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Abstract

The eukaryotic transcription factor ETS1 is regulated by an intrinsically disordered serine-rich region (SRR)
that transiently associates with the adjacent ETS domain to inhibit DNA binding. In this study, we further
elucidated the physicochemical basis for ETS1 autoinhibition by characterizing the interaction of its ETS
domain with a series of synthetic peptides corresponding to the SRR. Binding is driven by the hydrophobic
effect and enhanced electrostatically by phosphorylation of serines adjacent to aromatic residues in the
amphipathic SRR. Structural characterization of the dynamic peptide/protein complex by NMR spectroscopy
and X-ray crystallography revealed multiple modes of binding that lead to autoinhibition by synergistically
blocking the DNA-binding interface of the ETS domain and stabilizing an appended helical inhibitory module
against allosterically induced unfolding. Consistent with these conclusions, the SRR peptide does not interact
with DNA-bound ETS1. In addition, we found that the ETS1 SRR phosphopeptide binds to distantly related
PU.1 in vitro, indicating that autoinhibition exploits features of the ETS domain that are conserved across this
family of transcription factors.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

The majority of eukaryotic transcription factors
contain long stretches of intrinsically disordered
regions that contribute to signal integration and fine
tuning of gene expression [1]. These conformation-
ally flexible regions frequently contain sites of post-
translational modifications that enable the calibration
of transcription factor activity in response to cellular
stimuli [2]. In the ETS family of transcription factors,
disordered regions and marginally stable helices
flanking the DNA-binding ETS domain have been
found to be autoinhibitory for ETS1, ETS2, ETV6,
ERG, and ETV1/4/5 [3–7]. A common feature of
r Ltd. All rights reserved.
these systems is the dynamic interaction between
the autoinhibitory sequences and the core ETS
domains, which may allow for the rapid adjustment of
conformational equilibria between active and inac-
tive protein forms.
In the case of ETS1, both steric and allosteric

mechanisms contribute to DNA-binding inhibition.
An inhibitory module (IM) appended to the core
ETS domain of ETS1 reduces its affinity for DNA
by ~2-fold [8]. This module is composed of two
N-terminal (HI-1 and HI-2) and two C-terminal (H4
and H5) helices interfaced with H1 of the ETS
domain (Fig. 1a, b). Importantly, the IM is distal to the
DNA-recognition helix H3. In an allosteric response
Journal of Molecular Biology (2019) 431, 593–614
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Fig. 1. The SRR interacts with a surface of the ETS domain encompassing the DNA-recognition helix H3 and flanking
regions of the IM. (a) The ETS domain binds in the major groove of DNA using a winged helix(H2)–turn–helix(H3) motif.
The recognition helix H3 contains a tyrosine (Tyr395) and two arginines (Arg391, Arg394) that make key hydrogen bonds
with the core GGA bases of a specific ETS1 binding site. In the DNA-bound state, the inhibitory helices HI-1 and HI-2 are
unfolded (adapted from PDB ID: 1MDM). (b) The trans system consisted of unlabeled, phosphorylated peptides
corresponding to ETS1 SRR residues 279–295 (red) along with 15N/13C-labeled ETS1301–440, containing the core ETS
domain and IM with HI-1, HI-2, H3, and H4 interfaced to H1 (cyan). (c, d) Amide 1H–15N CSPs of ETS1301–440 upon the
addition of the WT2P peptide at 5.3-fold molar ratio in 300 mM NaCl (~80% saturation). The largest changes (N 0.05 ppm,
dashed line and highlighted in red on theNMR-derived structure of freeETS1,PDB ID: 1R36) clustered around the recognition
helix H3 and the loop leading to S3, aswell as theN-terminus of H1 andH4of the IM. (e) The 13Cα, 13Cβ, methyl, and aromatic
moieties of ETS1301–440 were also monitored upon the addition of the WT2P peptide to a 1:1 molar ratio in 100 mM NaCl
(~85% saturation). Residues with resolved signals showing a 1H–13C CSP N 0.05 ppm are identified with pink spheres.
(f) The backbone chemical shifts of the WT2P peptide with trans X-Pro amides in its free versus ETS1301–440-bound state are
plotted as a function of residue number for 1HN (checkered) and 1Hα (black) nuclei. Residues 283–291 underwent the largest
chemical shift changes upon association and thus form the ETS domain-interaction interface of the SRR.
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to associationwith either specific or non-specificDNA,
the marginally stable helices HI-1 and HI-2 unfold
[9–11]. The energetic penalty of this coupled confor-
mational change attenuates the net affinity of ETS1
for DNA.
ETS1 is further regulated by an intrinsically

