BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Molecular Determinants for Unphosphorylated STAT3 Dimerization
Determined by Integrative Modeling

Jacopo Sgrignani,_{_ Simon Olsson,_}_’|| Dariusz Ekonomiuk,” Davide Genini,* Rolf Krause, -
Carlo V. Catapano,qE and Andrea Cavalli* "

"Institute of Research in Biomedicine (IRB) and Universiti della Svizzera italiana (USI), Via Vincenzo Vela 6, CH-6500 Bellinzona,
Switzerland

*IOR Institute of Oncology Research, Via Vincenzo Vela 6, CH-6500 Bellinzona, Switzerland
SDepartment of Chemistry, University of Cambridge, Lansfield Road, Cambridge CB2 1EW, U.K.

ILaboratorium fiir Physikalische Chemie, Eidgendssische Technische Hochschule Ziirich, Vladimir-Prelog-Weg 2, CH-8093 Ziirich,
Switzerland

Institute of Computational Science, Faculty of Informatics, Universita della Svizzera Italiana (USI), Via Giuseppe Buffi 13, CH-6900
Lugano, Switzerland

© Supporting Information

ABSTRACT: Signal transducer and activator of transcription factors (STATs) are
proteins that can translocate into the nucleus, bind DNA, and activate gene
transcription. STAT proteins play a crucial role in cell proliferation, apoptosis, and
differentiation. The prevalent view is that STAT proteins are able to form dimers
and bind DNA only upon phosphorylation of specific tyrosine residues in the
transactivation domain. However, this paradigm has been questioned recently by
the observation of dimers of unphosphorylated STATs (USTATs) by X-ray,
Forster resonance energy transfer, and site-directed mutagenesis. A more complex
picture of the dimerization process and of the role of the dimers is, thus, emerging.
Here we present an integrated modeling study of STAT3, a member of the STAT
family of utmost importance in cancer development and therapy, in which we
combine available experimental data with several computational methodologies
such as homology modeling, protein—protein docking, and molecular dynamics to
build reliable atomistic models of USTAT3 dimers. The models generated with the
integrative approach presented here were then validated by performing computational alanine scanning for all the residues in the
protein—protein interface. These results confirmed the experimental observation of the importance of some of these residues (in
particular Leu78 and Asp19) in the USTAT3 dimerization process. Given the growing importance of USTAT3 dimers in several
cellular pathways, our models provide an important tool for studying the effects of pathological mutations at the molecular and/
or atomistic level, and in the rational design of new inhibitors of dimerization.

ignal transducer and activator of transcription factors currently available in the Protein Data Bank (PDB).'*™"* These

(STATs) make up a large family of proteins (STATI, studies'’™"” show, however, that STAT3 shares the same
STAT2, STAT3, STAT4, STATSa, STATSb, and STAT6) with structural elements as the other members of the STAT family
lengths ranging from 750 to 850 amino acids that are key in a and is formed by five domains: (1) N-terminal domain (N-
large number of cellular processes such as growth, survival, and term), (2) coiled-coil domain, (3) DNA-binding domain, (4)
differentiation.' ™ Among all the members of the STAT family, SH2 domain, and (5) transactivation domain (TAD) (Figure
STAT3 plays a pivotal role in carcinogenesis and cellular 1).
development by regulating the transcription of genes involved Phosphorylation of tyrosine residues located in the SH2 and
in proliferation, differentiation, apoptosis, angiogenesis, and TAD domains of STAT proteins by tyrosine kinases (PTKs)
immuno-inflammatory processes.4 Accordingly, there is great has been identified as the critical event in the modulation of the
interest in the development of selective STAT3 inhibitors, and protein function.”'* In the case of STAT3, phosphorylation of
several organic molecules that can modulate STAT3 activity,5 tyrosine 705 (Tyr705) by receptor-associated (such as JAK)
frequently showing an anticancer effect, have been sought and and non-receptor-associated (such as Src) PTKs is the key
identified.™"

As in the case of other members of the STAT family, STAT3 Received: December 17, 2014
has been only partially investigated from the structural point of Revised:  August 1, 2015
view. In fact, only few and incomplete X-ray structures are Published: August 18, 2015
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Figure 1. Full-length STAT3 general structure scheme. Protein
domains are represented with different colors: N-terminal domain
(yellow), coiled-coil domain (green), DNA-binding domain (red),
SH2 domain (cyan), and transactivation domain (blue). Notably, this
model has been built by homology modeling only for explicative
purposes.

event that triggers dimerization, nuclear translocation, and the
activation of its transcriptional functions.”

