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Background: Salicylic acid-based inhibitors of signal transducer and activator of transcription 3 (STAT3) are predicted to
interact with the Src homology 2 (SH2) domain, inhibiting dimerization.
Results: STAT3-inhibitor interactions were interrogated by hydrogen-deuterium exchange (HDX) mass spectrometry (MS).
Conclusion: HDX MS revealed local and global perturbations in STAT3 dynamics.
Significance: Understanding STAT3 inhibitor interactions with the SH2 domain is critical to inhibitor development.

The activity of the transcription factor signal transducer and
activator of transcription 3 (STAT3) is dysregulated in a number
of hematological and solid malignancies. Development of phar-
macological STAT3 Src homology 2 (SH2) domain interaction
inhibitors holds great promise for cancer therapy, and a novel
class of salicylic acid-based STAT3 dimerization inhibitors that
includes orally bioavailable drug candidates has been recently
developed. The compounds SF-1-066 and BP-1-102 are pre-
dicted to bind to the STAT3 SH2 domain. However, given the
highly unstructured and dynamic nature of the SH2 domain,
experimental confirmation of this prediction was elusive. We
have interrogated the protein-ligand interaction of STAT3 with
these small molecule inhibitors by means of time-resolved elec-
trospray ionization hydrogen-deuterium exchange mass spec-
trometry. Analysis of site-specific evolution of deuterium
uptake induced by the complexation of STAT3 with SF-1-066 or
BP-1-102 under physiological conditions enabled the mapping
of the in silico predicted inhibitor binding site to the STAT3
SH2 domain. The binding of both inhibitors to the SH2 domain
resulted in significant local decreases in dynamics, consistent
with solvent exclusion at the inhibitor binding site and
increased rigidity of the inhibitor-complexed SH2 domain.
Interestingly, inhibitor binding induced hot spots of allosteric
perturbations outside of the SH2 domain, manifesting mainly as
increased deuterium uptake, in regions of STAT3 important for
DNA binding and nuclear localization.

Signal transducer and activator of transcription 3 (STAT3),
an Src homology 2 (SH2)4 domain-containing protein (molec-
ular weight, 88,000), mediates intracellular signaling down-
stream of a number of cytokine and growth factor receptors and
is involved in regulating cell proliferation, survival, differentia-
tion, angiogenesis, cell migration, and inflammatory signaling
(1). Dysregulated STAT3 activity promotes the progression of a
multitude of hematological and solid malignancies (2). STAT3
is a transcription factor whose canonical activation pathway is
modulated by tyrosine phosphorylation. Phosphorylation at
Tyr-705 drives STAT3 homodimerization or heterodimeriza-
tion with other STAT family members mediated by its SH2
domain (3), which binds the phosphotyrosine peptide with
nanomolar affinity (4). Inhibition of SH2 domain function is
thus a robust strategy to antagonize its biological activity by
inhibiting STAT3 dimerization (5).

The SH2 domain is a structurally conserved feature of many
intracellular signaling transducers and is capable of recognizing
and binding to phosphorylated tyrosine residues presented in
the context of specific protein sequences (6). Comprising min-
imal secondary structure, the SH2 domain and the phospho-
peptide binding interface are highly unstructured and dynamic
(7), a property that makes the development of small molecule
inhibitors targeted at this important domain class a challenge.
Gunning and co-workers (8, 9) have recently developed a num-
ber of pharmacological, orally bioavailable inhibitors of STAT3
based on the salicylic acid pharmacophore through a series of
quantitative structure-activity relationship studies. Two such
inhibitors, SF-1-066 and BP-1-102, demonstrate an IC50 of 35
and 19.7 �M, respectively, for the inhibition of STAT3 DNA
binding activity in vitro and inhibit STAT3 dimerization (10).
Additionally, BP-1-102 has demonstrated potent antitumor
effects in vivo in human breast and lung cancer xenograft stud-
ies in mice (8). Given the demonstration that both SF-1-066 and

* This work was supported in part by National Sciences and Engineering
Research Council (NSERC) Discovery Grant 257588 and an Ontario Ministry
of Research and Innovation early researcher award (to D. J. W.).