disordered serine-rich region (SRR), composed of
~60 residues preceding helix HI-1 [12]. Previously,
we showed that the SRR both stabilizes the IM
and sterically inhibits DNA binding by transiently
associating with an interface coarsely mapped to
the recognition interface of the ETS domain [8]. This
results in a combined ~20-fold basal attenuation
of DNA binding. The SRR is phosphorylated by
calmodulin-dependent kinase II (CaMKII) in re-
sponse to calcium signaling [13,14]. An increasing
number of phosphoserines causes DNA binding to
become progressively weaker (up to ~1000-fold),
thus tuning autoinhibition in a “rheostat” or “dimmer
switch”manner [12]. Removal of the regulatory layers
provided by the IM and the SRR through alternative
splicing, mutation as seen with the oncoviral v-Ets,
or protein partnerships results in increased affinity
for DNA [3].
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Recently, we reported that both phosphoserine and
flanking aromatic residues in the SRR contribute
synergistically to ETS1 autoinhibition [15]. However,
the interactions between the disordered SRR and the
ETS domain are dynamic, and thus the physicochem-
ical basis of autoinhibition was incompletely defined.
Using a combination of NMR spectroscopy and X-ray
crystallography, we now present detailed structural
models of the ETS domain/SRR complex and discuss
the implications toward the regulation of ETS1. In
particular, we demonstrate that trans-peptides corre-
sponding to the SRR interact in multiple modes with
an extended surface of the ETS domain partially
overlapping both the DNA-recognition interface and
portions of the appended IM. Binding is driven by the
hydrophobic effect due to aromatic residues in the
amphipathic SRR, combined with global electrostatic
contributions provided by adjacent phosphoserines
and aspartate/glutamate residues. Consistent with the
structural models and a stericmechanism of inhibition,
binding of DNA and the SRR peptide by the ETS
domain are mutually exclusive. Finally, we found that
the ETS1 SRR peptide can associate in vitro with the
ETSdomain of PU.1, a divergent paralog that does not
exhibit autoinhibition. This raises the general possibil-
ity that proteinswith intrinsically disordered sequences
similar to the SRR may be capable of regulating, in
trans, DNA binding by members of the ETS family.
Results

The SRR peptide interacts with a surface
overlapping the ETS domain
DNA-recognition interface

To characterize the region of ETS1 that associates
with the SRR, we used a trans system similar to that
Table 1. Probing the sequence dependence of the SRR pepti

Peptide Sequencea

5fPhe2P* RVPSPFDSPFDFEDFPAALW
Trp2P* RVPSPWDSPWDWEDWPAALW
Leu2P* RVPSPLDSPLDLEDLPAALW
Phe2P* RVPSPFDSPFDFEDFPAALW
WT2P* RVPSPYDSPFDYEDYPAALW
WT2P RVPSPYDSPFDYEDYPAAL
Val2P* RVPSPVDSPVDVEDVPAALW
Ala2P* RVPSPADSPADAEDAPAALW
WT0P* RVPS0YDS0FDYEDYPAALW
Trp0P* RVPS0WDS0WDWEDWPAALW
Clus2P* RPDSPDESPDYPYVALYAFW

a Residues in bold correspond to the four aromatic positions substitu
phosphorylation of Ser282 and Ser285 is indicated. The pentafluoro-ph
which the charged and hydrophobic residues have been clustered near
native C-terminal tryptophan residue (W) used for quantitation.

b Approximate net charge of the peptides, with blocked termini, at p
c Determined from 15N-HSQC monitored titrations in buffer containi
d Not determined (n.d.) as the addition of Trp0P* and Clus2P* peptid
previously described [15]. This consisted of unla-
beled peptide corresponding to a truncated SRR
(residues 279–295), along with isotopically labeled
ETS1301–440 containing the IM and ETS domain
(Fig. 1b).We denote the peptide, with blocked termini
and phosphorylated serines 282 and 285, as WT2P

