concentrations) and X-ray crystallography completed in a
previous study showed that amorphadiene (AD) is a
noncompetitive inhibitor that binds to a hydrophobic pocket
formed by a reorganization of its @7 helix® AD is a
surprisingly selective and potent inhibitor for a small, “greasy”
molecule (Figure 1A); its ICs is approximately SO M, and it

A

B

s

Figure 1. Chemical structures of (A) AD and (B) BBR are distinct.
AD is significantly smaller in size and lacks the h-bond donors and
acceptors that allow BBR to form stabilizing h-bonds. Given the
structure of AD, it is surprising that AD exhibits a similar level of
selectivity for PTP1B over TCPTP and inhibits PTP1B with an ICg,
that is only ~6X greater than that of BBR.>**

inhibits PTP1B five- to sixfold more potently than TCPTP,
which shares 69% sequence identity.”* AD also appears to
engage in loose, conformationally flexible binding, a behavior
evidenced experimentally by ill-defined regions of electron
density around its crystallographic binding site.*

This study combines molecular dynamics (MD) simulations,
detailed kinetic measurements, and binding analysis to study
the mechanism by which AD inhibits PTP1B. It focuses on
three important questions: (i) How does AD interact with the
a7 helix to form a stable complex? (ii) How does the PTP1B—
AD complex disrupt enzyme activity? (iii) How do
mechanisms of inhibition differ between AD and previously
characterized benzobromarone derivatives (Figure 1B)?
Answers to these questions could reveal new varieties of
allosterically influential interactions with PTP1B, illustrate how
unfunctionalized terpenoids can engage in specific interactions
with protein surfaces, and inform the design of new inhibitory
compounds.

B MATERIALS AND METHODS

Materials. We used chemically competent NEB Turbo E.
coli cells for cloning and BL2(DE3) E. coli cells to express
PTPIB (New England Biolabs). We purchased 3-(3,5-
dibromo-4-hydroxy-benzoyl)-2-ethyl-benzofuran-6-sulfon-ica-
cid-(4-(thiazol-2-ylsulfamyl)-phenyl)-amide (BBR) and 2-
[(carboxy-carbonyl)amino]-4,5,6,7-tetrahydrothieno[2,3-c]-
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pyridine-3-carboxylic acid hydrochloride (TCS 401) from
Cayman Chemical (Ann Arbor, Michigan) and Ertiprotafib
from MedKoo Biosciences. We purchased HEPES buffer [1 M
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.3]
from Fisher, biochemical reagents (e.g, DNA polymerase)
from New England Biolabs, and DNA primers from Integrated
DNA Technologies. We isolated AD from microbial cell
cultures as described previously.”

Cloning and Molecular Biology. We constructed
mutants of PTP1B with Gibson assembly. We designed all
primers to have 60 °C annealing temperatures and full
complementary to facilitate plasmid assembly. We introduced
point mutations near the middle of each primer to ensure
proper annealing. We ligated all DNA segments at 50 °C for 1
h and confirmed the presence of targeted mutations using
Sanger sequencing (QuintaraBio). Table S1 lists all primers.

Protein Expression and Purification. We overexpressed
mutant and wild-type forms of PTP1B (residues 1—321) on
pET16b plasmids, where the PTP1B gene was fused to a C-
terminal 6X polyhistidine tag. We note that the a7 helix ends
at residue ~298, so our construct has a 23-residue, proline-rich
linker between the helix and the purification tag. This
disordered linker seperating the histidine tag and the a7
helix makes disruption of ligand-@7 interactions by the
polyhistidine tag extremely unlikely. We transformed E. coli
BL21(DE3) cells with each pET16b vector and grew the
transformed cells in 1 L cultures to an ODy, of 0.5—0.8 (37
°C, 225 RPM), induced them with 500 ¢ M IPTG, and grew
them at 22 °C for 18 h. We lysed the cells with lysis buffer (20
mM Tris HCl, 50 mM NaCl, 1% Triton X-100, pH 7.5) and
purified PTP1B with nickel affinity and anion exchange
chromatography (HisTrap HP and HiPrep Q HP, respectively;
GE Healthcare). We used 10,000 MW cutoff spin columns for
each buffer exchange (Satorius). We stored the final protein in
HEPES buffer (50 mM, pH 7.5, 0.5 mM TCEP) in 20%
glycerol at —80 °C.

Analysis of Binding Affinity. We examined the binding of
inhibitors to PTP1B by measuring binding-induced changes in
tryptophan fluorescence. In brief, we measured the fluores-
cence (280,,/370,,,) of S uM PTP1B in the presence of 0—500
uM BBR (50 mM HEPES, 8% DMSO, pH = 7.3) under three
conditions: (i) BBR alone, (ii) BBR with 115 uM AD, and (iii)
BBR with 30 uM TCS401. These concentrations of AD and
TCS401 produce similar levels of inhibition (i.e., ~50%;
Figure S1). To assemble binding isotherms, we fit fluorescence
data to AF = (AF,,L)/(Kq + L), where AF is the change in
tryptophan fluorescence caused by BBR, L is the concentration
of BBR (in uM), AF,, is the maximum change in
fluorescence, and Kj is the dissociation constant. Table S3
reports raw fluorescence data, calculated values of AF, and final
fit parameters (i.e., AF,, and Ky).