□S This article contains supplemental Fig. S1.
1 Supported by an NSERC postgraduate scholarship-doctoral.
2 Supported by the NSERC, Canadian Institutes of Health Research, and Cana-

dian Breast Cancer Research Foundation.
3 To whom correspondence should be addressed: York University Chemistry

Dept., 4700 Keele St., Toronto, Ontario M3J 1P3, Canada. Tel.: 416-736-2100
(ext. 20786); Fax: 416-736-5936; E-mail: dkwilson@yorku.ca.

4 The abbreviations used are: SH2, Src homology 2; HDX, hydrogen-deute-
rium exchange; TRESI, time-resolved electrospray ionization; MBP, malt-
ose-binding protein; Csk, C-terminal Src kinase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 47, pp. 32538 –32547, November 21, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

32538 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 47 • NOVEMBER 21, 2014



BP-1-102 inhibit the binding of the phosphotyrosine peptide by
the SH2 domain of STAT3 (8, 11), a proposed mechanism of
action involves inhibitor binding to the SH2 domain that dis-
rupts its function or otherwise blocks the binding of the phos-
phopeptide regulatory region. In silico docking studies identi-
fied a putative binding site for the two inhibitors comprising all
three phosphopeptide-binding subpockets of the SH2 domain
(10), supporting this mechanism. However, little experimental
evidence exists corroborating that the putative binding site of
SF-1-066 and BP-1-102 is indeed in the SH2 domain, and the
mechanism of action of these molecules is not yet fully
understood.

Although a number of x-ray crystal structures of STAT3 are
available (12, 13), including that of the phosphorylated STAT3
dimer (14), derivation of x-ray crystal structures of STAT3
complexed with SF-1-066 and BP-1-102 has proven exception-
ally challenging, and to date, no inhibitor-STAT3 structure has
been resolved. Unlike these static images, dynamic representa-
tions of protein structures can offer unparalleled mechanistic
insights into biological processes and interactions by depicting
the time evolution of protein conformational ensembles (15).
Hydrogen-deuterium exchange (HDX) mass spectrometry
(MS) when coupled with microfluidic sample processing
enables the interrogation of protein dynamics of the native pro-
tein structures in solution, permitting the in situ observation of
enzyme-catalyzed reactions (16) and protein-ligand interac-
tions (17). HDX implemented on a microfluidic device for rapid
mixing, quenching, and proteolytic digestion of the protein
analyte offers substantial advantages over other techniques,
including easy implementation, unlimited protein analyte size,
time scales compatible with protein breathing motions, and
site-specific resolution of up to a few amino acids (18).

We have applied a time-resolved electrospray ionization MS
HDX (TRESI-MS/HDX) approach to the study of protein-li-
gand interactions involving the highly unstructured SH2
ligand-binding domain in the context of the near full-length
STAT3 protein. TRESI-MS/HDX is particularly useful for
interrogating weakly structured protein regions where short
deuterium labeling pulses are essential for accurately assessing
the magnitudes of dynamic perturbations (18). Given that
weakly structured regions experience moderate protection
from exchange, conformational changes induced by ligand
binding to such regions can be readily detected by TRESI-MS/
HDX with a heightened degree of sensitivity. In the present
work, TRESI-MS/HDX was applied to (i) experimentally iden-
tify the STAT3 binding site of the salicylic acid-based inhibitors
SF-1-066 and BP-1-102 and (ii) probe the changes in protein
dynamics induced in STAT3 upon complexation with these
inhibitors.

EXPERIMENTAL PROCEDURES

Reagents—SF-1-066 and BP-1-102 were synthesized as
described previously (10) and were dissolved in DMSO. Deute-
rium oxide (D2O; 99.99%), ammonium acetate (99.99%), acetic
acid (99.7%), and pepsin-agarose beads were purchased form
Sigma-Aldrich. Dialysis cassettes (30,000 molecular weight cut-
off) were purchased from Fisher Scientific. Vivaspin 20 (30,000

molecular weight cutoff) columns were purchased from GE
Healthcare.