(Table 1). Although the full SRR encompasses
~60 residues (244–300), a partial SRR with these
two CaMKII phospho-acceptor serines recapitulates
most of the inhibition seen with wild-type ETS1 and is
well-suited for NMR spectroscopic studies [8].
Upon progressive addition of the WT2P peptide

to 15N-labeled ETS1301–440, many amide signals in
its 15N heteronuclear single quantum correlation
(HSQC) spectra shifted in the fast exchange
regime [16] (Fig. 2a). This indicated relatively weak
binding of the peptide under conditions of moderate
ionic strength (KD 140 ± 20 μM in 300 mM NaCl;
Table 1). Amide 1HN–15N signals are very sensitive
to even subtle structural perturbations. Thus, we
also monitored changes in the 13C-HSQC spectra
of ETS1301–440 upon peptide titration (Fig. 2b–d).
Overall, the 1H–13C shift perturbations of aliphatic and
aromatic moieties were relatively small, demonstrating
that the tertiary structure of the protein was not
significantly altered upon binding. ETS1301–440 resi-
dues exhibiting the largest 1H–15N and 1H–13C
chemical shift perturbations (CSPs) overlapped closely
and coarsely defined the SRR peptide-interaction
interface of the ETS domain as an extended surface
partially encompassing the DNA-recognition helix H3,
as well as H1 and portions of the IM (Fig. 1c–e).
Notably, of the 24 residues exhibiting 1H–15N CSP
values N0.05 ppm, one-third were in helix H3 and over
half were hydrophobic (Val, Leu, Ile, Tyr, and Trp).
Using conventional and double-filtered 1H–1H

total correlation spectroscopy (TOCSY) and nuclear
Overhauser effect spectroscopy (NOESY) experi-
ments, we assigned the majority of the proton
de interactions with ETS1301–440

Length Chargeb KD (μM)c

18 −6 9 ± 6
18 −6 26 ± 8
18 −6 43 ± 5
18 −6 60 ± 15
18 −6 130 ± 35
17 −6 140 ± 20
18 −6 250 ± 50
18 −6 930 ± 170
18 −3 1200 ± 200
18 −3 n.d.d

18 −6 n.d.d

ted in the peptide variants. The absence (0P) or presence (2P) of
enylalanines in 5fPhe2P* are denoted as F. Clus2P* is a sequence in
the N-terminus and C-terminus, respectively. The * denotes a non-

H 6.5, assuming −1.5 for pSer, −1 for Glu/Asp, and + 1 for Arg.
ng 300 mM NaCl.
es caused protein aggregation.
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Fig. 2. NMRmonitored titrations of ETS1301–440 upon the addition of the WT2P peptide. (a) Overlaid 15N-HSQC spectra
of 15N-labeled ETS1301–440 recorded upon titration with small aliquots of the unlabeled WT2P peptide. The peptide caused
many amide 1HN–15N signals (as well as the indole 1Hε1–15Nε1 signals of Trp338 and Trp375; not shown) in the protein to
shift in the fast exchange regime from the free (red) to the bound state (maroon). Residues exhibiting particularly large
amide CSPs are labeled and correspond to those in the DNA-recognition helix H3 (~392–399) and nearby regions of the
ETS domain/IM (see Fig. 1c, d). Under the sample conditions (300 mMNaCl, KD ~ 140 μM), the protein:peptide molar ratio
of 1:5.3 corresponds to ~80% saturation of the ETS1301–440/WT2P complex. (b–d) Overlaid 13C-HSQC spectra of 15N/13C-
labeled ETS1301–440 in the absence (red) and presence of 0.5 (cyan) and 1.0 (maroon) molar equivalents of the unlabeled
WT2P peptide. Peaks in the (b) methyl, (c) Cα, and (d) aromatic regions also shifted in the fast exchange regime. Overall,
the peptide caused relatively small spectral perturbations, indicating that the ETS1301–440 structure remained essentially
unchanged. Residues exhibiting the greatest CSPs are labeled and highlighted in Fig. 1e. Due to spectral overlap, not all
perturbed residues were assigned. Under these conditions (100 mM NaCl, KD ~ 10 μM), the ETS1301–440/WT2P complex
is ~85% saturated at the final titration point.
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chemical shifts of the unlabeled WT2P peptide in its
free form and bound to invisible 15N/13C-labeled
ETS1301–440, respectively (Fig. S1). The chemical
shifts of the peptide in these two states were similar,
with the largest differences in 1Hα values relative to
those predicted for a random coil polypeptide being
b0.15 ppm (not shown). This indicated that the
peptide did not undergo folding-upon binding to
adopt a predominantwell-defined secondary structural
conformation. Nevertheless, residues ~283–291 ex-
hibited small yet clear 1Hα and 1HN CSPs, demon-
strating that they were involved in association with the
ETS domain (Fig. 1f).
Collectively, these NMR spectral data define the