This led, over the years, to the oversimplified view that
STATS3 is be able to form dimers, migrate into the nucleus, and
activate transcription only after Tyr70S phosphorylation and
that Tyr70S-phosphorylated dimers represent the only func-
tional form of this protein. A novel more complex picture is,
however, emerging, and this paradigm has been questioned.

In fact, STAT3 can undergo several other post-translational
modifications (PTM), besides Tyr705 phosphorylation, that are
also key for its function under physiological and pathological
conditions. These PTM include phosphorylation of serine 727
by serine protein kinases as well as lysine acetylation and
methylation by protein acetyltransferase and methyltrans-
ferases.”'> Furthermore, the presence of unphosphorylated
STAT proteins (USTATSs, i.., proteins that are not
phosphorylated at key residues such as Tyr70S in the case of
STAT3) inside the nucleus as well as their ability to dimerize
and bind DNA has been demonstrated experimentally.'>'*~"
Notably, while their exact role in transcriptional activation and
their ability to bind DNA are still being debated,'”'® USTATs
and, in particular, USTAT3 have been shown to play an
important role in chromatin organization and topology,
microtubule stability, and mitochondrial metabolic path-
ways 21520

Recently, Wilderspin and co-workers reported the results of a
multidisciplinary study that aimed to investigate the three-
dimensional structure of USTAT3 dimers in complex with
DNA."” In this study, they showed that USTAT3 dimers were
able to bind DNA fragments like phosphorylated STAT3. It
should, however, be noted that the N-terminal domain was
removed and replaced with a green fluorescent protein and is,
therefore, missing in their final model.

More recently, Miiller-Newen and co-workers used Forster
resonance energy transfer (FRET) and single-point muta-
genesis to elucidate the molecular assembly of full-length
USTAT3 dimers not interacting with DNA.* Interestingly,
their findings support a direct interaction between the two N-
terminal domains, in agreement with previous studies reporting
the significance of the N-terminal domain for the dimerization
of USTATs.”

5490

Given the increased level of interest in the dimerization of
USTATS3 and the availability of novel biophysical data, in this
study we used an integrative modeling approach to investigate
the structure and dynamics of this macromolecular assem-
bly.**** In particular, using various computational techniques,
such as homology modeling, molecular dynamics, and protein—
protein dockin%, to§ether with all the available experimental
information,'“*"*>?° we were able to build and investigate
reliable atomistic models of the full-length USTAT3 dimer.

B METHODS
STAT3p Model. Two different STAT3 isoforms (a and f3)

arising from different kinds of splicing have been characterized.
Their main structural difference is in the length of the C-
terminal domain (~50 residues in STAT3a and ~7 residues in
STAT3p).”

In this study, we focused our computational investigations on
the STAT3/ isoform that lacks the TAD domain. This because
the TAD domain is, probably, not directly involved in
dimerization or polymerization of the majority of
STATs;>*®* it is intrinsically disordered and the least
conserved among all STAT subtypes. Moreover, it has been
shown that STAT3 interacts with DNA and forms dimers like
the full-length protein.'”

The sequence of human STAT3 was obtained from the
UniProt database (accession number P40763) and truncated at
residue 722 to fit the STAT3/ sequence.”” A template search
and sequence alignment (Figure 2) were performed using the
HHPRED server (http://toolkit.tuebingen.mpg.de/hhpred).*

HHPRED is a server for remote homology detection and
structure prediction based on pairwise comparison of profile
Hidden Markov Models (HMMs).>' In few words, HHPRED
detects viable templates for homology modeling by comparing
the HMM of the query sequence with a precompiled database
of HMMs computed for all proteins with the known structure
deposited in the PDB.