Cloning, Expression, and Purification of the STAT3 Fusion
Protein—Plasmid containing mouse His-tagged STAT3 was
provided by Dr. Rob C. Laister (Toronto, Ontario, Canada).
STAT3, residues 127– 688 (100% sequence identity on the pro-
tein level between mouse and human), was excised with NdeI
and BamHI and subcloned directly into the pMAL-c5X plasmid
digested with the same restriction enzymes to generate an
N-terminal maltose-binding protein (MBP)-tagged fusion of
STAT3. The resulting pMAL-c5X-STAT3 plasmid was trans-
formed into Escherichia coli BL21(DE3) for inducible expres-
sion. The resulting MBP-human STAT3 fusion was purified by
affinity chromatography on amylose resin (New England Bio-
Labs Inc., Ipswitch, MA). Purified STAT3 was further concen-
trated to 80 �M using the Vivaspin 20 filtration column and
buffer-exchanged into 100 mM ammonium acetate, pH 7.4
using a 30,000 molecular weight cutoff dialysis cassette. Purity
was confirmed by SDS-PAGE and absorbance at 280 nm to be
above 95%.

Microfluidic Device Construction—The microfluidic device
for the HDX workup was constructed as described previously
(18). Briefly, a standard poly(methyl methacrylate) block (8.9 �
3.8 � 0.6 cm) was laser-ablated to incorporate two input chan-
nels for introduction of reactants, a proteolytic digestion cham-
ber, and a third output channel using the VersaLaser engraver
(Universal Laser, Scottsdale, AZ). The rapid mixing device,
described previously (19), was embedded into the first input
channel to supply the protein solution and D2O for labeling.
The second channel supplied the quenching solution (5% acetic
acid, pH 2.4). A proteolytic digestion chamber was edged in a
rectangular shape (30 � 5 � 0.05 mm) onto the device and filled
with pepsin-agarose beads (average diameter, 20 –50 �m). The
output channel fed directly into the MS. A blank poly(methyl
methacrylate) block was used as a cover to seal the device, lined
with a silicon-rubber gasket for a liquid-tight seal. A custom-
built pressure clamp was used to secure the device seal (LAC
Machine and Tooling Ltd., Toronto, Ontario, Canada). Metal
capillaries were melted into the etched poly(methyl methacry-
late) chip to connect automated supply syringes to the device
and provide an outlet for direct coupling to the MS. Reactants
were supplied into the device with gas-tight Hamilton syringes
through polytetrafluoroethylene tubing using automated infu-
sion pumps (Harvard Apparatus, Holliston, MA).

Hydrogen-Deuterium Exchange Mass Spectrometry—HDX
experiments were carried out at 20.5 °C in triplicate with an 80
�M solution of STAT3 in 100 mM ammonium acetate buffer,
pH 7.4. STAT3 was preincubated with 400 �M SF-1-066, 400
�M BP-1-102, or a DMSO-only blank control for 2 h on ice. The
DMSO-only blank was used to account for the potential impact
of residual DMSO (5%, v/v) from inhibitor solutions on the
HDX reaction.

The microfluidic device was directly coupled to the front end
of a modified QStar Elite hybrid quadrupole time-of-flight mass
spectrometer (AB Sciex, Framingham, MA). A bypass switch
was introduced to simulate the presence of a commercial ESI
source. STAT3 solutions were infused through a polyamide-
coated glass capillary into the rapid mixing device at a flow rate
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of 1 �l min�1. Deuterium was supplied through the outer metal
capillary at a flow rate of 3 �l min�1. The resulting maximum
deuteration was 75%. Deuteration pulse length was controlled
by the withdrawal of the inner capillary and was calculated by
measuring the position of the inner capillary in reference to the
outer capillary in the rapid mixing device. Pulse lengths ranged
from 179 ms up to 7.56 s. 5% acetic acid solution, pH 2.4 at
20.5 °C, was supplied to quench the exchange through the sec-
ond input channel at a flow rate of 15 �l min�1. ESI-MS acqui-
sition was carried out in a positive ion mode with an electros-
pray voltage of �4700 to �4900 V, 60-V declustering potential,
and 250-V focusing potential. Spectra were acquired over the
range of 300 –1600 m/z with a scanning rate of 1 s�1.

