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ABSTRACT: Protein tyrosine phosphatases (PTPs) contrib-
ute to a striking variety of human diseases, yet they remain
vexingly difficult to inhibit with uncharged, cell-permeable
molecules; no inhibitors of PTPs have been approved for
clinical use. This study uses a broad set of biophysical analyses
to evaluate the use of abietane-type diterpenoids, a biologically
active class of phytometabolites with largely nonpolar
structures, for the development of pharmaceutically relevant
PTP inhibitors. Results of nuclear magnetic resonance analyses,
mutational studies, and molecular dynamics simulations
indicate that abietic acid can inhibit protein tyrosine
phosphatase 1B, a negative regulator of insulin signaling and
an elusive drug target, by binding to its active site in a non-
substrate-like manner that stabilizes the catalytically essential WPD loop in an inactive conformation; detailed kinetic studies, in
turn, show that minor changes in the structures of abietane-type diterpenoids (e.g., the addition of hydrogens) can improve
potency (i.e., lower ICy,) by 7-fold. These findings elucidate a previously uncharacterized mechanism of diterpenoid-mediated
inhibition and suggest, more broadly, that abietane-type diterpenoids are a promising source of structurally diverse—and,
intriguingly, microbially synthesizable—molecules on which to base the design of new PTP-inhibiting therapeutics.

P rotein tyrosine phosphatases (PTPs), enzymes that growth factor signaling and exhibits anomalous activity in type

catalyze the hydrolytic dephosphorylation of tyrosine 2 diabetes, obesity, and breast cancer;'"'” its inhibition or
residues, regulate a wide range of important physiological genetic ablation can restore insulin sensitivity, lower levels of
processes (e.g., metabolism, appetite, immunity, and memory) body fat, and slow tumorigenesis in mice.'”'* Efforts to

and often contribute to diseases that occur when those
processes go awry (e.g., diabetes, cancer, autoimmune diseases,
and Alzheimer’s disease).'”® Molecules that inhibit these
enzymes are, thus, promising candidates for new therapeutics.9
Unfortunately, to date, the development of potent, biologically
active inhibitors of PTPs has been hindered by their positively
charged active sites, which bind most tightly to negatively
charged molecules with poor membrane permeabilities.'’

develop potent, reversible inhibitors of PTP1B have generated
three mechanistically informative classes of molecules (alter-
native groupings are also possible): (i) charged substrate
analogues that associate closely with the catalytically essential
WPD (Trp-Pro-Asp) loop, causing it to adopt a closed
conformation," (ii) aryl diketoacids, which bind to the active

Protein tyrosine phosphatase 1B (PTP1B) demonstrates, by Received: June 15, 2018
example, the promise and challenge of developing PTP Revised:  August 14, 2018
inhibitors. PTP1B helps regulate insulin, leptin, and epidermal Published: August 31, 2018
ACS Publications  © 2018 American Chemical Society 5886 DOI: 10.1021/acs.biochem.8b00655
W Biochemistry 2018, 57, 5886—5896


pubs.acs.org/biochemistry
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biochem.8b00655
http://dx.doi.org/10.1021/acs.biochem.8b00655

Biochemistry

site in a distinct, non-substrate-like manner that stabilizes the
WPD loop in an open, inactive conformation,'® and (i)
polycyclic molecules, such as trodusquemine and benzofuran
derivatives, which bind to C-terminal allosteric sites that
attenuate WPD loop dynamics (Figure 1A).'*'” Inhibitors
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Figure 1. Inhibition of PTP1B. (A) Alignments of the backbone of
PTP1B in competitively inhibited (yellow and orange, Protein Data
Bank entry 2F71) and allosterically inhibited (gray and black, Protein
Data Bank entry 1T4J) poses. The binding of substrates and
competitive inhibitors to the active site causes the WPD loop to adopt
a closed (orange) conformation that stabilizes the C-terminal 7 helix
through an allosteric network; this helix is unresolvable in
allosterically inhibited, noncompetitively inhibited, and uninhibited
structures, which exhibit WPD-open conformations (black). (B)
Chemical structure of abietic acid (AA). (C) Initial rates of PTP1B-
catalyzed hydrolysis of pNPP in the presence of increasing
concentrations of AA. Lines show a fit to a model for mixed
inhibition (Table S2A). (D) In this model, the inhibitor (I) binds to
the enzyme (E) and the enzyme—substrate complex (ES) with
different affinities. Error bars in panel C denote the standard error (n
> 3 independent reactions).

from the latter two classes tend to exhibit improved membrane
permeabilities and molecular selectivities over substrate
analogues, but they include a very small number of molecules
that have yet to yield clinically approved drugs. The
development of new varieties of inhibitors that function
through similar or entirely new mechanisms—and, ideally, that
possess readily diversifiable structures—could, thus, accelerate
the development of new PTP-inhibiting pharmaceuticals.
This study explores the use of abietane-type diterpenoids,
members of the large superfamily (>7000 molecules) of
structurally diverse labdane-related diterpenoids,'® as a starting
point for the development of pharmaceutically relevant PTP
inhibitors. Previous screens of plant extracts have identified
variants of these molecules that inhibit PTPIB in a
noncompetitive or mixed manner;'”?° the molecular details
of that inhibition, however, remain poorly understood. To
dissect the non-substrate-like (i.e., not purely competitive)
mode of inhibition exhibited by abietane-type diterpenoids, we
used a broad set of biophysical analyses to study the inhibition
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of PTP1B by abietic acid (AA). AA is not an established
inhibitor of PTP1B, but it shares a simple, and naturally
variable scaffold with several plant-derived inhibitors with
more complex structures (Figure 1B) ;1929 it, thus, allowed us
to examine the influence of minor changes in molecular
structure on inhibitor strength and selectivity.