intermolecular interfaces between the ETS1 ETS
domain/IM and the SRR WT2P peptide. This same
interface was previously identified from a compari-
son of the 15N-HSQC spectra of ETS1301–440 versus
ETS1279–440,2P, with the latter species containing
the phosphorylated SRR in cis [8]. Thus, the trans-
peptide recapitulates the cis interaction of the SRR
with the ETS domain/IM. Also, as expected, the
WT2P peptide showed similar behavior to that of a
longer SRR peptide reported earlier [15]. These
introductory results set the stage for the following
expanded studies.

Increased SRR hydrophobicity strengthens
interactions with the ETS domain

Within the SRR, four aromatic residues (Tyr283,
Phe286, Tyr288, and Tyr291) were shown to be
crucial for the phosphorylation-enhanced interaction
with the ETS domain of ETS1 [15]. Mutation of
these to alanines or glycines significantly impaired
SRR-mediated DNA-binding autoinhibition in both
intra- and intermolecular contexts. Are the tyrosine
and phenylalanine residues important due to their
aromatic or hydrophobic character? How do they
cooperate with the adjacent phosphorylated serine
residues? To answer these questions and better
understand the nature of the ETS domain/SRR
interaction, we expanded the trans system to addi-
tional peptides that retained the overall pattern of
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the wild-type SRR, including phosphorylation sites,
but had alternative residues at the four aromatic
positions. This generated a series of peptide variants
with a range of hydrophobic and aromatic properties
(Table 1).
Titrations of the SRR peptide variants into 15N-

labeled ETS1301–440 were monitored with 15N-HSQC
spectra, thereby providing structural insights and
allowing the determination of equilibrium dissociation
KD values (Table 1 and Figs. 2a and S2). In all cases,
residues in the protein exhibiting large amide CSPs
clustered around the same region bound by the
WT2P peptide (Fig. 3a). This demonstrated that the
general features of the SRR peptides were sufficient
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result showed that functional interactions between the
ETS domain and the SRR are dependent on the
amphipathic sequence pattern, and not simply on
the amino acid composition of the phosphopeptide.
Similarly, addition of the Trp0P* peptide, which is very
hydrophobic and lacks phosphorylation, also caused
protein aggregation.

Electrostatic interactions with phosphoserines
are also important for SRR association to the
ETS domain

The absence of phosphorylation in the WT0P*

peptide resulted in a ~10-fold decrease in binding
affinity to ETS1301–440 (Table 1). This is consistent
with previous studies showing that phosphorylation
at Ser282 and Ser285 is important for binding of the
SRR peptide, as well as for autoinhibition of ETS1
[8,12,15]. To gain further insights into the nature of
these interactions, we carried out NMR-monitored
titrations as a function of NaCl concentration.
Increasing ionic strength caused binding of the
phosphorylated WT2P* peptide to ETS1301–440 to
weaken significantly (Table 2). This highlighted an
electrostatic contribution to their interaction. Based
on the slope of a log(KD) versus log[NaCl] plot, we
estimate that the net equivalent of 2 to 3 singly
charged counterions is released upon association of
this SRR peptide with the ETS domain (Fig. 3c) [17].
In addition to two phosphoserines, the SRR

contains three aspartate residues, one glutamate,
and one arginine that could contribute electrostati-
cally to binding. To determine whether the phos-
phate groups are involved in the association with the
ETS domain, the changes in the 31P signals of the
WT2P peptide upon titration with ETS1301–440 were
also monitored. These signals were assigned to
pSer282 and pSer285 via 3JPH scalar couplings with
the phosphoserine 1Hβ nuclei (Fig. S3). As shown in
Fig. 3d, the 31P signals deriving from the phospho-
serine residues in both major (trans Val280-Pro281)
and minor (cis) conformers of the peptide shifted
downfield upon the addition of the protein, with
pSer285 exhibiting the largest CSP.
These 31P-NMR experiments confirmed that the

phosphate groups of pSer282 and pSer285 indeed
interact with the ETS domain. The observed CSPs
could have arisen directly from changes in the
Table 2. Increasing ionic strength weakens the ETS1301–440/
WT2P* interaction

Peptide Sequence [NaCl] (mM) KD (μM)