In Silico Docking of SF-1-066 and BP-1-102 to STAT3 SH2
Domain Crystal Structure—Structures of SF-1-066 and BP-1-
102 were docked into the STAT3 SH2 domain structure
(derived from Protein Data Bank code 1BG1) using the GOLD
software package (Cambridge Crystallographic Data Centre,
Cambridge, UK) as described previously (9).

Data and Statistical Analyses—All MS spectra analyses were
performed using mMass software, version 5.5 (20). Peptic pep-

tide identification was performed using a FindPept tool on the
ExPASy proteomic server (Swiss Institute of Bioinformatics,
Basel, Switzerland) and confirmed by collision-induced disso-
ciation where needed. Deuterium incorporation was computed
using software for isotopic distribution analysis developed in
house and was normalized to the maximum deuterium uptake
of 75%. HDX data were fitted using single exponential non-
linear regression and normalized in SigmaPlot (Systat Software,
San Jose, CA). Protein structures were rendered using PyMOL
(The PyMOL Molecular Graphics System, Version 1.5.0.4,
Schrödinger, LLC).

RESULTS

TRESI-MS Analyses of STAT3 and STAT3�Inhibitor Com-
plexes—A slightly truncated construct of STAT3 (Fig. 1A) was
preincubated with a 400 �M concentration or a 1:5 molar excess
of SF-1-066 or BP-1-102 inhibitor (inhibitor structures are
shown in Fig. 1, B and C). This concentration was expected to
have saturated STAT3 given the experimentally determined Kd
values for SF-1-066 and BP-1-102 of 2.74 �M and 504 nM,
respectively (8, 11). The STAT3 construct utilized in this study

FIGURE 1. Domain structure of STAT3 and structures of the salicylic acid-based inhibitors with in silico predicted binding configuration. A, the domain
structure of STAT3 is shown oriented as in later figures. Dotted lines and boxes indicate regions not included in the construct, including Tyr-705, which upon
phosphorylation is the reciprocal binding partner of the SH2 domain in STAT3 homodimerization, and the transcriptional activator domain (TAD). B, SF-1-066
structure. C, BP-1-102 structure. D, representation of the results of in silico docking of SF-1066 (yellow) and BP-1-102 (green) inhibitors to the phosphotyrosine
peptide-binding pocket of the STAT3 SH2 domain. Key contact residues at the SH2 domain surface are indicated.
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is devoid of the Tyr-705 necessary for STAT3 dimerization
(13), ensuring that the protein remains as a monomer in solu-
tion and that any dynamic changes observed are not as a result
of intermolecular interactions. The construct does retain the
full SH2 domain containing the Tyr(P) binding site, however.
Fig. 1D shows how SF-1-066 (yellow) and BP-1-102 (green) are
predicted to bind to the SH2 domain of STAT3 based on in
silico docking simulations. In these models, residues Lys-591,
Arg-609, Ser-611, and Ser-613 are predicted to make direct
contact with the Tyr(P)-mimetic portion of the scaffold, ortho-
hydroxybenzoic acid, via hydrogen bonding and electrostatic
interactions in the Tyr(P)-binding subpocket. The hydrophobic
cyclohexylbenzyl moiety is predicted to form van der Waals
contacts with the distal, hydrophobic subpocket of the SH2
domain lined by residues Trp-623, Val-637, and Ile-659. The
sulfonamide-substituted group of the inhibitors is predicted to
access an additional subpocket of the SH2 domain and is pre-
dicted to interact with Lys-591, Glu-594, Arg-595, and Ile-634
(8, 10).

TRESI-HDX was carried out on a microfluidic device that
facilitates variable HDX labeling times from 179 ms to 7.56 s
with on-chip digestion and electrospray ionization. Digestion
of STAT3 was reasonably efficient in our system, resulting in
sequence coverage of 70% corresponding to 62 unique peptides
and an average spatial resolution of 7.3 amino acids (Fig. 2).
Typical HDX MS data are depicted in Fig. 3A for STAT3 pep-
tides that experienced no change in deuteration, increased deu-
teration, or decreased deuteration as a result of complexation
with SF-1-066 and BP-1-102 STAT3 inhibitors. Kinetic profiles
depicting the change in peptide deuteration as a function of
labeling time are shown in Fig. 3B. Kinetic profiles of all 62
peptides are depicted in supplemental Fig. S1. Data were nor-
malized fit to a single exponential, and the amplitude parameter
was used to calculate deuterium uptake. In Fig. 4, deuterium
uptake is mapped onto the crystal structure of STAT3 (Protein
Data Bank code 1BG1), giving a broad picture of the dynamic
nature of the free SH2 domain and the changes in dynamics that
occur upon complexation with inhibitors (Fig. 4, A–C).