Abietane-type diterpenoids make up a valuable class of
molecules for building inhibitors of PTPs for four principal
reasons. (i) They are (generally) membrane-permeable and,
thus, likely to be bioavailable.”** (Abietane-type molecules
constitute the main biologically active components of Salvia
miltiorrhiza, an herb used in Chinese medicine.”®) (ii) The
large family of natural products to which they belong includes
a diverse set of incrementally varied structures that could
facilitate inhibitor optimization.”* (iii) They are readily
functionalizable with standard methods of synthetic chemistry
and biocatalysis and could, thus, facilitate the preparation of
combinatorial compound libraries for drug discovery.”>° (iv)
They can be synthesized in Escherichia coli at high titers (>50
mg/L) and could, thus, lead to the development of
pharmaceuticals with low-cost biosynthetic production plat-
forms.”’

B EXPERIMENTAL SECTION

Materials. We purchased AA from Arctom Chemicals
(Newton, MA), dehydroabietic acid (DeAA) and TCS401 {2-
[(carboxycarbonyl)amino]-4,5,6,7-tetrahydro-thieno[2,3-c]-
pyridine-3-carboxylic acid hydrochloride} from Santa Cruz
Biotechnology (Santa Cruz, CA), isopimaric acid (IA) and
dihydroabietic acid (DiAA) from Sigma-Aldrich (St. Louis,
MO), continentalic acid (CA) from ChemFaces (Wuhan,
China), and BBR {3-(3,5-dibromo-4-hydroxybenzoyl)-2-ethyl-
benzofuran-6-sulfonic acid-[4-(thiazol-2-ylsulfamyl)phenyl]-
amide} from Cayman Chemical (Ann Arbor, MI). The purity
and number of batches associated with each compound were as
follows: TCS401 (99%, HPLC; two batches), BBR (99.9%,
TLC; two batches), AA (>95%, HPLC, 'H NMR; two
batches), CA (98%, HPLC; one batch), IA (99%, GC; one
batch), and DeAA (96%, 'H NMR; one batch). Multiple
batches, when used, had identical reported purities; we verified
that they had the same inhibitory effect on PTP1B, in turn, by
measuring PTP1B-catalyzed hydrolysis of pNPP in the
presence of inhibitor introduced from each batch. The
dihydroabietic acid sold by Sigma-Aldrich was impure (relative
to the purity of other inhibitors), so we contracted Planta
Analytica to isolate it to >97% purity (LC/MS-ELSD) via
reversed-phase HPLC. We purchased “NH,Cl from Cam-
bridge Isotope Laboratories, Inc. (Tewksbury, MA), and
additional reagents were from Sigma-Aldrich.

Protein Expression and Purification. We expressed
wild-type and mutant versions of PTPIB by performing the
following steps. (i) We transformed BL21(DE3) E. coli cells
with a pET21b plasmid harboring PTP1B,_;,, fused to a C-
terminal six-histidine tag (a kind gift from N. Tonks of Cold
Spring Harbor). (ii) We used one colony, thus generated, to
transform 20 mL of LB medium (50 mg/L carbenicillin),
which we incubated for ~S h (37 °C, 225 rpm). (iii) We used
the 20 mL starter culture to inoculate 1 L of induction medium
(20 g/L tryptone, 10 g/L yeast extract, S g/L NaCl, 4 g/L M9
salts, 4 g/L glucose, and SO mg/L carbenicillin), which we
incubated for 2—3 h (37 °C, 225 rpm). (iv) At an optical
density (ODgy) of ~0.60, we induced expression of PTP1B
with 0.5 mM IPTG and decreased the temperature to 22 °C.
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We performed induction for 20 h before pelleting and lysing
the cells. We expressed TC-PTP,_,y, and SHP2,3, 59 in an
analogous fashion. All PTP sequences correspond to the
catalytic domain.

We prepared '*N-labeled PTP1B by following a protocol
similar to that described above, but we used an induction
medium that consisted of the following components (per
liter): 100 mL of M9 medium (60 g of Na,HPO,, 30 g of
KH,PO,, and $ g of NaCl in 1 L), 10 mL of trace elements (S
g/L EDTA, 0.83 mg/L FeCl;-6H,0, 13 mg/L CuCl,-2H,0,
10 mg/L CoCl,6H,0, 10 mg/L H;BO;, and 1.6 mg/L
MnCl,-6H,0), 4 g of glucose, 1 mL of 1 M MgSO,, 0.3 mL of
1 M CaCl,, 2 g of "NH,C], 300 uL of 0.3 M ZnSO,, 1 mL of
biotin (1 mg/mL stock, 1000-fold dilution), 1 mL of thiamin
(1 mg/mL), and 50 mg of carbenicillin. After growing the 20
mL starter culture in LB medium for S h (step ii above), we
pelleted the cells, exchanged the LB medium with 50 mL of
induction medium, and incubated the new culture overnight.
In the morning, we used the second starter culture to inoculate
1 L of induction medium and completed expression by
following step iv from the preceding paragraph.