Two templates where selected on the basis of the determined
structural elements and the resolution of the coordinates
deposited in the PDB, namely, the structure of USTAT1 (PDB
entry 1YVL, chain A, resolution of 3 A)26 and the structure of
the STAT3f homodimer bound to DNA (PDB entry 1BGl,
chain A, resolution of 2.25 A)."” These two templates where
then used to generate 100 homology models with the
MODELLERY.14 software package.” These models were
ranked according the internal scoring function of the program,
and finally, the quality of the best model was assessed using the
PSVS, ProsaWeb, and SwissModel servers.>>~>°

Molecular Dynamics (MD) Simulations. The best-ranked
model from the MODELER calculations was used as the
starting point for several MD simulations. The simulations were
performed using the ff14SB force field available in
Amber14.”** The overall protein charge was neutralized by
adding four Na' jons using the parameters proposed by
Cheatham and co-workers.”” Finally, the protein was solvated
in a box of TIP3P*’ water molecules. The size of the water box
was chosen to have a minimal distance of 8 A from the protein
surface.

van der Waals and short-range electrostatic interactions were
calculated within a cutoff of 8 A, whereas the long-range
electrostatic forces were taken into account with the particle
mesh Ewald method.*' Pressure and temperature were kept
fixed using the Monte Carlo barostat and the Berendsen
thermostat, respectively.”” During the calculations, all bonds
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Figure 2. Sequence alignment between STAT3B and the two templates considered in this study, 1YVL and 1BGI, corresponding to three-
dimensional structures of STAT1 and STATS3, respectively.

Table 1. Summary of the MD Simulations Performed during This Study

acronym description simulation time
USTAT3B_MD simulation of USTAT3 homology modes 200 ns and 4 X 100 ns for testing monomer stability
STAT1IMD simulation of STAT1 structure (PDB entry 1YVL) 100 ns
BZD_MD simulation of best dimer model selected by Zdock score 350 ns and 5 X 100 ns for an independent run for testing dimer stability
BZR_MD simulation of best dimer model selected by Zrank score 350 ns and § X 100 ns for an independent run for testing dimer stability
5491 DOI: 10.1021/bi501529x
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Figure 3. (A) Representative structures from the four more populated clusters (yellow, cyan, green, and magenta). The starting conformation is

colored red. (B) Close-up of the N-terminal domain region.

involving hydrogen atoms were constrained by applying the
SHAKE™ algorithm. All the calculations were run with the
PMEMD code in the GPU accelerated version using a time step
of 2 fs."* An identical simulation protocol was used for the
simulation of STAT1, starting from PDB structure 1YVL,%° and
for the USTAT3 dimer models (Table 1).

To remove possible steric clashes present in the initial
structure, before starting MD, the entire system was first
minimized for 1000 steps with a harmonic restraint on
backbone atom positions (k = 20 kcal mol™ A™?) and, then,
for 5000 steps with all the atoms free to move. After this
minimization, the system was equilibrated for 50 ps, with
backbone atom coordinates restrained in the same way as in the
first minimization. During equilibration, the temperature was
slowly increased from 0 to 298.5 K and the pressure ramped to
the reference value of 1 atm. Once the system was equilibrated,
all the restraints were removed and a production run of 200 ns
was performed. After this production run, a series of four
shorter simulations of 100 ns each were conducted, starting
from last snapshot of the long trajectory, to assess the stability
and further relax the obtained structure.

Protein—Protein Docking. Protein—protein docking cal-
culations were conducted using the Zdock program.” In a
preliminary analysis of MD simulations of the USTAT3f
monomer, we noticed that, while the general fold of the protein
was stable, the orientation of the N-terminal domain as well as
the conformation of the C-terminal region was quite variable.
In the Zdock procedure, the proteins are treated as a rigid body
disregarding, therefore, the possibility of a mutual rearrange-
ment upon binding. Thus, to take into account this limitation,
the docking procedure was repeated, in analogy to other
computational studies,”"**™* several times starting from
representative structures extracted from the MD trajectory.
These representative structures were obtained by performing a
cluster analysis of all conformations sampled during the last 150
ns of the MD trajectory. Clustering was conducted using the
average-linkage method implemented in the ptraj program and
available in the AmberTools 14 suite.””

The average-linkage algorithm is an iterative, agglomerative
clustering method. At the beginning of the calculation, each

5492

protein conformation is placed in its own singleton cluster.
Then the number of clusters is reduced through a series of
iterations in which the most similar clusters are merged. The
cluster similarity is assessed by computing the mean distance
between members of each cluster, where the distance between
structures is given by the root-mean-square deviation (rmsd) of
the atomic positions after optimal superposition. This process
continues until the number of clusters reaches a predetermined
value (in this case 10).

The centers of the four most populated clusters were used as
input in Zdock calculations.