Differential Scanning Fluorimetry. We used differential
scanning fluorimetry (DSF) to examine the influence of several
inhibitors (AD, BBR, Ertiprotafib, and TCS401) on the
melting temperature of PTP1B. We dissolved each inhibitor in
100% DMSO at 50X the desired concentration (0—300 pM)
and preincubated 1 uL of this solution with 49 uL of protein
solution [(2 uM PTP1B, 50 mM HEPES (pH 7.3), SX SYPRO
orange dye (Life Technologies, Eugene, OR)] for at least 10
min; here, we ensured that the maximum inhibitor
concentration reached at least 3X ICg,.. We used a
StepOnePlus RT-PCR instrument (Life Technologies, Eugene,
OR) to perform a melting curve analysis with detection
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settings for the Rox reporter (580,/621,, nm) and the
following temperature regime: hold at 25 °C (2 min), ramp to
95 °C at 1° C/min, and hold at 95 °C (2 min). We exported
final temperature, normalized fluorescence, and first-derivative
data for the melt region (Figure S2) and estimated melting
temperatures (T,,) by calculating the local minima of the
negative first-derivative data (Figure 2D).*

MD Simulations. We prepared PTP1B for MD simulations
by starting with three X-ray crystal structures: (i) apo PTP1B
with an ordered @7 helix and a closed WPD loop (PDB code:
1SUG), (ii) PTP1B in complex with BBR (PDB code: 1T4]J),
and (iii) PTP1B in complex with AD (PDB code:
6W30).>*%*% Both protein—ligand complexes had an open
WPD loop and a disordered a7 helix, which prevented
resolution with X-ray crystallography. For each structure, we
removed crystallized waters, glycerol, and Mg*", adjusted the
protonation state to a pH of 7 using the H++ web server,
added Na' ions to neutralize the net charge, and hydrated the
protein with a TIP3P water box, maintaining a minimum
distance of 10 A between the protein or ligand and the periodic
boundary. Given routine incorrect predictions by H++, the
catalytic CYS2135 residues were manually verified to be in the
expected deprotonated state for physiological pH conditions.

We carried out MD simulations with GROMACS 2020.4°
on the Bridges-2 cluster at the Pittsburgh Supercomputing
Center. In all simulations, we modeled PTP1B with the
AMBER ff99sb-ildn force field and parameterized AD and BBR
with the Open Force Field v.1.3.0 “Parsley”.’® All analysis
scripts and input parameters can be found in the repository at
https://github.com/shirtsgroup/PTP1B. Ligand parameteriza-
tion scripts can be found in repository folder “Ligand
Parameters”. We carried out an energy minimization to 100
kJ/mol/nm force tolerance and equilibrated the protein in the
NVT ensemble at 300 K for 100 ps, followed by equilibration
to the NPT ensemble at 300 K and 1 atm for 100 ps. All
simulations used the velocity rescaling thermostat™ and
Beredensen weak-coupling barostat. Further configuration
details for the simulations appear in the repository folder
“data/mdp”. We ran all MD simulations for 300 ns
(unrestrained NPT) and visualized MD trajectories with visual
MDs 1.9.3 (VMD).*

X-ray crystal structures of PTP1B bound to BBR or AD lack
the a7 helix, which becomes partially disordered when PTP1B
binds to these inhibitors. This conformational disorder
prevents resolution with X-ray crystallography. Previous
mutational analyses suggest that the disordered a7 helix
mediates interactions between both inhibitors and PTP1B.**
Accordingly, for a subset of simulations, we reconstructed the
a7 helix (ie., residues 287—299) using Modeller 10.1 and a
reference structure with the helix ordered and intact (PDB
1SUG). We reconstructed missing residues into an ordered
helix using homology modeling to fit the structure of the
known sequence of C-terminal residues (residues 280—299;
code can be found in the “build_a7” folder of the repository).
We then generated an ensemble of disordered helical
conformations using restrained heating and allosteric ligand
binding. We applied positional restrains (1000 kJ/mol/nm? on
all atoms) to all protein residues outside of the a7 helix
(residues 1—280), heated the system gradually from 400 to
500 K over 300 ns, and selected three disordered
conformations from the final 50 ns of simulations, where the
helix was completely disordered [i.e., the defined secondary
structure prediction (DSSP) algorithm labeled 0% of residues

8429

e No Ligand ¢ 30 uM TCS401
* 115 yMAD

Tm (°C)

-»- AD

+ BBR

-e- TCS401
- Ertiprotafib

_AFmax'L
AF = Kg+L ]
T T 30

400 0

T T |
100 200 300

[Compound] (uM)

o 200

BBR (M)
Figure 2. (A) Structures of AD and well-studied allosteric (BBR;
benzofuran derivative PDB FRJ) and competitive (TCS401)
inhibitors. (B) X-ray crystal structure of PTP1B bound to AD
(PDB entry 6W30) with the binding sites for BBR and TCS401
overlaid for reference. We aligned structures of the PTP1B—AD,
PTP1B—BBR, and PTP1B—TCS401 complexes (PDB entries 6W30,
1T4], and SK9W) using the “align” function from PyMol. AD and
BBR bind to the allosteric site, which includes residues from the a3,
a6, and a7 helices; TCS401 binds to the active site, which is flanked
by the WPD and P-loops. (C) Fluorescence-based binding isotherms
for BBR measured in the presence and absence of either AD or
TCS401. We ensured similar levels of binding by AD and TCS401
using concentrations that produced similar levels of inhibition
(~50%; Figure S1). Binding parameters (+SE) for AF
(AF,*L)/(Ky + L): K; = 10.1 + 2.7 uM and AF,, = 227,000 +
13,000 (BBR alone); K; = 13.1 + 3.8 uM and AF,, = 195,000 +
12,000 (BBR with AD); and Ky = 31.0 + 2.8 uM and AF,,, = 94,000
+ 2000 (BBR with TCS401). The insensitivity of the BBR binding
isotherm to the presence of AD suggests that the two inhibitors can
bind simultaneously. Error bars denote the standard error for n = 3
technical replicates. (D) Melting temperatures determined with DSF
indicate that BBR and Ertiprotafib destabilize PTP1B, while AD and
TCS401 do not. Error bars denote standard deviation for n = 3
technical replicates.