We purified all PTPs by using fast protein liquid
chromatography (FPLC). In brief, we pelleted cells and
lysed them with buffer containing the following components
for each gram of pellet: 4 mL of B-PER lysis buffer (Thermo
Fisher), 1 mg of MgSO,, 2 mg of Na-p-tosyl-L-arginine methyl
ester hydrochloride, 3.5 mg of tris(2-carboxyethyl)phosphine
(TCEP), 3.75 puL of phenylmethanesulfonyl fluoride, 0.5 mg of
lysozyme, and 10 yL of DNase. After agitating the cell lysate
for 1 h, we pelleted the insoluble cell debris (6000 rpm for 20
min) and clarified the resulting supernatant by adding 20%
saturated ammonium sulfate, followed by immediate centrifu-
gation. To purify PTPs, we exchanged the lysate into S0 mM
Tris-HCl buffer (pH 7.5, 0.5 mM TCEP; HiPrep 26/10
desalting), passed the exchanged solution over a nickel-affinity
column (HisTrap HP), eluted the recombinant PTP with 300
mM imidazole, exchanged the eluent into 50 mM HEPES (pH
7.5, 0.5 mM TCEP), passed this solution over an anion
exchange column (HiPrep Q HP 16/10 column), and eluted
the PTP with a 0 to 1 M NaCl gradient. We stored the final
protein (30—50 M) in SO mM HEPES buffer (pH 7.5, 0.5
mM TCEP) with 20% glycerol at —80 °C. We purchased all
chromatography columns from GE healthcare.

Mutational Analysis. We generated mutants of PTP1B by
using the Quikchange protocol (Stratagene). Briefly, we
amplified PTP1B;,, with mutagenic primers from Table S1,
digested the parent vector with Dpnl (60 min, 37 °C), and
transformed the mutated plasmid, thus generated, into Turbo
Competent E. coli cells (New England Biolabs). We sequenced
a subset of plasmids derived from these colonies to confirm the
presence of the targeted mutation(s) (QuintaraBio). We
evaluated the fractional change in inhibition (F) associated
with each mutation as described in SI Note 2. Exact sample
sizes are reported in Table S5.

Enzyme Kinetics. To examine mechanisms of inhibition,
we measured PTP-catalyzed hydrolysis of p-nitrophenyl
phosphate (pNPP) in the presence of various concentrations
of inhibitors. The composition of our reaction mixtures was as
follows: PTP (0.05—0.1 uM), pNPP (0.17, 0.33, 0.67, 2, S, 10,
15, and 20 mM), inhibitors (0, 100, 200, 300, and 400 uM for
diterpenoids; S uM for BBR; and 100 yM for TCS401), and
buffer [S0 mM HEPES, 10% DMSO, and 50 ug/mL BSA (pH
7.3)]. We monitored the formation of p-nitrophenol by
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measuring the absorbance at 405 nm every 5 s on a
Spectramax M2 plate reader. For a subset of initial-rate
measurements (e.g, those corresponding to high substrate
concentrations), we removed late-stage time points that fell
outside of the linear regime. We report exact sample sizes (i.e.,
the number of independently prepared reactions) in Tables S4
and SS.

Statistical Analysis of Kinetic Models. We evaluated
kinetic models in three steps. (i) We used MATLAB’s “nlinfit”
and “fminsearch” functions to fit (a) initial-rate measurements
collected in the absence of inhibitors to a Michaelis—Menten
model and (b) initial-rate measurements collected in the
presence and absence of inhibitors to four models of inhibition
(Figure S1). The first fit supplied values of k., and Ky;, which
we used as input parameters for the second. (ii) We used an F-
test to compare the fits of (a) a mixed model, which has two
parameters, and (b) the nested single-parameter model with
the lowest sum of squared errors. We determined p values with
MATLAB’s “fcdf” function. (iii) When fits to the mixed model
were not superior (p < 0.05) to fits to single-parameter models,
we compared single-parameter models to one another by using
Akaike’s information criterion (AIC). In brief, we calculated
the difference in AIC (A;) between the best-fit single-
parameter model (lowest sum of squared errors), denoted
the “reference” model, and each additional single-parameter
model, denoted the “test” model. Values of A; of >5 indicated
weak support for the test model and good support for the
reference model; values of A; of >10 indicated very weak
support for the test model and strong support for the reference
model.”® We tested our analysis on literature-based kinetic data
for six well-characterized inhibitors (i.e., inhibitors subjected to
extensive biophysical analysis); our results showed good
agreement with their reported mechanisms of inhibition
(Tables S2P—S2U). Analyses of kinetic data collected in this
study are reported in Tables S2A—S20 and discussed in SI
Note 4.

Estimation of 1C;,. We estimated the half-maximal
inhibitory concentration (ICs,) of various inhibitors by using
kinetic models (parametrized with detailed kinetic assays) to
determine the inhibitor concentration required to reduce initial
rates of PTP-catalyzed hydrolysis of 20 mM pNPP by 50%.
This high substrate concentration minimized the concentration
dependence of ICsys. We used the MATLAB function
“nlparci” to determine the confidence intervals of kinetic
parameters and propagated those intervals to estimate the
corresponding confidence in ICyy’s. SI Note S examines the
relevance of ICs, to binding affinity (ie., Ky the dissociation
constant of an enzyme—inhibitor complex), and SI Note 7
discusses the influence of DMSO on ICqy,.