From experimental data reported in the literature, we
could identify four essential features of the USTAT3 dimers. (i)
N-Terminal domains are in direct contact. (i) Three residues,
namely, Met28, Val77, and Leu78, play an important role in
this homotropic N-terminal interaction. (iii) The C-terminal
parts of the two monomers are close in the space. (iv) The SH2
domain plays an important role in the strengthening of the
protein—protein affinity.

The 8000 structures obtained from Zdock were, therefore,
filtered to exclude all those in which Met28, Val77, and Leu78
were not part of the dimer interface.

The 102 remaining structures where then ranked according
to the Zdock or Zrank scores.*”>"*” Finally, the structure with
the best Zdock score (BZD) and the one with the best Zrank
score (BZR) were selected and further investigated by MD. For
these two models, we first performed a long MD simulation of
350 ns using the same setup that was used for the monomer
(Table 1). Then the stability of the final conformation was then
further assessed by performing five independent 100 ns MD
runs for each dimer model, reassigning the velocities with a
different seed to the last MD snapshot.

The ZDOCK scoring function,” used to rank the final
models, is a knowledge-based statistical potential (i.e., energy
functions obtained from the analysis of a database of known
structures of protein complexes), while the ZRANK”” score is a
linear combination of several energetic contributions, including
electrostatics, van der Waals, and solvation.

Additional Analysis. Computational alanine scanning was
performed using the DrugScorePPI server (http://cpclab.uni-

21,25
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Figure 4. STAT3/ homodimer models resulting from Zdock calculations: (A) BZD model, (B) BZR model, (C) USTAT3/ dimer in complex with
DNA (PDB entry 4E68), and (D) USTAT1 homodimer (PDB entry 1YVL).

duesseldorf.de/dsppi/).”> The DrugScorePPI server uses a
knowledge-based scoring function to compute the Gibbs free
energy difference (AAG) resulting from systematic single-point
mutations to alanine of all the residues that belong to the
protein—protein interface. Residues were included in the
interface if at least one atom was within 5 A of the other
protein in the complex.

To take into account the conformational fluctuations of the
complex, the results were averaged over several representative
cluster centers (to account for >50% of the sampled structure)
selected, with the average-linkage method described before,
from the structures sampled during an MD simulation starting
from BZD and BZR, respectively.

As suggested by Gholke and co-workers, the results of
DrugScorePPI calculations were compared and integrated with
those obtained from the MM-GBSA effective binding energy
decomposition (i.e., the difference of the sum of the gas phase
and solvation free energy calculated for the two isolated
monomers and the dimer) performed with the MMPBSA.py
module of Amber14 (additional details about these calculations
are available as Supporting Information).*® This computational
procedure is similar to computational alanine scanning, where
the residues are effectively mutated, and can be used estimate
the contribution of single residues to the total dimerization

54,57
energy.

54,55

B RESULTS AND DISCUSSION

Two templates were identified by the HHPRED server (Figure
2) as being suitable for modeling STAT3f, namely the STAT1
and STAT3p (from Mus musculus) structures from PDB entries

5493

1YVL* and 1BG1,"" respectively. The STAT1 structure has a
coverage of 95% (ie, 95% of the protein residues have a
correspondence in the template), and the sequence identity
with STAT3p is ~53%, a value well within the range required
for reliable homology mode:ling.58 On the other hand, the
sequence of 1BG1 is identical, but it covers only 80% of the
residues of full-length STAT3p.

The 100 models generated by MODELER, using the two
templates simultaneously, were structurally compared to
investigate the variability among them. The structural
comparison was conducted by first aligning the backbone
atoms of all the models to the average structure and then by
computing the a-carbon rmsd and the angle among the centers
of mass of the N-terminal, DNA-binding, and SH2 domains.

The rmsd and interdomain angle (reported in Figure S1), as
well as visual inspection, confirmed that all the models were
very similar with minor differences only in the conformation of
the long loop connecting the N-terminal domains with the
DNA-binding domains, and in the structure of the intrinsically
disordered C-terminus.

Accordingly, the best model was selected on the basis of the
internal scoring function of MODELER, and its quality was
checked with some specific tools (see Methods).

The Z-score obtained from ProsaWeb analysis (—11.76) and
the recently proposed QMEAN Z-score®® (0.68) were both
within the range expected for X-ray structures of similar sizes
(Figures S2 and S3). Furthermore, the model showed a very
low percentage (0.8%) of residues in disallowed regions of the
Ramachandran plot, with violations mainly located in loops or
disordered regions of the C-terminal part of the SH2 domain
and of the transactivation domain (Figure S4).