@ helical]. We supplemented these disordered conformations
with a fourth, which we selected at random from the final 25 ns
(in which the helix was fully disordered) of our simulation of
the PTP1B—BBR complex initialized with an ordered a7 helix
and an open WPD loop.
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Figure 3. AD is capable of occupying a diverse set of binding conformations. (A) In MD simulations initialized with a disordered a7 helix, AD
samples two adjacent sites with near-equal frequency: the crystallographic site (loc1; blue) and a neighboring site (loc2; green). When the a7 helix
is initialized with an ordered conformation or absent, AD moves to two new sites: loc3 (pink) and loc4 (brown). Table S5 provides the percent
occupancy of all sites, and Section S1.6 details the procedure used to determine occupancy percentages. (B) During MD trajectories, AD (bound to
locl and loc2) and BBR interact with the same core set of residues (green) and several residues specific to AD (blue) or BBR (purple). (C)
Comparison of rmsds for the COM of AD and BBR in different complexes. AD exhibits significantly larger fluctuations than BBR in complex with
PTP1B. In the ternary complex, both AD and BBR experience a stabilizing effect, although it is more significant for AD. This stabilization of both
ligands in the ternary complex is likely due to stabilization though additional contacts between AD and BBR. (D) In MD simulations initialized
with AD and BBR at their crystallographic binding sites, AD moves to the outside of the @7 helix and remains at this location (blue) for the entire
duration of the 1 ys trajectory. In (A—C), the protein and ligand represent centroid structures from the corresponding MD trajectories.

We chose a variety of starting configurations to probe the
effects of the introduction of the ligand to the structure of
PTP1B. We initialized simulations of apo and AD-bound
PTP1B with the WPD loop in open (derived from 6W30;
WPD,,.,) and closed (derived from 1SUG; WPDq)
conformations and with the a7 helix ordered, disordered,
and absent (Table S2). In the apo state, PTPIB is found
primarily in the WPD,,,., at physiological temperatures, but the
apo closed conformation has been observed in rare
instances.'”'® Existing biophysical data cannot disentangle
whether allosteric inhibitors bind the apo closed conformation
and force a large conformational change or whether they bind
the apo open conformation and elicit a smaller conformational
change. The prevailing hypothesis is that allosteric inhibitors
bind the apo open conformation, but given the unique
chemical structure of AD, we did not want to operate under
that assumption. The WPD .4 conformation allowed us to
simulate conformational changes induced by the introduction
of the ligand to the binding site; however, the timescales of
these simulations were potentially insufficient for the PTP1B—
ligand complex to reach a stable final equilibrium. The
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allosteric inhibitors are more likely to bind the WPD
conformation, which reduces the conformational changes
required for the ligand-bound structure to equilibrate and
achieve stable equilibrium (i.e., it yields realistically achieving

open

stable equilibrium within the timescale of our simulations). For
BBR, we ran the same simulations used for AD, excluding
those lacking the a7 helix. Previous studies have elucidated the
importance of this helix in BBR binding, so we included only
a7-containing structures in our analysis of the PTP1B—BBR
complex.

Analysis of MD Trajectories. Before completing analysis
on our MD trajectories in detail, we carried out two important
processing steps: (i) removal of correlated trajectory frames
and (ii) removal of unequilibrated trajectory frames and
determination of convergence. Correlated trajectory frames
were removed with ruptures 1.1.6,"" and unequilibrated
trajectory frames were removed based on the root-mean-
square deviation (rmsd) of backbone atoms, relative to the
starting structure for the production simulation (further details
in Sections S1.1 and S1.2).

https://doi.org/10.1021/acs.jpcb.2c05423
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Our MD trajectories suggested that AD can bind to several
different sites on PTP1B. We classified these binding sites as
follows (also pictured in Figure 3A):

1. At locl, the crystallographic binding location, AD
engages in simultaneous interactions with the a3 and
a7 helices without interacting with the a4 and aS helices
or the N-terminal region of the a6 helix (residues 264—
270).

2. At loc2, AD interacts with the a3, @6, and a4 helices
without interacting with the @5 helix or the C-terminal
residues of the a7 helix (residues 291—299).

3. At loc3, AD interacts with the @4 and a6 helices without
interacting with the a3 or a7 helices.

. At loc4, AD interacts with the L-11 loop and
corresponding S sheets (residues 142—162) and the
a3 helix without interacting with the a6 helix or the N-
terminal of the a7 helix (residues 285—292).

We considered the ligand to be unbound when it had no
interactions with the a3—a7 helices or f sheet. Any frames in
which the ligand was bound but not to one of our defined
binding sites were classified as “other bound” states. These
were unstable and not conserved between trajectories and were
thus not otherwise classified. In the abovementioned data, we
define interactions as a distance of <5 A between heavy atoms
in the ligand and protein residues, a relatively generous
distance allowing for transient contacts.

The WPD loop of PTP1B can adopt an open or closed
conformation. We classified its position by the distance
between the a-carbons of D181 and C215 (i.e., the catalytic
acid and the nucleophile, respectively),"”*** as measured
using the compute_distances function of MDTraj. Crystal
structures with the WPD loop in closed and open states had
D181—C215 distances of 8 and 15 A, respectively, so we used
a distance of 10 A to differentiate between states: WPD j,.q
(<10 A) and WPD,,,c, (10 A). As confirmation, the
combination of distances from all MD trajectories showed a
bimodal distribution with a minimum at approximately 10 A
(Figure S3D).