NMR Analysis. We performed all NMR measurements at
25 °C by using a 750 MHz Bruker spectrometer equipped with
a cryogenically cooled CPTXI S mm probe and an Avance III
console. Our samples contained 75 #M *N-labeled PTP1B in
NMR buffer [SO mM HEPES (pH 6.8), 150 mM NaCl, and
0.5 mM TCEP], 10% di-DMSO, and 5% D,0. We assigned
two-dimensional '"H—""N TROSY-HSQC spectra by using
published data deposited in the Biological Magnetic Resonance
Bank (entries 26814 and 19223, same buffer). For the AA-
bound form of PTP1B, we followed assigned peaks in titration
experiments (described below). In total, we assigned 64% of
the non-proline residues (PTP1B;,,); for comparison, BRMB
entries 26814 and 19223 include assignments for 80% of non-
proline residues. Our lower percentage of assignments was
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probably caused, in part, by the use of 10% dc-DMSO to
solubilize AA; this solvent can cause peaks to shift and/or
broaden beyond recognition. Fortunately, assigned residues,
which were distributed across the protein and included
numerous amino acids near (i.e., <S5 A) known binding sites
(Figure 2C), enabled a detailed examination of the response of
broadly distributed regions of PTP1B (both buried and
surface-exposed) to the binding of AA.

0 50 100 150

Residue Number

200 250 300

Figure 2. NMR analysis of the binding of AA to PTPIB. (A)
Weighted differences in chemical shifts (A5) between 'H—"N
HSQC spectra recorded in the absence and presence of AA (10:1
PTP1B:AA). The dashed red line delineates the threshold for values
of AS larger than two standard deviations () above the mean; gray
bars mark residues for which chemical shifts were broadened beyond
recognition. (B) Crystal structure of PTP1B (gray, PDB entry 3AS])
highlighting the locations of assigned residues (blue). The bound
positions of BBR (green, allosteric site, PDB entry 1T4]) and LZP2S
(yellow, active site, PDB entry 3EB1) are overlaid for reference (i..,
we aligned the structures of PDB entries 3AS], 1T4J, and 3EBI).
Residues with significant CSPs (ie, AS > Af,., + 20) are
distributed across the protein (red) and, with the exception of two
residues in the WPD loop, outside of known binding sites. (C) Detail
of the active site (top) and known allosteric site (bottom) with the
positions of bound inhibitors overlaid as in panel B.

To analyze the binding of AA, we titrated it into 75 uM
PTPIB at molar ratios (AA:PTP1B) of 0:1, 0.75:1, 1.5:1, 3:1,
5:1, and 10:1 and assigned 'H—""N TROSY-HSQC spectra at
each point. We calculated chemical shift perturbations (CSPs)
by using eq 1.

_ 2, (A0nY
AS(ppm)—JmaH) +( 5 ) N

Figure SS shows an overlay of 'H-—""N TROSY-HSQC
spectra of PTP1B and PTP1B-AA (10:1 AA:PTPIB), and
Figure 2A shows CSPs calculated from these two spectra.
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NMR-Restrained Docking Simulations (i.e., HAD-
DOCK). To identify residues involved in PTP1B—AA
association (i.e., residues that constitute the PTP1B—AA
interface), we used HADDOCK version 2.2 (high-ambiguity-
driven protein—protein docking).””** This platform allows
ligands to bind anywhere on a protein surface but enables
conformational sampling in only a subset of “active” residues.
We used four sets of active residues for our calculations: group
1, residues with large CSPs (i.e., AS larger than two standard
deviations above the mean); group 2, solvent-exposed residues
from group 1 (ie., those with >0.5 A of solvent-exposed
surface area); group 3, solvent-exposed residues within 4 A of
those from group 1; and group 4, solvent-exposed residues
within § A of those from group 1. For each set of runs, we used
three different crystal structures of PTP1B: ligand-free [Protein
Data Bank (PDB) entry 3ASJ], allosterically inhibited (PDB
entry 1T4]), and competitively inhibited (PDB entry 2F71); in
the latter two cases, we removed inhibitors prior to docking
analyses. SI Note 1 discusses the results of this analysis.

Molecular Dynamics (MD) Simulations. We prepared
structures of PTP1B and AA for MD simulations by using
standard methods. In brief, we used an allosterically inhibited
structure of PTP1B (PDB entry 1T4])"” with the inhibitor
removed and protonation state adjusted through the H++
server.”’ We note that this structure, which has the WPD loop
in the open conformation, is highly similar to the apo structure
of PTPIB (the root-mean-square deviations of backbone and
heavy atoms between 1T4] and apo structure 3AS] are 0.5 and
1.1 A, respectively). For AA, we used the LigPrep tool from
Schrodinger to predict an initial conformation®* and Epik
software to adjust its protonation state (pH 7.0).”> We
modeled PTP1B with the Amber/ff14SB force field; for AA,
we used the General Amber Force Field (GAFF)** with the
Restrained Electrostatic Potential (RESP)*® model to derive
partial charges.

We initialized simulations with an energy-minimized PTP1B
(determined with the steepest descent algorithm in a vacuum)
positioned in simulation box filled with TIP3P water
molecules.”® This box had a minimum distance of 10 A
between protein and box edges. For all simulations, we used
Na' ions to neutralize the net charge and applied a second
minimization to relax solvent molecules around the protein.
We thermalized and pressurized each system in different steps.
Final solvated systems consisted of ~52000 atoms.