WT2P* RVPSPYDSPFDYEDYPAALW 50 ~2a

200 33 ± 9
300 130 ± 35

a Estimated due to relatively tight binding and deviation from
fast exchange on the NMR chemical shift timescale.
magnetic environments of the 31P nuclei, due for
example to hydrogen bonding or salt-bridge forma-
tion with the protein. However, based on coarse
reference 31P-NMR spectra of the free WT2P

peptide recorded as a function of pH, under these
experimental conditions (pH ~6.5), the phosphoser-
ines exist in acid–base equilibria with roughly equal
populations of mono- and di-anionic species (not
shown). In addition, it is well established that
deprotonation of phosphoserine leads to a downfield
31P chemical shift change [18]. Thus, the observed
downfield shifts in the 31P signals of the WT2P

peptide upon protein binding (Fig. 3d) may be the
result of an electrostatically induced change in this
equilibrium to favor the di-anionic species (i.e., a
reduction in phosphoserine pKa value). This is
consistent with our structural results, presented
below, showing that the phosphoserines localize to
a positively charged region of theETSdomainwithout
necessarily forming specific salt-bridges.

NMR-derived model of the WT2P/ETS1301–440

complex

In previous studies of inhibited ETS1 fragments,
such as ETS1279–440, the intramolecular interaction
interface of the SRR and the ETS domain/IM was
coarsely mapped using CSPs and paramagnetic
relaxation enhancement data [8,15]. However, no
unambiguous 1H–1H NOEs between protons in the
SRR and the ETS domain were detected. Along
with 15N relaxation and amide hydrogen exchange
measurements, this indicated that the SRR only
transiently binds the ETS domain to mediate auto-
inhibition. Over the course of this current study,
however, it became apparent that under conditions
of reduced ionic strength, the WT2P/ETS1301–440

complex formed with low μM affinity (Table 2),
allowing more detailed structural studies.
Three-dimensional filtered-edited NOESY experi-

ments were used to selectively observe intermolec-
ular 1H–1H NOEs between the 15N/13C-labeled
ETS1301–440 and the unlabeled WT2P peptide. The
signals obtained were relatively weak, but with long
collection times (~3 days), we identified 16 unam-
biguous and 17 ambiguous intermolecular 1H–1H
NOEs (Fig. S4 and Table S1), as well as 114
intramolecular peptide–peptide 1H–1H NOEs, to use
as distance restraints. These new experimental
restraints were combined with published distance
limits for free ETS1301–440 (PDB ID: 1R36) in order to
build a low resolution model of the WT2P peptide
docked on the ETS domain/IM.
The structural ensemble of the WT2P/ETS1301–440

complex is presented in Fig. 4. As expected with a
sparse number of assigned intermolecular NOEs,
the peptide has high pairwise RMSDs of 3.0 ± 0.7 Å
(Fig. 4a). Nevertheless, it is well docked against
the protein, adopting a loosely defined extended
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Fig. 4. NMR-derived model of the WT2P/ETS1301–440 complex. (a) Based on experimental intermolecular NOE
restraints, the WT2P peptide (red) is bound along a surface of ETS1301–440 (cyan) extending from the IM to the recognition
helix H3. The dashed line represents the connection between the SRR and helix HI-1 of the IM expected in the cis context
of the native protein. (b) The top-ranked structural model calculated by CYANA is shown in detail, with the carbons of
selected ETS1301–440 residues in blue and those of the peptide in red (polar) or lime green (hydrophobic/aromatic). Also,
oxygen, red; nitrogen, blue; phosphorous, orange; hydrogens, omitted. (c) Physicochemical complementarity exists
between the protein and bound peptide. Hydrophobic residues (A, V, I, L, P, C, M, Y, W, F) on the WT2P peptide (top;
protein surface in gray) and ETS1301–440 (bottom, peptide omitted) are colored in lime green, negatively charged residues
(D, E, pS) in red, and positively charged (R, K, H) residues in blue. The very dynamic N-terminal Arg279, Val280, and
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S-shape conformation spanning from the DNA-
recognition helix H3 to the inhibitory helix H4. The
interaction surfaces of both the peptide and protein
match those defined by CSP mapping (Fig. 1c–f).
Importantly, the model positions the C-terminal
Leu295 of WT2P in close proximity to the N-terminal
Lys301 of ETS1301–440, as would be expected when
the two molecules form a continuous polypeptide
in the cis context of the native protein (dashed line in
Fig. 4a).
The WT2P/ETS1301–440 model exhibits good phys-