We examined the helicity of the a7 helix in our MD
trajectories using the DSSP algorithm implemented in MDTraj
1.9.4.** This algorithm characterizes the secondary structure of
each residue based on the ¢ and y torsional angles.
Importantly, DSSP can differentiate between the @, 3, and
7 helices. This analysis allowed us to characterize the order, or
lack thereof, of the a7 helix. In this paper, “a helicity” is
specific to residues with an @ helix conformation, while
“helicity” alone generalizes to include all listed helix types.

To further classify the structure of PTP1B throughout the
simulations, we evaluated the rmsd of the backbone atoms and
the root-mean-square-fluctuation (RMSF) of select protein
regions, relative to a centroid structure. We defined the
centroid structure by clustering each trajectory on the
backbone atoms of the equilibrated trajectory using
gmx_cluster and taking the centroid of the cluster consisting
of all structures. For each trajectory, we evaluated the rmsd of
the backbone atoms relative to both (i) the centroid structure
for the trajectory and (ii) the centroid structure for the
trajectory of the apo protein initialized with the WPD loop in
the closed conformation (with an ordered a7 helix). The
second analysis allowed us to search for structural changes in
the protein induced by inhibitor binding. For ligand-bound
trajectories the center-of-mass (COM) rmsd for the ligand was
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also computed using bootstrapping on the uncorrelated
configurations to determine the mean and standard error of
the ligand COM rmsd value (further details in Section S1.3).

The catalytic domain of PTP1B has seven a-helices that play
an important role in allosteric communication. We quantified
interhelical interactions and helix—ligand interactions between
these influential helices as those with a residue—residue or
residue-ligand distance of less than 5 A. We defined interhelical
interactions disrupted by ligand binding as those that occur
significantly less (p < 0.05) in the ligand bound versus
corresponding apo conformation. We calculated the p-value
using Welch’s T-test for the fraction of the simulation time that
the interaction was present for the ligand bound (AD or BBR)
compared to apo trajectories. For this analysis, ligand-bound
trajectories all maintain an open WPD loop and feature a
disordered a7 helix with the ligand bound in its crystallo-
graphic pose (or in loc2 for AD).

We isolated allosterically influential h-bonds with several
steps. (1) We used the Baker-Hubbard model implemented
within MDTraj to identify h-bonds. This model uses a proton
donor—acceptor distance of 2.5 A and a donor—acceptor angle
of less than 120° to classify h-bonds. (ii) We removed h-bonds
formed in a majority of all trajectories, regardless of WPD loop
conformation or the presence of an allosteric inhibitor, or
formed between adjacent (within 3) residues and calculated
the percent of the trajectory in which each of the remaining
bonds appeared. (iii) For each h-bond, we determined the
mean frequency formed for four groups: Apo WPD,,,, Apo
WPD_,.ay AD bound, and BBR bound. (iv) We identified
bonds that showed a statistically significant (p < 0.01)
difference between the groups. (v) Using our statistical
threshold, we selected bonds that appeared more in either
apo WPD,,., or apo WPD,..q (with a minimum appearance
of 70% in their primary state) to define h-bonding networks in
each of these conformations. Notably, no h-bonds appeared
significantly more or less frequently (given the above-
mentioned selection criteria) with ligands bound than in the
apo WPD,,, state.

Analysis of Influential Mutations. We used our MD
trajectories to build a list of mutations likely to modify
interactions between PTP1B and each allosteric inhibitor. To
begin, we selected a subset of residues that (i) showed more
interactions with AD than BBR, or vice versa, or that (ii)
previous studies suggested would influence binding. Residues
192, 195, and 196 in the a3 helix preferentially interact with
AD, while residues 276, 279, 286, and 287 in the a6 and a7
helices preferentially interact with BBR. F196 was mutated to
alanine to reduce the size of the hydrophobic side chain and
eliminate the possibility of the formation of z-stacking
interactions with the ligand. L192 and L195 were mutated to
alanine, phenylalanine, and asparagine to explore the effect of
reducing the size of the hydrophobic side chain, introduction
of a phenol ring, and introduction of a polar side chain to the
hydrophobic cleft. The E276F mutation replaces the negatively
charged side chain with a phenol ring to increase the
hydrophobicity of the allosteric pocket and potentially provide
an additional stabilizing #-stacking position. S286A and
K279M mutations were also intended to increase hydro-
phobicity of the binding pocket. The V287T mutation
maintains approximate residue size while introducing a polar
side chain to the hydrophobic pocket. The F280Y mutation
was previously demonstrated to reduce BBR affinity and was
included both as a control for the MD simulation of the
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Figure 4. Mutations in the helical triad tend to disrupt inhibition by AD and BBR. (A) X-ray crystal structure of PTP1B bound to AD (PTPB entry
6W30) with several other binding sites overlaid: (i) crystallographic binding site for BBR and (ii) two sites sampled by AD in MD simulations (loc
1 and loc2) carried out with a disordered a7 helix. To position the alternative sites, we aligned the PTP1B—AD complex (PDB entry 6W30) with
the PTP1B—BBR complex (pdb entry 1T4]) and centroid structures from MD simulations (PyMol function “align”). Labels denote residues
selected for site-directed mutagenesis with colors by helix. (B) Fractional change in inhibition (F) caused by mutations at the sites highlighted in A.
Most mutations decreased the inhibitory effects of AD and BBR. Error bars denote the propagated standard error for n = 4 independent

measurements.

PTP1B—BBR complex and to evaluate the effect of this
mutation on AD.