We performed MD simulations with an isothermal—isobaric
ensemble (p = 1 bar, and T = 300 K) by coupling each
simulated system to both (i) a Nose—Hoover thermostat®”**
and (ii) an isotropic Parrinello—Rahman barostat®” with a time
constant for coupling of 1 ps. We constrained bonds with
LINCS,*® which allowed for an integration time step of 2 fs,
and used periodic boundary conditions in all directions. We
calculated long-range electrostatic interactions with the particle
mesh Ewald (PME)*' method with a real space cutoff of 10 A
and a Fourier spacing of 0.12 A and estimated van der Waals
interactions with a cutoff of 10 A. We ran all MD simulations
with GROMACS-4.6" for >500 ns; analyses reported in this
study refer to simulations after 25 ns, a time after which the all-
atom RMSDs of PTP1B converge with a standard deviation of
0.1 A (Figure S8). In our study of bound poses of AA, we
defined hydrogen bonds with a maximum donor—acceptor
distance of 3.5 A and a maximum donor—acceptor angle of
30°.
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Figure 3. Mutational analysis of the binding site of abietic acid (AA). (A) Crystal structure of PTP1B (gray, PDB entry 3AS]) showing the location
of mutations introduced at five sites: the active site (red), the allosteric site (green), site 1 (orange), site 2 (yellow), and the L11 loop (blue). The
bound positions of BBR (gray, allosteric site, PDB entry 1T4]) and TCS401 (black, active site, PDB entry SK9W) are overlaid for reference (i.e.,
we aligned the structures of PDB entries 3AS], 1T4], and SKO9W). (B) Disruptive mutations introduced at each site. Mutations were designed to
alter the size and/or polarity of targeted residues. The mutation denoted “YAYA” (Y152A/Y153A), which was identified in a previous study,
attenuates allosteric communication between the C-terminus and the WPD loop.** (C) Fractional change in inhibition (F in eq 1) caused by the
mutations from panel B. Five mutations distributed across the protein reduced the level of inhibition by AA and TCS401 but had a negligible effect
on inhibition by BBR. The similar effects of most mutations on AA and TCS401 suggest that both inhibitors bind to the active site. Error bars
denote the standard error [propagated from n > 9 independent measurements of each initial rate in eq 1 (SI Note 2)].

B RESULTS AND DISCUSSION

AA Is a Weak Mixed Inhibitor of PTP1B. We examined
the mechanism by which AA inhibits PTP1B by measuring
PTPI1B-catalyzed hydrolysis of pNPP in the presence of
increasing concentrations of AA. Initial rates exhibited
saturation behavior indicative of a weak noncompetitive
inhibitor [ie., high concentrations of pNPP did not alleviate
inhibition by outcompeting AA (Figure 1C)]. A comparison of
four kinetic models of inhibition suggested that measured data
fit best to a mixed model (p < 0.001) in which AA engages in a
binding mode distinct from the binding mode exhibited by
pNPP but exhibits an inhibitory effect sensitive to the presence
of bound of pNPP (Figure 1D and Table S2A). This sensitivity
could result from either (i) communication (allosteric or
steric) between the binding of AA and the binding of pNPP or
(i) the existence of two binding sites for AA (e.g, the active
site and a secondary site). Our kinetic analyses could not
distinguish between these two possibilities.

AA Binds to the Active Site of PTP1B. To identify
residues involved in the binding of AA to PTP1B, we recorded
"H-'"N TROSY-HSQC spectra of PTP1B in the presence and
absence of AA (Experimental Section). Weighted differences in
chemical shifts (AS5) between ligand-free and ligand-bound
spectra provide a residue-specific metric for binding-induced
changes in the local electronic environment; we refer to these
differences as “chemical shift perturbations (CSPs)”. Surpris-
ingly, residues that exhibited the largest CSPs (i.e., A5 more
than two standard deviations above the mean) appeared
throughout the protein and, with the exception of two residues
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in the catalytic WPD loop (W179 and V184), outside of
known binding sites (Figure 2A—C). This disperse set of
residues might suggest that AA binds to multiple sites, but its
distribution (five residues appear in flexible loops, and three
are buried in regions distal to known binding sites) suggests
that changes in protein conformation and/or dynamics are a
more likely cause. This effect is consistent with the results of
previous NMR analyses, which indicate that the binding of
inhibitors to the active site or C-terminal allosteric site (Figure
2C) can trigger CSPs at both sites and within intermediary
regions of the protein; PTP1B thus appears to be quite
flexible.*”** The absence of an obvious binding site for AA
(i-e., a clustered set of residues with large CSPs) is surprising
but could result from multiple bound conformations; this
mode of interaction is compatible with the weak inhibitory
effect of AA and with the generally low CSPs (i.e., <0.1 ppm)
detected in our experiments.45 Our NMR results, taken
together, indicate that AA modulates the conformation and/
or dynamics of PTP1B by adjusting a broadly distributed set of
intraprotein interactions that extends beyond its binding site.