DOI: 10.1021/bi501529x
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Figure S. BZD representative structures from the more populated cluster (A) and USTAT3/ X-ray dimer structure (PDB entry 4E68) (B; in this
case, the DNA molecule has been omitted for the sake of clarity). USTAT1 homodimer (C, PDB entry 1YVL) and BZR representative structure

from the first two more populated clusters (D and E).
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Figure 6. AAG values calculated with the DrugScorePPI server for all the residues forming the BZD dimer interface considering the representative
structure from the more populated cluster. All the residues with AAG values of >0.7 kcal/mol were reported. Positive AAG values indicate potential
hot spot residues. Values from chain A are colored blue, while those from chain B are colored red. Chains A and B represent two identical

monomers.

To study its dynamics and sample enough conformations for
protein—protein docking calculations, the selected model was
then simulated for 200 ns in explicit water.

After 50 ns, the system reached an equilibrium state. In fact,
the average rsmd value, with respect to the mean structure
calculated over the last 150 ns of the simulation, was 2.48 (0.4)
A, while with respect to the initial structure, it was 6.46 (1.0) A
(Figure SSA—C).

These values suggested, however, some degree of conforma-
tional variability of the STAT3 structure. Therefore, we tested
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the stability of the equilibrated structure by running four
additional independent MD simulations of 100 ns each. The
results of these simulations were compared with those from the
initial 200 ns MD trajectory, taking into account both the rmsd
with respect to the starting model coordinates and the angle
among the N-terminal, DNA-binding, and SH2 domains. This
analysis confirmed the stability of the conformation obtained at
the end of the 200 ns simulation. In fact, the configuration
space explored during these four additional simulations was
smaller than that sampled in the first run (Figures S5—S7).

DOI: 10.1021/bi501529x
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Figure 7. Contribution to the total dimerization energy given by every residue in chain A (A) and chain B (B) of the BZD model. For the sake of
clarity, a focused view of the two graphs is reported (C and D); in this case, only residues having a contribution of less than —1 kcal/mol are shown.

The standard error in the mean is <0.1 kcal/mol for every residue.

To gain further insight into the dynamics of the protein, we
performed a cluster analysis of the conformations collected in
the last 150 ns of the 200 ns production run.

From this analysis, four highly populated clusters were
identified with a total of >80% of the sampled conformations
(Figure 3). Visual comparison of these structures revealed that
the N-terminal domain has a slightly different orientation with
respect to that assumed in the starting model but interacts with
the same protein domains (Figure S8B). Notably, this

conformation was maintained over all the four 100 ns MD

5495

simulations that were conducted to check both the stability of
the model and the convergence of our calculations.

For the sake of comparison, we also performed a 100 ns MD
simulation of STAT1 (PDB entry 1YVL), which is the only
crystal structure in which the N-terminal domain is determined
together the other protein domains. This simulation was
conducted manly to determine the time scale required to
sample different N-terminal domain orientations. Interestingly,
the STAT1 simulation converges to a structure in which the N-
terminal (Figure S8A) domain has an orientation that is
different from the STAT3/ most populated clusters, as well as
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Figure 8. AAG values calculated with the DrugScorePPI server for
residues as the BZR dimer interface considering the representative
structure from the two more populated clusters (A and B). All the
residues with AAG values of >0.7 kcal/mol were reported. Values
from chain A are colored blue while those from chain B red. Chains A
and B represent two identical monomers.

the initial STAT1 X-ray structure. This observation suggests
that the motions of the STAT3 N-terminal domain can be
sampled in simulations of similar lengths.

At this point, to assess if using more models, among those
generated by homology modeling, would lead to a better
exploration of the STAT3 conformational space, we compared
the structure of the 100 models with those of 10 representative
structures sampled during MD and selected by cluster analysis
(Table S1). Moreover, we computed the per-residue root-
mean-square fluctuation (rmsf) for both the 100 models and
the snapshots sampled during the last 150 ns of the MD
simulation (Figure S9).

The first analysis showed that all the models have similar Cer
rmsd values, if compared with the same representative MD
structures (standard deviation of <0.5 A). The per-residue rmsf
plot (Figure S9) showed, moreover, larger fluctuations for the
MD ensemble of structures than in the homology models.