This initial list of F196A, L192A, L192F, L192N, L195A,
L195F, L195N, F280Y, S286A, E276F, K279M, and V287T
was generated using Modeller, and we carried out MD
simulations using the protocol discussed above with PTP1B
initialized with an open WPD loop and disordered a7 helix.
The MD simulations of the mutant—ligand complexes were
examined to determine differences in ligand binding
conformation and changes in the disruption of interhelical
interactions and the h-bond network. Guided by the MD
simulations (more details in Section S1.4), a subset of
mutations were chosen—F196A, L192F, L195F, E276F,
V287T, and F280Y—to examine in experimental studies.
These mutations demonstrated distinct differences which we
predicted would alter allosteric inhibition in distinct and
significant degrees from one another.

For each of the mutations, the relative binding free energy
was estimated using alchemical transformations via MD
simulation. These free energy calculations provided a means
of examining differences in binding affinity between mutants in
lieu of direct experimental binding measurements, which were
experimentally intractable as a result of the low solubility of
AD. The hybrid topology for each mutation was generated
using the PMX web server, and the hybrid residues were
parameterized with the PMX hybrid force field.*> GROMACS
free energy simulations were run utilizing Hamiltonian replica
exchange with all parameters available in the “data/mdp”
repository folder. The choice of individual alchemical
intermediate states was optimized with a single mutation
(F196A) in order to maximize overlap between adjacent states,
minimize error, and converge estimates from various
estimators (Figure S14). These A states were then used for
all other mutations. Analysis of the simulations was completed
using alchemlyb 0.6.0" with the TI, MBAR, and BAR
estimators. For the final binding free energy estimate, the
difference between the change in free energy for PTP1B in the
solvent and the PTP1B—AD complex in the solvent was
computed, and the errors of each estimate were added together
(Table S6). The free energy estimates reported are from the
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MBAR estimator, and the error reported for the relative free
energy estimates is the analytical error estimated from the
subsampled 50 ns trajectories at 18 1 states."’

Enzyme Kinetics. We characterized PTP1B activity on p-
nitrophenyl phosphate (pNPP) by monitoring the formation
of p-nitrophenol (absorbance at 405 nm) at 10 s intervals for S
min (SpectraMax iD3 plate reader). For inhibition measure-
ments, each reaction contained PTP (0.05 uM), pNPP (10
mM), BBR (0, 9.6, or 14.4 uM), AD (0, 77, or 115.5 uM), and
50 mM HEPES, 10% DMSO, and 50 ug/mL BSA, pH 7.3. For
each inhibitor, we determined inhibitor concentrations that
inhibit the wild-type enzyme to a similar extent (Figure S1),
and for each reaction, we incubated the enzyme and inhibitor
for S min before adding the substrate. For Michaelis—Menten
kinetics, we used the above composition without inhibitors or
DMSO. Table S4 reports all kinetic measurements.

For each mutant, we evaluated the fractional change in
inhibition (F) using eq 1, where V.. and V., are the
uninhibited initial rates of the mutant and wild-type enzyme

I/ofmut(I)
Vo
Vo)

V.

o—wt

F=1-
(1)

respectively, and V,_,...(I) and V,_,(I) are the inhibited initial
rates. We report values of V., Vooe(D), Vo.muy Vomue(I), and F
in Table S4, and we plot values of F in Figures 4B and 5.

B RESULTS AND DISCUSSION

AD and BBR Bind to Distinct Sites on PTP1B. X-ray
crystal structures of PTP1B bound to AD and BBR, a well-
characterized benzobromarone derivative,” indicate that they
bind to nonoverlapping regions of the allosteric site (Figure
2A). We used binding isotherms to assess their ability to bind
simultaneously. The catalytic domain of PTP1B has six
tryptophan residues that can undergo fluorescence quenching
when it binds to ligands. In a preliminary analysis, BBR and
TCS401, a well-studied competitive inhibitor, produced strong
quenching, while AD had a comparatively small effect—an
early indication that it has an unusual binding mode (Table
S3). The weak influence of AD on tryptophan fluorescence
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Figure 5. Mutational effects arise from delocalized structural changes
in PTP1B. The influence of mutations on AD-mediated inhibition is
not correlated with their effect on enzyme activity (measured kcat/
Km for pNPP hydrolysis in the absence of inhibitor), binding affinity
(AAG, the difference in free energy of binding between mutants, as
calculated from relative free energy simulations using MBAR for
analysis), or the mean percent a helicity of the a7 helix. Shaded
regions correspond to the wild-type activity of PTP1B (top), +0.1
kcal/mol (middle), and the percent « helicity of the wild-type enzyme
with WPD, (bottom). Error bars denote the standard error for
(top) n > 4 independent measurements and (middle and bottom) S0
ns simulations at 18 alchemical states. See Materials and Methods for
a detailed description of our calculation of the standard error for
alchemical free energy calculations.

precludes the collection of fluorescence-based binding
isotherms. Its low solubility, which limits access to saturating
inhibitor concentrations, also complicates the collection of
complete binding isotherms, both with fluorescence measure-
ments and isothermal titration calorimetry, which requires high
concentrations of protein and ligand.

To examine AD binding in greater detail, we used
competition experiments. We measured changes in tryptophan
fluorescence caused by BBR in the presence and absence of
AD or TCS401 (Figure 2B). TCS401 served as a positive
control for orthogonal binding; this ligand causes the WPD
loop to close and, thus, binds in a mutually exclusive manner to
BBR, which causes it to open. To ensure similar levels of
binding by AD and TCS401, we used concentrations that
produced similar levels of inhibition (~50%; Figure S1).