To resolve the binding site of AA more clearly, we used
residues with significant CSPs as flexible restraints in
HADDOCK (high-ambiguity-driven protein—protein dock-
ing), a molecular dynamics platform that combines rigid-
body energy minimization with semiflexible and explicit-
solvent refinements to predict the structure of biomolecular
complexes (Experimental Section).”””° HADDOCK enables
specification of flexible residues but allows ligands to bind
anywhere on the surface of a protein. In our analysis, we
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accounted for the conformational flexibility of PTP1B by using
allosterically inhibited, competitively inhibited, and inhibitor-
free crystal structures (i.e., structures with slight differences in
protein conformation and, thus, surface topography). We
explored the contribution of residues proximal (<4—5 A) to
shifted residues, in turn, by including them as flexible restraints
in an additional set of HADDOCK analyses. In a total of 12
docking analyses, each of which yielded 1-10 predicted
binding pockets, two regions consistently exhibited the highest
scores: the active site and a nearby cleft defined by residues
WI12S, Q127, R156, and H175 (Figure 3A and Figure S6A; SI
Note 1); we refer to this cleft as “site 1”. Our docking analysis,
thus, suggested that AA binds at or near the active site of
PTP1B.

We probed the binding site of AA further by determining
how various disruptive mutations (i.e., mutations that change
the size and/or polarity of residues) affect inhibition by AA
and two reference inhibitors. Mutations can alter the inhibitory
effect of small molecules by modifying the chemical
functionality or hydration structure of their binding sites, *°
by triggering global changes in protein conformation or
dynamics,”” or by stabilizing covalent enzyme-—substrate
intermediates.”> The sensitivity of an inhibitor to a broadly
distributed set of mutations that function through any
combination of these mechanisms constitutes a molecular
“fingerprint”; when compared between inhibitors, this finger-
print can reveal overlapping binding sites. Our references
inhibitors—TCS401, which binds to the active site,”® and
BBR, which binds to the allosteric site'’—enabled such a
comparison.

We spread mutations across five sites: the active site, the
allosteric site, site 1, site 2 (a cleft that exhibited significant
CSPs), and the L11 loop [a loop that facilitates allosteric
communication between the @7 helix and the WPD loop*
(Figure 3A,B)]. For each mutant, we evaluated the fractional
change in inhibition (F) by using eq 2

Vo-muc(l)
Vo-mut
Vo-w(D)

V

o-wt

F=1-
)

where V... and V__,, are the uninhibited initial rates of the
mutant and wild-type enzyme, respectively, and V, () and
V(D) are the inhibited initial rates (SI Note 2). Figure 3C
and Figure S6D show the results of our analysis. AA and
TCS401 exhibited similar sensitivities to a range of mutations.
Five mutations distributed across the protein weakened the
ability of AA and TCS401 to inhibit PTP1B but had a
negligible—and, in one case, amplificatory—effect on
inhibition by BBR. Two mutations affected only AA or
TCS401, and one affected both TCS401 and BBR but not AA.
The similar effect of most mutations on AA and TCS401
suggests that both inhibitors bind to the active site. The
discrepancy between the effects of a few mutations, in turn,
indicates that AA and TCS401 bind to non-overlapping
regions of that site, a result consistent with their different
structures and inhibitory mechanisms (i.e., mixed vs
competitive).

Weak, nonpolar inhibitors such as AA tend to have
solubilities that are insufficient for unambiguous identification
in X-ray crystal structures; their partial occupancy of a crystal
lattice, however, can yield electron density near binding sites."’
Our repeated attempts to collect crystal structures of the
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PTP1B—AA complex (prepared via co-crystallization and
soaking) failed to yield data sets with sufficient density to
place AA but, nonetheless, allowed us to detect contiguous
regions of positive density in the active site, a site consistent
with the results of our kinetic study, NMR-restrained docking
simulations (i.e, HADDOCK), and mutational analysis (SI
Note 3). Our inability to place a single conformation of AA
might suggest that AA adopts multiple conformations (a
behavior consistent with the absence of a clustered set of
residues with large CSPs in our NMR analysis); the partial
positive density, however, was insufficient to place them.

AA Increases Loop Dynamics in PTP1B. We dissected
the mechanism of AA-mediated inhibition in atomic detail by
using MD simulations. To begin, we performed a “dynamic
docking” analysis.”” We simulated the apo form of PTP1B in
the presence of high concentrations of AA and collected
snapshots of molecules close (<2 A) to its surface every 2.5 ns.
This analysis revealed clusters of AA located in the active site
and at several nearby regions (Figure S9). Poses in the active
site, however, showed less variability in their orientation and
position than those located elsewhere on the surface (e.g., they
showed only one orientation at slightly different positions
along the cleft of the active site); this reduced variability
indicates more stable binding.

We examined the influence of AA on protein dynamics, in
turn, by comparing simulations of PTP1B in AA-free and AA-
bound states (Experimental Section). For this analysis, we
chose a stable conformation of AA bound to the active site
[i.e., a conformation based on spontaneous docking
simulations (Figure S10A)], the site most consistent with the
results of our biophysical studies. For a negative control, we
selected an alternative low-energy conformation with an
opposite orientation (relative to the first); we determined
this alternative conformation by using Glide (Shrodinger
Suite®*) to dock AA to the active site (i.e., it represents one of
the predicted poses). Interestingly, in the simulation
performed with the second conformation, AA left the binding
site and redocked with an orientation that matched that of the
first (Figure S10B). We, thus, chose the first conformation of
AA to analyze the PTP1B-AA complex.