Mapping the Inhibitor Binding Site in STAT3—Mapping the
-fold change in deuterium uptake for inhibitor-bound versus
free STAT3 to the crystal structure (Fig. 5, A and B) enables the
visualization of regions exhibiting pronounced changes in local
backbone dynamics. Decreases in deuterium uptake may indi-
cate the steric exclusion of solvent molecules or alternatively
reorganization of the local backbone hydrogen bonding net-
work, resulting in a net increase in hydrogen bonding. Increases
in deuterium uptake typically result from a disruption of sec-
ondary structure or increased local accessibility to solvent. The
STAT3 SH2 domain (Fig. 5, A and B, insets) exclusively experi-
enced significant, large decreases in deuterium uptake upon
complexation with both SF-1-066 and BP-1-102 inhibitors in
five and six unique peptides, respectively. Fig. 6, A and B, map
along the STAT3 primary sequence for each peptic peptide the
-fold change in deuterium uptake in the inhibitor-complexed
STAT3 relative to STAT3 without inhibitor for SF-1-066 and
BP-1-102, respectively. Fig. 6, A and B, also clearly highlight the
clustering of large decreases in deuterium uptake within the
STAT3 SH2 domain upon complexation of both inhibitors.

This decrease is pronounced in those regions of the Tyr(P)-
binding pocket that are in closest proximity to inhibitor func-
tional groups in the in silico model. Peptides ISKERERAIL (589–
598), LRFSE (608–612), and YKIMDATN (657–664) for instance
that line the surface of the putative inhibitor-binding pocket all
exhibited a 2–3-fold reduction in deuterium uptake when inhibi-
tors were present (Fig. 6, A and B, arrows). This observation is
consistent with the occlusion of the SH2 phosphotyrosine-binding
subpockets where the inhibitors are predicted to bind, resulting in
decreased solvent accessibility.

Allosteric Changes Induced in STAT3 by the SH2 Dimeriza-
tion Inhibitors—Multiple peptides from outside of the SH2
domain exhibited pronounced changes in relative deuterium
uptake upon complexation with inhibitor (Figs. 5, A and B, and
6, A and B). The majority of these conformational disturbances
manifested as significant increases in deuterium uptake and
were largely localized to regions of �-helical secondary struc-
ture. The profile of allosteric differences induced by SF-1-066
versus BP-1-102 was somewhat different. Fig. 6C highlights the
regions that exhibited relative changes in HDX that were sig-
nificantly different between the SF-1-066�STAT3 (orange) and
BP-1-102�STAT3 (purple) complexes.

DISCUSSION

This study highlights the utility of structural mass spectrom-
etry based on TRESI-MS/HDX in probing protein-ligand inter-
actions and understanding dynamic changes and mechanisms
associated with ligand binding. The “bottom-up” HDX approach
as implemented here enables one to generate accurate, subsecond
time scale kinetic profiles of site-specific exchange in the native
protein structures. This structural technique is particularly
useful for interrogating protein domains with minimal second-
ary structure or a high degree of intrinsic disorder. Although
NMR has been used to probe disordered proteins to a degree, it
is highly limited by protein size in applications involving pro-
tein-ligand interactions (15, 21).

Here we applied the microfluidics-integrated TRESI-MS/
HDX workflow to derive averaged dynamic structures of free
and inhibitor-bound STAT3. Our examination of the dynamic
changes in this protein largely confirmed in silico predictions
with respect to the inhibitor binding regions as well as revealed
additional regions inside the STAT3 SH2 domain that exhibit
strong protection from exchange due to the interaction with
the inhibitors. SF-1-066 and BP-1-102 represent a novel, state-
of-the-art class of salicylic acid-based SH2-targeted STAT3
inhibitors with low micromolar and nanomolar range affinity
for STAT3, respectively; however, no experimental evidence
directly describes their interaction with the SH2 domain (8, 10).