As expected, AD had a nearly imperceptible effect on the
binding isotherm for BBR; the maximum change in
fluorescence (AF,,), an indicator of the net achievable
conformational change, decreased slightly, and Ky remained
unchanged (Figure 2C). By contrast, TCS401 reduced AF,,,,
by over 50%, a change consistent with a reduction in binding
sites, and increased Ky by threefold. This higher Ky, which is
consistent with the kind of free energetic penalty that might be
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expected when two ligands compete for binding, suggests that
BBR displaces some TCS401. The failure of AD to cause such
a change, in turn, suggests that BBR does not displace AD. In
general, the insensitivity of the BBR binding isotherm to AD,
relative to its extreme sensitivity to TCS401, suggests that AD
does not disrupt the binding of BBR.

AD is an unusual inhibitor because it is a hydrocarbon that
lacks polar anchoring groups, such as h-bond donors or
acceptors (Figure 2A). We speculated that AD might
destabilize PTP1B by acting as a nonpolar denaturant—that
is, by reducing the free energetic cost of exposing buried
residues in water.”® For example, Ertiprotafib, an inhibitor that
entered clinical trials, reduces the melting temperature of
PTPI1B. A prior study reported 2D [1H, 1SN] TROSY spectra
of PTP1B in which Ertiprotafib failed to cause statistically
significant chemical shift perturbations; in fact, increasing
concentrations of the inhibitor caused line broadening until
nearly all peaks disappeared—a behavior that is consistent with
protein aggregation and denaturation.”” We used DSF to
compare the impact of four inhibitors on the stability of
PTPIB: AD, BBR, Ertiprotafib (a positive control), and
TCS401 (Figure 2D). To our surprise, BBR and Ertiprotafib
reduced the melting temperature in a concentration-dependent
manner (AT, > 5 °C), while AD and TCS401 had no effect
(AT, < 1 °C, a threshold consistent with prior work®”). These
data indicate that AD does not inhibit PTPIB through
nonspecific destabilization.

AD Stably Samples Two Neighboring Sites on PTP1B.
We used MD simulations to study the mechanism by which
AD forms a stable complex with PTP1B. To begin, we
initialized PTP1B with a disordered a7 helix and positioned
AD at the crystallographic binding site (locl; Figure 3A).
Initially, we used four versions of the disordered a7 helix;
however, only one conformation—the one that exhibited the
lowest flexibility in its binding site—(i.e., residues in the
partially disordered a7 exhibited lower RMSFs; Figure S4A)—
allowed AD to remain stably bound during the entire 300 ns
trajectory. With other structures, AD left the binding site. This
finding suggests that AD binding requires a partially—but not
fully—disordered a7 helix. We used the a7 conformation that
retained AD in the allosteric binding site to model the
disordered helix in PTP1B-AD complexes for the remainder of
our study.

Over the course of our MD simulations with a disordered a7
helix, AD sampled two neighboring sites—locl and loc2—
with similar occupancies regardless of initial WPD loop
conformation (Figure 3A). Transitions between the two
neighboring sites were infrequent, but observable within the
timescale of our simulations. The round trip time from locl to
loc2 back to locl was 52 + 11 ns, and the round trip time
starting from loc2 was 102 + 44 ns (more details regarding
calculation in Section S1.6). The large variance in transition
time prevents a direct comparison to binding affinity; however,
the similar occupancies suggest that binding affinities are
similar between the two sites. When we repeated our
simulations with an ordered a7 helix, or with this helix
completely removed, AD sampled two alternative sites located
outside of the helical triad, loc3 and loc4, in addition to
sampling loc2. The highest occupancy was loc3 with an
ordered conformation (Figure SS). Interestingly, although loc3
overlaps with the L16 site, a proposed extension of the
allosteric region, our simulations indicate that binding to loc3
or loc4 does not produce the same structural changes in
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Figure 6. (A) h-bond network exists within PTP1B to stabilize the closed conformation. The blue lines denote bonds that form with WPD.q but
do not form with apo WPD,,,, and are broken with ligand binding. The black line denotes the conserved bond T177—Y152 which connects the
active and allosteric sites. (B) Upon binding, AD and BBR disrupt nonbonded interactions between the a3, a6, and a7 helices. Highlights: (black)
interactions disrupted in the WPD,,,,,, conformation that are also disrupted when AD and BBR bind to the protein, (green) interactions disrupted
by both ligands but present in both WPD g and WPD,,.,, conformations, and (purple) interactions disrupted by BBR alone (Figure S6). Most of
the interactions disrupted by AD, BBR, and WPD,,,, are located between the a3 and a7 helices. This overlap suggests that the disruption of these
interactions is crucial for allosteric inhibition. Disruption of these interactions destabilizes the a7 helix and prevents the formation of h-bonds
required for closure of the WPD loop. (C,D) Upon binding, AD (dashed line) and BBR (dotted line) (C) increase the flexibility of the a7 helix and
(D) decrease its a helicity to levels that resemble the WPD,,, conformation. Destabilization of the a7 helix is faster with AD bound in loc2
compared to the alternative loc4 (Figure S9). In (C,D), all MD trajectories start with the same ordered a7 helix conformation.