In summary, these analyses indicated that (1) all the models
are very similar when compared with the representative
structure from MD and cover a similar conformational space;
(2) MD simulations sample a conformational space larger than
that explored by all 100 homology models.

Docking Calculations of STAT3f Homodimers. Despite
the growing interest in USTAT3 dimers driven by the recent
observation that even in its unphosphorylated form they play a
key role in several cellular functions, a complete atomistic
picture is still lacking.'>'°""" To address this problem, we
modeled USTAT3 dimers following an approach that combines
experimental observations available in the literature'”*" with
rigid body protein—protein docking and MD simulations.

Recent FRET experiments conducted by Miiller-Newen and
co-workers”' suggested that full-length USTAT3 molecules
form homodimers in which the N-terminal domains of the two
monomers are directly in contact and the C-terminal domains
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are close in space. From these observations, they proposed a
model with a parallel orientation of the two monomers in the
USTAT3 dimers. To improve the understanding of the
molecular determinants of USTAT3 dimerization, they also
investigated the effects of two point mutations: L78R and
R609Q. The L78R mutant was found to be unable to form
dimers, thus supporting the significance of the N-terminal
domain for USTAT3 dimerization. In the case of R609Q, the
emerging picture was less clear. However, the acquired data
suggested a significant role of the SH2 domain in the
modulation of the protein—protein affinity.”'

Given the importance of the N-terminal domain for
USTAT3 dimerization, we searched the literature for potential
experimental evidence suggesting interchain interaction of N-
terminal domains.

A complete STAT3 structure is still lacking. However,
Kuriyan and co-workers studied the N-terminal homotropic
interactions in STAT4, suggesting a possible 1nteract10n surface
on the basis of X-ray and mutagenesis studies.”” In particular,
from these investigations, two other residues, Met28 and Phe77
(this residue is replaced with valine, a similar hydrophobic
residue, in STAT3), emerged as being important for the
dimerization. Notably, Chen and co-workers found a similar
interaction surface and binding orientation for the two N-
terminal domains of STAT1.%°

On the basis of these findings, we filtered the 8000 (2000 for
every representative conformation from the four most
populated clusters) structures generated by Zdock to discard
those in which the identified residues (i.e., Met28, Val77, and
Leu78) were not in the dimer interface, yielding 102 possible
solutions. Finally, from these structures, two dimer models
were selected on the basis of the best Zdock score (BZDj; score
of 1351) and best Zrank score (BZR; score of —79) (Figure 4).

The structures of two selected models differ considerably
both in the protein—protein interface region and in the
orientation of the coiled-coil domains. The two models were
selected by rescoring the same conformational ensemble with
two different energy functions. The structural differences are,
therefore, a consequence of slight differences in the way
structural features are taken into account in the Zdock and
Zrank scores, respectively. To assess the reliability of the two
models we used, therefore, a very long MD simulation of 350
ns was conducted to quantify their stability. The structures
were, moreover, validated with the help of experimental data
available from the literature.

Comparison of the Complex Models with Existing
Experimental Data. All the STAT dimer structures deposited
in the PDB are incomplete or of other STAT subtypes.

The similarity analysis was conducted for the DNA-bound
USTAT3p dimer (PDB entry 4E68),'” with the homotropic
STAT4 N terminal dimer proposed by Kuriyan and co-
workers™ and with one of the biological assemblies proposed
by Mao et al.* for STAT1 (PDB entry 1YVL).

The global arrangement of the BZD model is very similar to
that of the USTAT3/ dimer in complex with DNA (PDB entry
4E68), with only two minor differences. First, the two N-
terminal domains are located in the place occupied, in the
crystal structure, by the DNA fragment (Figure 4). Second, the
two coiled-coil domains have the same orientation but are
farther from each other than in all the other known dimer
structures. On the other hand, the overall shape of the BZR
model is more similar to that of the USTAT1 dimer (PDB
entry 1YVL).
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case, only residues having a contribution of less than —1 kcal/mol are shown.

The relative orientation of the N-terminal domains in the
BZD model fits well both models of biological assembly
obtained from the structure of USTAT1® and STAT4> [Ca
rmsds of 4.2 and 4.4 A, respectively (Figure S10)]. In the case
of the BZR model, while the overall shape is similar, the fit is
poorer [rmsd of 7.7 A for both proposed structures (Figure
S10)].