Our comparison of free and bound states suggests that AA,
upon binding, increases the flexibility of the WPD, E, and L10
loops, an effect consistent with the results of our NMR analysis
[where the WPD and L10 loops exhibited large CSPs (Figure
4A,B)]. AA exerts this effect in two ways. (i) It sterically
occludes F182 from the active site and, thus, prevents the
WPD loop from closing, and (ii) it disrupts the formation of
hydrogen bonds among R221, E11S5, and W179, three residues
that attenuate loop dynamics by stabilizing the WPD loop in
its closed conformation (Figure 4C). The increase in flexibility
of the WPD loop propagates to the E and L10 loops through
direct noncovalent interactions (for E) or through an increase
in backbone dynamics (for L10); all three loops exhibited
correlated coaxial motions (Figure 4B). MD simulations, thus,
indicate that AA prevents the WPD loop from forming a
closed, catalytically competent conformation and enhances the
magnitude of conformational dynamics throughout the
protein. We did not perform additional MD simulations with
poses of AA chosen from clusters located outside of the active
site because the position and orientation of AA within those
clusters were highly variable (and less stable), and we lacked
experimental support for their physical relevance. We discuss
the potential importance of alternative clusters below.
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Figure 4. Computational analysis of binding. The results of MD
simulations are shown: backbone traces of PTP1B in (A) abietic acid
(AA)-free and (B) AA-bound states. The thickness of a trace indicates
the amplitude and direction of local motions (Experimental Section).
The binding of AA increases the flexibility of the WPD, E, and L10
loops, which exhibit correlated motions along a similar axis. The WPD
and L10 loops contain residues with significant CSPs (red),
suggesting consistency between the results of MD and NMR analyses.
(C) Representative bound conformation of AA (green). Upon
binding to the active site, AA (i) forms a hydrogen bond with
R221 that weakens a bond between R221 and E115 and (ii) prevents
the formation of a hydrogen bond (red) between W179 and R221
that forms when the WPD loop closes. Both effects enhance the
conformational dynamics of the WPD loop. (D) The results of
docking calculations are consistent with mixed-type inhibition. The
binding of AA prevents the WPD loop from closing and disrupts, but
does not preclude, the binding of pNPP (spheres).

The mixed mode of inhibition suggested by our kinetic
analysis indicates that AA disrupts, but does not preclude, the
binding of pNPP. To examine this disruption, and to assess the
consistency of our kinetic and MD analyses, we used docking
calculations to study the binding of pNPP to the PTP1B—AA
complex. Results suggest that pNPP can bind a cleft formed by
AA and PTPI1B (Figure 4D); this bound conformation, which
does not permit closure of the WPD loop, is consistent with
the unproductive enzyme—substrate—inhibitor (ESI) complex
formed in mixed-type inhibition.

Minor Changes in the Structures of Abietane-Type
Diterpenoids Can Yield Large Improvements in
Potency. We determined how minor, biologically accessible
changes in the structure of AA affect its potency and selectivity
by comparing the inhibitory effects of five structurally similar,
plant-derived diterpenoids on three sequence-diverse PTPs.
The diterpenoids included AA, continentalic acid (CA),
isopimaric acid (IA), dehzdroabietic acid (DeAA), and
dihydroabietic acid (DiAA);*"*'>* these molecules differ in
their stereochemistries and/or degrees of saturation (Figure
SA). The PTPs included PTP1B, T-cell protein tyrosine
phosphatase (TC-PTP), and protein tyrosine phosphatase
nonreceptor type 11 (SHP2); these proteins differ in sequence
identity [30—63% (Experimental Section)] and physiological
significance. TC-PTP is essential for T-cell function,”* and
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Figure S. Analysis of structurally varied inhibitors. (A) Structural
analogues of abietic acid (AA): continentalic acid (CA), isopimaric
acid (IA), dehydroabietic acid (DeAA), and dihydroabietic acid
(DiAA). (B) Differences in degree of saturation yield pronounced
differences in potency (ie, ICsy) but not selectivity. Error bars
represent 95% confidence intervals (propagated from the data sets
shown in Figures S2—S4).

SHP2 is an immunomodulato?r targeted for the treatment of
numerous types of cancer.””® Results suggested that differ-
ences in saturation, but not stereochemistry, had a strong
influence on potency [defined in this study as ICs, a metric for
the binding affinity of abietane-type diterpenoids (SI Note 5)]:
DiAA was 3-fold more potent than AA and 7-fold more potent
than DeAA (Figure SB). Surprisingly, all molecules exhibited
similar inhibitory effects on the three PTPs, suggesting that
more aggressive structural changes are necessary to adjust
selectivity. For reference, aryl diketoacids, noncompetitive
inhibitors that also bind to a WPD-open conformation of the
active site (Figure S11), exhibit ICsy’s on PTP1B and SHP2
that differ by up to 4-fold.'®

The identification of inhibitors with a 7-fold difference in
potency in a screen of five structurally similar molecules is
interesting. For many small-molecule inhibitors, the addition of
small structural appendages has surprisingly little influence on
binding affinity. An additional hydrogen bond donor or
acceptor, for example, might yield favorable changes in
enthalpy of binding that are completely compensated by
unfavorable changes in entropy of binding;”” this phenomen-
on, which is termed enthalpy/entropy comgensation, repre-
sents an important challenge in drug design.”® The affinities of
abietane-type diterpenoids for PTPs, by contrast, appear to be
sensitive to minor changes in structure; this sensitivity is a
desirable attribute for inhibitor optimization.