It has been proposed that these inhibitors bind to the SH2
domain of STAT3 and preclude the binding of its ligand, the
phospho-Tyr705-containing peptide of another STAT3 mole-
cule, which in turn inhibits the ability of STAT3 to dimerize.
This mechanism is supported by the observation that both
SF-1-066 and BP-1-102 can inhibit the binding of phospho-
Tyr-705-containing peptide to STAT3 in vitro (8, 11) and
inhibit the biological activity of STAT3 both in vitro and in vivo.
It is unclear whether the ability of these compounds to inhibit
phosphopeptide binding is a consequence of their direct com-
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plexation with the SH2 domain and competitive inhibition as
predicted by in silico docking studies (10) or a consequence of
their interaction with other regions of the STAT3 protein. Our
data for the first time provide an experimental proof that the
SF-1-066 and BP-1-102 compounds bind exclusively to the SH2
domain on the STAT3 molecule and complete the evidence set
supporting the originally proposed mechanism for their biolog-
ical activity. Additionally, our data reveal a series of increases in
HDX outside the STAT3 SH2 domain due to inhibitor binding,
suggesting allosteric effects that are potentially destabilizing to
the protein.

Peptides ISKERERAIL (589–598), LRFSE (608–612), and
YKIMDATN (657–664), which exhibited significant decreases in
deuterium uptake upon inhibitor binding, map to the surface of
the inhibitor-binding pocket predicted by docking studies (Fig. 6,
A and B). The side chain of Arg-609, mapping near the peptide
LRFSE (608–612), was predicted to hydrogen bond with the sali-
cylic acid moiety common to both inhibitors, greatly stabilizing the
binding energy of the molecules (8, 22). This is consistent with
large decreases in backbone deuteration observed in the LRFSE
(608–612) peptide given the tight predicted occupancy of this
subpocket by the salicylic acid moiety for both inhibitors.

FIGURE 2. Primary protein sequence and secondary structure assignment (based on the Dictionary of Protein Secondary Structure assignment (34))
of the human STAT3 (Protein Data Bank code 1BG1) segment of the MBP-STAT3 fusion protein. All 62 peptic peptide resolved and analyzed in the HDX
experiments are indicated above the primary sequence. Total STAT3 sequence coverage is 70%.
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The peptide YKIMDATN (657– 664), lining the cyclohexyl-
benzyl-binding subpocket, only experienced a significant
decrease in deuterium uptake in the case of the higher affinity
inhibitor BP-1-102 (Fig. 6, A and B). The binding of the cyclo-
hexylbenzyl moiety to the predicted subpocket is dominated by
relatively weak van der Waals interactions (10). This observa-
tion with respect to the YKIMDATN (657– 664) peptide, which
lines the deepest end of the cyclohexylbenzyl subpocket, is con-
sistent with the tighter binding of the cyclohexylbenzyl moiety
of BP-1-102 compared with SF-1-066 as predicted by in silico
docking (Fig. 1D). The only structural difference between the
two inhibitors is the substituent at the sulfonamide end of the
molecule, a tosyl sulfonamide for SF-1-066 and a pentafluoro-
benzyl sulfonamide for BP-1-102. Despite this, in the peptide
lining the relevant subpocket, ISKERERAIL (589 –598), a sig-
nificant but similar decrease in deuteration was observed that is
not reflective of any differential effect on the backbone amides
in this region.

Other regions of the SH2 domain not immediately lining the
surface of the predicted inhibitor-binding site also exhibited

significant decreases in deuterium uptake upon inhibitor bind-
ing. Some of these segments interact directly with specific
regions of the binding pocket. For example, the peptide
SKEGGV (614 – 619) is located in proximity to LRFSE (608 –
612), which lines the salicylic acid moiety-binding subpocket,
with the backbone amide of the Ser-611 making a hydrogen
bond with the backbone carbonyl of Gly-618. Both inhibitors
induce a significant decrease in deuterium uptake in the
SKEGGV (614 – 619) peptide.