Molecular Dynamics Simulation of Dimers. In the
Zdock modeling approach, each protein is treated as a rigid
body, precluding, therefore, the possibility of structural

rearrangements upon docking. To mitigate the effects of this
approximation, several independent docking runs were
conducted with representative conformations of USTAT3
sampled during the MD simulation and selected by cluster
analysis. However, while this strategy can be helpful to better
explore the dimer conformational space, this does not
contribute to the relaxation of the final dimers. Thus, to
partially overcome this limitation and to take into account the
possible mutual induced-fit effects of the single monomers, we
simulated both BZD and BZR for 350 ns.
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Visual inspection and rmsd calculation (Figure S11) for both
the entire structure and the dimerization surface showed that,
during the simulation, the structure of the BZD model did not
significantly change with respect to the its starting geometry. In
particular, the N-terminal domains were found to be very stable
in their initial position, while the coiled-coil domains were more
mobile. In fact, the distance between these two domains
significantly decreased during the simulation, going from ~200
A to a final value of ~160 A, leading to a structure closer to the
DNA-bound USTAT3S'* dimer than to the BZD starting
model (Figure SA,B).

Although relatively long, a 350 ns simulation might be too
short for a complete relaxation of a macromolecular object of
the size of a STAT3 dimer. Therefore, to assess the stability or
metastability of the conformations adopted by the dimer at the
end of the 350 ns simulation, we performed 10 independent
runs of 100 ns each (five for BZD and five for BZR). All
simulations were started from the last snapshot of the 350 ns
long MD simulation with different initial velocities.

Finally, we evaluated the Ca rmsd of the STAT3 region
more involved in the dimerization process (i.e., N-terminal and
SH2 domains). The results of this analysis confirmed the
stability of the BZD model and showed a lower stability for the
BZR models (Figure S12).

We performed a cluster analysis of the MD trajectories to
identify representative snapshots. In the case of the BZD
model, the results of this analysis indicated that the most
populated cluster covers 54% of the entire sampled conforma-
tional space, while for the BZR model, there are two highly
populated clusters with 27 and 26% of the structures (Figure
S).

Dimerization Energy Decomposition. Several residues
of the N-terminal domain were identified, in mutagenesis
studies, as being key for USTAT3 dimer formation. In
particular, the L78R mutation was reported to impair
USTAT3 dimerization.”' Moreover, given the high degree of
homology between STAT3 and STAT4 and the work of
Kuriyan and co-workers,”” it appears that mutation of Met28 or
Val77 could reduce the affinity between the two N-terminal
domains.

Assessing the effect of several single-point mutations on
protein dimerization using long time scale MD simulations is
still a prohibitive task, despite recent developments in
computational algorithms and more powerful hardware.
However, less time-consuming computational methodologies
that use knowledge-based or approximated energetic calcu-
lations®**® have been developed, thus making it possible to
predict the change in the binding free energy of a protein—
protein complex with a reasonable level of accuracy in a few
minutes or hours.*>*

In this study, we used the DrugScorePPI empirical function
and MM-GBSA per-residue energy decomposition to evaluate
the energetic contribution of residues located in the protein—
protein interface. The results of these predictions were averaged
over several snapshots selected by cluster analysis to take into
account the dimer dynamics.

In the case of the BZD model (Figure 6), DrugScorePPI
calculations showed that the protein—protein interface is
formed by ~60 residues from the N-terminal and SH2
domains. Moreover, Arg31, Val77, Tyr79, Asn82, Arg84, and
Arg85, of both chains A and B, contribute significantly to the
dimerization energy.
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In addition to that, MM-GBSA energy decomposition
analysis (Figure 7 and Table S2) indicated that two protein
regions of the N-terminal domains (one from Metl to GIn32
and the other from Ser75 to Glul00) play an important role in
the strengthening of the protein—protein interaction.

Comparing the results of our calculation with those of
mutagenesis investigations reported in the literature that
identified Met28 and Leu78” "> as possible hot spots, we
noted that these two residues are included in the two regions
discussed before.

It should be noted that during the selection of the dimer
models, the presence of these two residues in the dimerization
interface was used as a filter. While this is certainly a bias, it
does not, a priori, imply that Met28 and Leu78 make a large
contribution to the dimerization energy.