PTP1B caused by binding to locl and loc2.” Specifically, To identify unique characteristics of the PTP1B—AD
binding does not disrupt the h-bond network necessary for interaction, we also used MD simulations to study the binding
allosteric inhibition. Intriguingly, this binding does appear to of BBR. We initialized PTP1B with both an ordered and
increase a7 helix disordering when the helix is present, but disordered a7 helix, as prior kinetic experiments indicate that
disordering is significantly faster when AD is bound to loc2. this helix enhances inhibition by BBR."" Curiously, in a subset

of trajectories carried out with the ordered a7 helix, BBR
bound with an elongated conformation that differed from its
crystallographic pose (Figure S7); we focused our analysis on
a7 conformations that allowed BBR to bind with a
conformation consistent with the crystal structure. Like AD,
BBR exhibited prominent interactions with the helices of the
helical triad, including 7-stacking with F280. BBR, however,
engaged in more interactions with the a7 helix; AD, the a3
function in both PTPs, but its amino acid composition is helix (Figure 3B; Figure S8). Unlike AD, BBR did not oscillate

Overall, the importance of a flexible a7 helix in facilitating the
binding of AD to its crystallographic site (loc1) and a close
neighboring site (loc2) is consistent with previous kinetic
measurements, which show that the removal of a7 reduces the
potency of AD.” The contribution of the @7 helix may also
explain the selectivity of AD for PTPIB over TCPTP.
Structural studies suggest that this helix has a similar allosteric

different; the different potencies of AD might result from between different binding locations, a behavior demonstrated

differences in specific residue interactions.”*' Additional by higher RMSF of the ligand COM around the ligand

biophysical analyses, however, are necessary to determine centroid for AD compared to BBR (Figure 3C).

precisely how the composition and structure of the a7 might AD Moves to Accommodate BBR in a Ternary

contribute to the selectivity of AD. Complex. Guided by experimental evidence that AD and
8434 https://doi.org/10.1021/acs.jpcb.2c05423
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BBR bind to different sites, we used molecular simulations to
examine the simultaneous binding of AD and BBR. We
initialized PTP1B with a disordered a7 helix and positioned
AD and BBR at their nonoverlapping crystallographic binding
sites. To our surprise, BBR displaced AD, which moved quickly
(~500 ps) to a patch formed by residues 290—295 on the
outside of the a7 helix, about 8.5 A from its initial binding site.
AD stayed at this position for the remainder of the 1 us
simulation (Figure 3D). In the ternary complex, the flexibility
of the region of @7 in contact with AD decreased, while the
rest of the helix became more flexible (relative to the PTP1B—
AD or PTP1B—BBR complexes; Figure S4B). The flexibility of
AD also decreased, a change in mobility consistent with
stabilization by BBR (Figure 3C). The ability of AD and BBR
to bind simultaneously to PTP1B is consistent with our
binding data (Figure 2C).

PTP1B Mutations Elicit Delocalized Structural
Changes. MD simulations and kinetic analyses allowed us
to find mutations that disrupt inhibition by BBR and AD to
different extents and facilitated a detailed analysis of the effect
of structural perturbations on the allosteric site. As described in
the Materials and Methods section, we began by identifying
residues that modify the binding pose of AD or BBR or that
disrupt the helical triad in MD simulations; we used site-
directed mutagenesis to change the size or chemical
functionality of these residues; and we used in vitro kinetic
assays to measure the change in inhibition caused by each
mutation (Figure 4A). Importantly, for this analysis, we used
concentrations of AD and BBR that inhibit the wild-type
enzyme to the same extent—a constraint that enables
comparisons of the fractional change in inhibition between
compounds (Figure S1). All but one mutation (F280Y)
reduced inhibition by both inhibitors, and, in general,
mutational effects were more pronounced for BBR than for
AD (Figure 4B). The reduced sensitivity of AD is consistent
with its ability to adopt multiple bound conformations.

A comprehensive analysis of the influence of mutations on
enzyme activity, binding affinity, and a7 helix structure
suggests that they do not disrupt allosteric inhibition by
impeding protein—ligand binding. Several apo mutants
exhibited differences in catalytic activity, although these
differences were not correlated with changes in inhibition
(Figure 5); this effect suggests that the mutations, which sit
outside of the active site, might nonetheless affect communi-
cation with that site. We used relative free energy simulations
to estimate mutant-derived changes in binding free energy.
These changes were also uncorrelated with changes in
inhibition (Figure 5). Given the current limitations on the
accuracy of relative free energy calculations, which provides a
maximum resolution of ~1 kcal/mol,** a direct comparison
between binding affinities is challenging; nonetheless, our
analysis suggests that the mutations do not cause a statistically
significant change in binding affinity. MD simulations allowed
us to examine the influence of mutations on the « helicity of
the a7 helix, an important constituent of the allosteric site.
Most mutations destabilized this helix, but this change was,
once again, not predictive of their influence on inhibition
(Figure 5).

Analysis of the helical triad suggests that delocalized
structural changes caused by the mutations contribute to
both differences in the level of inhibition caused by both
inhibitors and changes in the catalytic activity of PTP1B.
Subtle structural changes to the a3 helix affected WPD loop
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movement by limiting the structural changes necessary to
reorient it from an open to closed conformation. Changes in
the a6 helix could potentially alter the allosteric network, but
statistically significant conclusions were difficult to make
(Figure SS and Section S1.5). In the end, the molecular
basis of specific mutational effects proved difficult to resolve in
fine detail, but our biophysical analyses, taken together,
indicate that mutations disrupt inhibition through delocalized
structural changes—that is, through small structural changes
that do not significantly affect ligand binding but, rather, the
allosterically influential conformational changes that result
from that binding.

AD and BBR Destabilize the a7 Helix and Disrupt
WPD Loop Motions. We sought to determine how AD
modulates PTP1B activity using MD simulations to trace
allosteric communication between its binding site and the
active site. We began by mapping the h-bonds that link
ordering of the a7 helix and closure of the WPD loop (Figures
6A and S10). These bonds connect (i) the WPD to the P-loop,
(ii) the WPD-loop to the L-11 loop and the a6 helix, and (iii)
the L-11 loop to the a3 and a7 helices (Figure 6A). This set of
regions matches those identified in prior work but includes two
additional h-bonds'®**>* (Figure S11): one connecting the L-
11 loop directly to the a7 helix (Y152—S295) and one
connecting the WPD-loop and a6 helix (T263—F182). These
additional bonds suggest that allosteric communication within
PTP1B may include some redundancy—that is, different h-
bonds may permit communication between the same
neighboring sites. Simulations with a closed WPD loop and a
disordered a7 helix revealed that helix disordering alone
disrupts the formation of the bonds N193—Y152 and N193—
E297; the remaining h-bonds are disrupted via the
reorientation of the WPD loop (Figure S12). This suggests
that disruption of a7 ordering prevents the h-bond network
from forming, thereby restricting closure of the WPD loop
(Figure 6B). Because WPD closure is necessary for hydrolysis
of the phosphoenzyme intermediate, inhibitors that prevent it
from closing arrest the catalytic cycle.