Overall, the higher affinity inhibitor, BP-1-102, induced
more decreases in deuterium uptake compared with SF-1-066
(Fig. 6C). This and other observations of significant decreases in
deuterium uptake in the SH2 domain suggest that either (i) the
inhibitors are able to bind to regions of the SH2 domain outside
of the in silico predicted binding pocket or (ii) the binding of the
inhibitors to the predicted binding pocket results in an overall
stabilization of and possibly the induction of additional second-
ary structure in a large portion of the SH2 domain. We tend to
favor the latter possibility given the lack of clustered HDX
decreases elsewhere in the molecule outside of the SH2 domain

FIGURE 3. Analysis of site-specific HDX. A, representative spectra of peptic peptides derived from STAT3 for non-deuterated STAT3 (top row), STAT3 labeled
with a 2.8-s HDX pulse (second row), and STAT3 complexed with SF-1-066 (third row) or BP-1-102 (bottom row) labeled by a 2.8-s HDX pulse (bottom row). Raw
spectra depict the observed shifts in isotopic distribution following HDX. Peptides that exhibited an increase (left column), a decrease (right column), or no
change (middle column) in deuterium uptake are represented. Percent deuterium uptake is indicated on each spectrum. B, normalized HDX kinetic plots of
representative peptides in A for the free STAT3 (open circles) and STAT3 complexed with SF-1-066 (filled squares) or BP-1-102 (filled triangles). Data represent an
average of triplicate runs (error bars represent S.E.).
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that would point to nonspecific binding by the inhibitors to
STAT3.

Our data suggest that the core of the STAT3 SH2 domain
represents a highly dynamic network potentially able to trans-
mit local perturbations in dynamics to distal regions of the
domain. Indeed, studies of dynamics of SH2 domains of other

proteins reveal a general, global reduction or stabilization in
dynamics in a large portion of the SH2 domain upon peptide
ligand binding, resulting in increased rigidity that propagates
throughout the entire domain (23, 24). Overall, the clustering of
significant decreases in deuterium uptake in the SH2 domain of
inhibitor-complexed STAT3 provides experimental evidence

FIGURE 4. Average deuterium uptake mapped and color-coded onto the crystal structure of STAT3 (Protein Data Bank code 1BG1) for free STAT3 (A),
STAT3 complexed with SF-1-066 (B), and STAT3 complexed with BP1–102 (C). STAT3 protein is depicted as a stick representation colored by element. Low
(blue shading) represents 0 –20% deuterium uptake followed by green (20 – 40%), yellow (40 – 60%), orange (60 – 80%), and then High (red shading) representing
80 –100% deuterium uptake. The domain organization of STAT3 is mapped on the right. The arrows point to the region demonstrated to bind the inhibitors in
this study.

FIGURE 5. -Fold changes in deuterium uptake from free STAT3 are shown for STAT3 complexed with SF-1-066 (A) and STAT3 complexed with BP1–102
(B) are shown. Hot spots of differential deuterium uptake mapped onto the crystal structure of STAT3 (Protein Data Bank code 1BG1) are color-coded as
decreases (blue shading) or increases (red shading) in uptake. Insets show a magnified view of the SH2 domain depicted from the face of the predicted
inhibitor-binding pocket. The domain organization of STAT3 is mapped on the left.
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supporting the SH2 domain being the target site of the salicylic
acid-based inhibitors SF-1-066 and BP-1-102. This finding cor-
roborates in silico docking predictions as well as other experi-
mental evidence. In fluorescence polarization assays with
STAT3 and a fluorescently labeled phosphotyrosine peptide
(5-carboxyfluorescein-GpYLPQTV-NH2 where pY is phos-
photyrosine) that mimics the natural SH2 domain target sub-
strate, both SF-1-066 and BP-1-102 inhibitors competed
strongly with substrate binding with an IC50 of 20 and 4.1 �M,
respectively (8, 11).