Alternative Binding Sites Are Unlikely. The similar
inhibitory effect of abietane-type diterpenoids on three
sequence-diverse PTPs suggests that these molecules bind to
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a conserved site. At first glance, a structural alignment indicates
that many conserved sites might exist; PTP1B, TC-PTP, and
SHP2 exhibit highly similar tertiary structures [i.e., the RMSDs
of aligned structures are 0.46 A for PTP1B and TC-PTP and
0.65 A for PTP1B and SHP2 (Figure 6A)] and could possess

4.V49: V/I
5. D48: D/N

1.8118: S/K
2.N111: N/T
3.L110: LT

2. Q1238:Q/K 5. VI13&:I/E 8. TI17:T/R
3. R156:H/R 6. M114:VNV 9. R112: R/K

Figure 6. Analysis of alternative binding sites. (A) Alignment of the
crystal structures of PTP1B (PDB entry 3AS]), TC-PTP (PDB entry
1L8K), and SHP2 (PDB entry 3B70) with the bound position of
TCS401 (gray spheres, active site, PDB entry SK9W) overlaid for
reference (i.e., we aligned the structures of 3ASJ, 1L8K, 3B70, and
SK9W). Similar tertiary structures (the RMSDs of aligned structures
are 0.46 A for PTP1B and TC-PTP and 0.65 A for PTP1B and SHP2)
suggest that these proteins could exhibit similar topographical features
near (B) clusters predicted by dynamic docking. Details of (C) the
active site and (D) site 1. Nonconserved residues (blue circles) are
labeled for PTP1B and TC-PTP/SHP2. The active site is highly
conserved, while site 1 is more variable. This discrepancy, a symptom
of the general diversity of PTP surfaces outside of their active sites,*”
suggests that, of the sites where abietane-type diterpenoids could
plausibly bind, the active site is the most consistent with their similar
inhibitory effect on three different PTPs.

similar topographical features near clusters of AA predicted by
dynamic docking (Figure 6B). (Note that structural discrep-
ancies tend to appear at loops; we discuss the E loop, which
exhibits a prominent organizational difference between PTP1B
and TC-PTP, in SI Note 6.) Closer analysis of the residues that
line alternative sites (e.g, site 1), however, indicates that they
are poorly conserved relative to the active site (Figure 6C,D).
Of the regions where abietane-type diterpenoids could
plausibly bind, the active site is, thus, the most consistent
with their poor selectivity. Two sets of previous studies support
this result. (i) A large-scale structural analysis of PTPs showed
that, outside of the active site, their surfaces are highly
diverse.”” (ii) Biophysical analyses indicate that most
molecules with similar inhibitory effects on different PTPs
(in fact, all poorly selective molecules of which we are aware)
bind to the active site.” To summarize, in the absence of co-
crystal structures, we cannot provide definitive evidence of a
binding site; however, our broad set of analyses (i.e., the results
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of a kinetic study, an NMR analysis, a mutational analysis, two
sets of docking simulations, and an analysis of inhibition on
different PTPs) indicates that the active site is the most likely
of all possibilities.

Bl CONCLUSIONS AND SPECULATION

Many pharmaceuticals correct anomalous levels of protein
phosphorylation by inhibiting protein tyrosine kinases, which
catalyze the ATP-dependent phosphorylation of tyrosine
residues;®' inhibitors of PTPs, by contrast, have yet to clear
clinical trials.'® This study presents evidence that abietane-type
diterpenoids provide a promising, and largely untapped, source
of readily optimizable PTP-inhibiting leads. Results of detailed
kinetic studies, NMR analyses, and MD simulations indicate
that AA, a representative abietane-type diterpenoid, can inhibit
PTPI1B by binding to the active site in a manner that stabilizes
the WPD loop in an inactive conformation, and they show that
minor changes in the structures of abietane-type diterpenoids
(i.e., the addition of hydrogens) can improve potency by 7-
fold.

The sensitivity of abietane-mediated inhibition to minor
changes in molecular structure suggests an intriguing
application for synthetic biology in lead development. The
metabolic pathways responsible for synthesizing abietane-type
diterpenoids in nature (i.e., pathways comprised of terpene
synthases,”” cytochrome P450 monooxygenases,é3 and other
mutation-sensitive enzymes) could be installed into microbial
hosts and combinatorially reconfigured—or, perhaps,
evolved—to yield inhibitors with improved potencies and/or
selectivities. Recently developed methods for using E. coli for
the combinatorial synthesis of structurally varied labdane-
related diterpenoids provide a starting point for this
approach.”*”** We note that the highly nonpolar nature of
the diterpenoids examined in this study necessitated the use of
high concentrations of co-solvent that reduced their apparent
potencies (SI Note 7) and precluded detailed X-ray crystallo-
graphic studies; future studies of the binding mode of more
soluble and/or potent analogues (e.g., those discovered via
synthetic biology) might enable rational, rather than screen-
based, approaches to inhibitor optimization.

The results of this study have an interesting implication for
previously examined abietane-type diterpenoids with ther-
apeutically relevant activities but poorly understood mecha-
nisms of action. Examples include tanshinone, carnosol, and
ferruginol, which exhibit anti-atherogenic, anti-inflammatory,
and antibiotic effects, respectively, but lack verified protein
targets.”> " Our findings suggest that these molecules might
inhibit one or more PTPs by binding to their highly conserved
active sites (PTPs possess regulatory functions consistent with
the biological activities of these moleculeség’ég) and, thus,
motivate future analyses of the influence of biologically active
abietane-type diterpenoids on PTP-mediated signaling events.
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