We evaluated the influence of AD and BBR on a7 stability
by initializing MD simulations with an ordered helix. Both
inhibitors enhanced the flexibility of the @7 helix and
accelerated its disordering, relative to the apo structure (Figure
6C,D). For the ligand-bound states, the initial WPD loop
conformation did not affect helix disordering; by contrast,
when we initialized the Apo state with an open WPD loop,
helix disordering increased relative to simulations initialized
with a closed WPD loop. Intriguingly, AD enhanced helix
disordering while bound to its alternative sites (loc3 and loc4)
and may shift back to locl and loc2 when the helix becomes
sufficiently disordered. In one trajectory, the a7 helix
disordered rapidly and allowed AD to remain stably bound
in loc2, demonstrating that the disordered a7 helix is necessary
for stable ligand binding.

Our simulations suggest that AD, like BBR, prevents
reordering of the a7 helix and WPD loop closure by disrupting
interactions between the a3 and a7 helices (Figures 6B and
S13). As discussed above, this effect disrupts catalysis by
preventing closure of the WPD loop and the final hydrolysis
step. For ligand-bound simulations, the disrupted interactions
within the helical triad were conserved for both disordered a7
helix conformations regardless of the initial WPD-loop
conformation. Apo simulations were initialized with structures
consistent with experimental observation: an open WPD loop
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accompanied a disordered a7 helix; a closed WPD loop, an
ordered a7 helix. When compared with the open-and-close
motions of the WPD loop, localized changes in protein
conformation, specifically changes in the helical triad,
equilibrate quickly and are easier to observe within the time
scale of these simulations. In the apo enzyme, the WPD,.,
conformation lacks a3—a7 interactions that form when the
WPD loop is closed; upon binding, AD and BBR disrupt
additional interactions between these two helices (Figure
S13A). The disrupted interactions are largely isolated to
residues 188—196 on the a3 helix and 289—291 on the a7
helix (Figure S6). BBR also disrupts a6—a7 interactions, but
AD does not (Figure S13C). Accordingly, this effect appears
nonessential for allosteric inhibition. Changes in a3—a7
interactions, by contrast, are conserved between the two
inhibitors, an indication that they are centrally important to
allosteric inhibition.

B CONCLUSIONS

Unfunctionalized terpenoids are a surprising source of selective
inhibitors because their nonpolar structures seem well suited to
engage in nonspecific interactions with nonpolar regions on
protein surfaces.”* In this study, we examined the inhibition of
PTP1B by AD, a surprisingly potent and selective inhibitor for
a small, 15 carbon hydrocarbon. MD simulations indicate that
AD samples two adjacent sites near the C-terminus of the
catalytic domain, both of which require a disordered a7 helix.
Intriguingly, when the helix is fully ordered, AD binds to two
alternative sites and destabilizes the helix. Perhaps most
importantly for inhibitor design, the binding mode of AD is
distinct from BBR, a well-studied allosteric inhibitor. DSF data
indicate that AD does not destabilize the protein, and binding
data and MD simulations suggest that the two molecules can
bind simultaneously. Efforts to bridge these two molecules—or
the distinct binding sites that they adopt in the ternary
complex—could yield more potent inhibitors of PTP1B.

The inhibitory mechanisms of AD and BBR are similar, but
the two inhibitors do not induce all of the same conformational
changes in PTP1B. MD simulations of apo PTP1B show a
network of h-bonds that link ordering of the a7 helix to closure
of the WPD loop. The sections of PTP1B connected by this
network match those uncovered in prior work, but our network
contains additional h-bonds, an indication that allosteric
communication within PTP1B may have some redundancy.
Upon binding, both AD and BBR destabilize the a7 helix and
prevent closure of the WPD loop, an effect suggested by NMR
analyses and presteady state kinetic studies to be essential for
hydrolysis of the phosphoenzyme intermediate.'”'® The two
inhibitors cause distinct structural perturbations, but both
disrupt the a3—a7 interface, an indication that this interhelical
interaction is centrally important to allosteric inhibition. The
concentration of disrupted interactions at this interface is likely
responsible for the disordering of the a7 helix and disruption
of the h-bond network that ultimately reduces catalytic activity.
Although disruption of the a6—a7 interface has been reported
as important to allosteric inhibition, the inhibitory influence of
AD suggests that it is not essential. Our findings also indicate
that mutations in the helical triad, defined by a3, a6, and a7,
can weaken the effects of AD and BBR, likely by affecting
communication with the active site, rather than ligand binding.
Similar mutations might confer resistance to therapeutics that
relies on allosteric inhibition.

Terpenoids are the largest class of natural products, but
many—if not, most—are decidedly non-druglike, at least in
their underivatized form.”> As a result, they tend to be
overlooked at the earliest stages of drug discovery.”® This
analysis provides evidence that unfunctionalized terpenoids
can engage in specific interactions with protein surfaces, and it
provides an interesting model system for studying these
interactions. By elucidating novel binding modes or allosteric
mechanisms, such as those exhibited by AD, protein—
terpenoid interactions could inform the design of new varieties
of enzyme inhibitors.
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