Interestingly, both inhibitors induced a burst of dynamic
changes, mainly manifesting as significant relative increases in
deuterium uptake, outside of the SH2 domain of STAT3 (Fig. 6,
A and B). These allosteric changes induced in the inhibitor-
complexed structures propagate into STAT3 domains and
regions involved in DNA binding (�-barrel and connector
domains) and nuclear localization of the protein (four-helix
bundle and �-barrel domains) (14, 25). Interestingly, the major-
ity of allosteric changes mapped to (or near) regions important
to the DNA binding activity of STAT3 (DNA-binding domain,

residues 406 –514) (26). The backbone amide of Val-432 for
instance is directly involved in DNA binding, and Glu-435
forms a hydrogen bond that is important for maintaining the
structural rigidity of one of the DNA binding loops (14). We
observed a significant increase in deuterium uptake in the pep-
tide IVTEEL (431– 436) with both inhibitors. This suggests the
possibility that the salicylic acid-based inhibitors SF-1-066 and
BP-1-102 could also be acting via an allosteric mechanism to
modulate non-canonical DNA binding of STAT3, a prediction
that will need to be explored experimentally with the use of
STAT3 mutants.

The vast majority of allosteric changes induced by inhibitor
binding (Fig. 6, A and B) mapped to regions predicted to have
�-helical secondary structure (Fig. 2). Increases in HDX in
�-helical regions most likely result from the loss or remodeling
of secondary structure, affecting the hydrogen bonding net-
work. STAT3 complexed with SF-1-066 exhibited more allos-
teric effects (Fig. 6C) compared with the tighter bound BP-1-
102 complex, which may reflect the need for a degree of
conformational freedom in the SH2 domain to efficiently

FIGURE 6. -Fold changes in deuterium uptake shown for all peptic peptides comprising the STAT3 primary sequence coverage in the HDX experi-
ments. -Fold changes in deuterium uptake from free STAT3 are shown for STAT3 complexed with SF-1-066 (A) and STAT3 complexed with BP1–102 (B). Arrows
denote regions of the binding pocket in closest contact with the inhibitors in the in silico model. C, significant differences in relative deuterium uptake between
the STAT3�SF-1-066 (orange) and STAT3�BP-1-102 (purple) complexes are highlighted. Data represent an average of triplicate runs (error bars represent S.E.).
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“transmit” the allosteric signal. Nevertheless, this observation is
qualitative and speculative and would necessitate further inves-
tigation. Allosteric changes were not observed in any peptides
derived from the MBP protein that was fused via a polyaspar-
agine linker to the N terminus of the STAT3 in our construct
(data not shown). This confirms that changes induced by the
binding of SF-1-066 and BP-1-102 inhibitors to STAT3 outside
the SH2 domain are not a result of experimental error.

Allosteric modulation is an important mechanism of com-
munication between distinct domains within the protein, and
exactly how the information is transmitted between domains is
an area of active investigation (27). The ability of the SH2
domain to induce conformational changes in other domains in
the same protein has been demonstrated for the C-terminal Src
kinase (Csk) (28), a protein-tyrosine kinase that phosphorylates
other kinases of the Src family. In Csk, the binding of the SH2
domain target peptide, Csk-binding protein, appears to induce
conformational changes that are transmitted through the SH2
linker to the active site and other regions of the protein. Con-
versely, binding of Csk nucleotide substrates to the kinase
domain was shown to impact HDX protection in other regions
of the protein, including the SH2 domain, depending on the
nature of the nucleotide present (29). Our study adds to the
work of others examining allosteric modulation by HDX MS
(30 –32), highlighting the vast utility of this structural tech-
nique in probing the evolution of allosteric changes in intact
proteins under physiological conditions.

In summary, in silico predicted interactions of SF-1-066 and
BP-1-102 inhibitors with regions of the STAT3 SH2 domain
were experimentally confirmed by analyzing changes in site-
specific deuterium uptake upon STAT3 complexation with the
inhibitors. Showing a large contiguous decrease in deuterium
uptake around the putative SH2 domain-binding site, our data
support a mechanism of inhibition driven by “pacification” of
the SH2 domain through complexation. This compliments
prior biochemical evidence that points to disruption of STAT3
dimerization as the primary inhibitory mechanism. However,
inhibitor binding was also found to induce substantial changes
in the dynamics of the DNA-binding and nuclear localization
domains, which could reflect additional modes of inhibition
targeting non-canonical activation pathways (12, 33). Our
study highlights the incremental benefits of dynamic structure
analysis to understanding protein-ligand interactions via the
examination of conformational ensembles rather than static
representations of the protein complex structures.
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