In addition to that, we searched the scientific literature for
additional experimental data to further validate our findings.
Interestingly, we found an accurate investigation of the STAT4
dimerization process conducted by Ota et al.®’ This work
confirms the strong propensity of STAT proteins to form
dimers by homotropic interaction between N-terminal
domains. Moreover, in addition to Leu78, they found that
Asp19 is important for protein dimerization (i.e., its mutation
to Arg completely suppresses dimer formation). In a manner
consistent with these data, the histidine at position 19 in
STAT3 makes a very large contribution to the dimerization
energy during MM-GBSA analysis.

Finally, the region from Lys685 to Phe710 across the SH2
and C-terminal domains is known to play an important role in
the stabilization of the dimer. Interestingly, a residue, Tyr70S,
that according to the MM-GBSA analysis significantly increases
the STAT3 dimerization propensity is also within this region of
the protein.

For the BZR model (Figure 8), the protein—protein interface
was found to be smaller and comprised only ~40—50 residues.
In this case, from calculation with both MM-GBSA and
DrugScorePP], it appears that the initial region of the protein
(from Metl to GIn32), which contains the experimentally
identified hot spot Met28 and His19, does not significantly
contribute to the dimerization energy. In fact, the residues with
the largest contribution to the dimerization energy are clustered
in a region delimited by Arg70 and Leu90. Moreover, in this
case, the MMBGSA energy profile (Figure 9 and Table S3) was
more asymmetric (ie, the two monomers show a different
contribution) than that obtained for the BZD domain and the
contribution coming from the SH2 and N-terminal domains is
almost zero.

B SUMMARY AND CONCLUSIONS

USTAT3 dimers recently emerged as important biological
adducts for STAT3-related pathways.'>'*" In this study, we
applied an integrative modeling approach that uses available
experimental data'”*"*® together with computational methods
to build (i) a USTAT3f model and (ii) to select possible
USTAT3/ homodimer models (BZD and BZR).

Molecular dynamics simulations were conducted to relax the
models and explore their stability and dynamics. Furthermore,
computational alanine scanning and MM-GBSA energy
decomposition were used to assess the role of individual
interface residues in the stabilization of USTAT3/ dimers.

These calculations highlighted a larger dimerization interface
for the BZD model. For both models (BZD and BZR), a
region, from Arg70 to Leu90, with potential dimerization hot
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spots was identified by performing computational alanine
scanning. These findings are in agreement with the null
dimerization propensity observed for mutants L78R of STAT3
and F77A of STAT4, reported by Muller-Newen?' and
Kuryan,™ respectively. Furthermore, while this work was
under revision, a new structure of N-terminal STAT3 dimers
was published and made available in the PDB (entry 4ZIA).>
Thus, we compared the crystal structure of the N-terminal
dimers with the BZD and BZR models. In both cases, we found
that the N-terminal domains have an orientation that is almost
identical to that in the X-ray structure, with Car rmsd values of
4.5 and 4.8 A for BZD and BZR, respectively (Figure S13).

However, only for the BZD model was a significant
contribution to the dimerization energy estimated for the
initial part of the N-terminal domain that includes His19 and
Met28 (other experimentally identified hot spots™) and the
SH2 domain, which is also known to play an important role in
strengthening the protein—protein affinity.”’

Both proposed models are compatible with the experimental
information about the shape of USTAT3f dimers from the
studies of Miiller-Newen and co-workers.”' However, given (i)
the large contribution to the dimerization energy of the residue
in the SH2 domain, (i) the high degree of similarity of the
BZD N-terminal domain—N-terminal domain dimer with that
proposed by Kuriyan and co-workers,” (i) the better
agreement with single-point mutagenesis data, and (iv) the
higher stability showed during the MD simulations, the BZD
model emerges as a better candidate of a representative
structure of USTAT3 dimers.

The structures described in this study are, to the best of our
knowledge, the first attempt to obtain a structural model, at an
atomic level of detail, of a full USTAT3/ dimer not interacting
with DNA. Additional experimental and theoretical work is
required to further validate and refine these models. However,
although approximate, they should provide a valuable tool for
the interpretation of past experiments and the rational design of
future biochemical investigations. In fact, these models could be
used in structure-based drug design projects aimed to identify
new pharmacological tools to modulate USTAT3 dimers and
explore this strategy as a novel route for therapeutic invention.

In the future, the models described here should, therefore,
contribute to a better understanding of the cellular function of
USTAT3 dimers, the mechanism of action of small molecule
STAT3 inhibitors, and the effect of pathological STAT3
mutations that are being increasingly found in cancer and other
diseases.
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