icochemical complementarity with the amphipathic
nature of the peptide clearly evident (Fig. 4b, c).
Although the exact positioning of the side chains is
variable, hydrophobic residues on the SRR are
buried along a relatively large hydrophobic patch on
the surface of ETS1301–440. This docking is defined
by several intermolecular NOEs between Tyr283,
Phe286, Tyr291, and Leu295 of the WT2P peptide
with Leu337 (N-terminus of helix H1), Tyr395 (H3),
I401 (H3–S3 loop), and Leu421 (H4) of ETS1301–440.
As a consequence of these experimental restraints,
the negatively charged residues of the peptide
(pSer282, Asp284, pSer285, Asp287, Glu289, and
Asp290) are solvent exposed and localized along a
positively charged region of the ETS domain, in and
around helix H3, that is composed of Lys379, Lys381,
Lys383, Lys388, Arg391, Arg394, and Lys399.
It is worth stressing that, with limited NOE restraints,

the peptide conformation could only be defined with
low precision. Furthermore, two confidently assigned
NOEs between Ile401 of ETS1301–440 and Val280
and Phe286 of the SRR could not be satisfied by the
calculated structural ensemble (Fig. 4b). This sug-
gests that, in addition to the predominant docking
mode of this ensemble, the peptide also bound the
protein in minor alternative orientations or alignments
yielding distinct NOE patterns, yet averaged chemical
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shifts due to rapid interconversion. This is in accor-
dance with previous amide 15N relaxation studies
showing that in cis [8] and in trans [15], the SRR
remains mobile on the sub-nsec timescale when
bound to the ETS domain. Most importantly, the
ensemble fits the observations that global hydropho-
bic and electrostatic interactions underpin the asso-
ciation of the SRR peptides with ETS1301–440. In
addition, it provides an explanation for SRR-mediated
autoinhibition via both partial steric blockage of
the ETS domain DNA-binding interface, as well as
stabilization of the IM.

Crystal structure of ETS1301–440 in complex with
the 5fPhe2P* peptide

To gain complementary higher-resolution struc-
tural insights, we co-crystallized ETS1301–440 in
complex with the SRR variant peptide 5fPhe2P*,
which had the highest affinity for the ETS domain.
Diffraction-quality crystals with different morphol-
ogies, space groups, and cell dimensions were
obtained from two conditions varying mainly in pH
value. The structures of these complexes were
solved to 2.00 Å (pH 7.3) and 2.35 Å (pH 8.5)
resolution using molecular replacement (Figs. 5
and S5, Table S2). Both structures consist of
ETS1301–440 molecules forming domain-swapped
dimers and the component monomers superposed
with RMSDs b0.44 Å over 135 Cα atoms. As
observed previously for ETS1 crystallized in the
absence of DNA (e.g., 1MD0 [19]), domain swapping
occurs with helix HI-1 of one monomer aligning end-
on against helix H4 of a second ETS1 monomer
to effectively form an extended helix. Within the
complex, two 5fPhe2P* peptides are sandwiched
symmetrically between a dimer of domain-swapped
dimers, which have their DNA-recognition helices H3
adjacent and anti-parallel. This results in a 2:4
peptide:protein stoichiometry (Fig. 5a).
The bound peptide has an extended backbone

conformation, interrupted by a turn centered at
Glu289/Asp290 to give an overall L-shape (Fig. 5b).
The N-terminal half of the peptide partakes in
extensive contacts with one monomer of the domain-
swapped dimer, while the C-terminus is positioned by
a small number of interactions between Leu295
and the non-native Trp296 with the other monomer
(Fig. 5c). This leads to the burial of ~1500 Å2 of total
accessible surface area (~1100 Å2 nonpolar) for the
protein and peptide [20]. In particular, Trp338 at
the start of helix H1 and Tyr396, Tyr395, and Gly392
along helix H3 of the ETS domain lie parallel against
the aromatic rings of 5fPhe283, 5fPhe286, 5fPhe288,
and 5fPhe291, respectively. Additional interactions
at the hydrophobic surface of ETS1301–440 involve
Leu337 and Ile401, as well as Cys416 and Leu421
(helix H4) of the IM. Two potential salt-bridges to
this monomer are formed by pSer282 with Lys399
and Asp290 with Arg391. The remaining negatively
charged side chains of the 5fPhe2P* SRR variant
(Asp284, pSer285, Asp287, and Glu289) all extend
outward to interact with a constellation of lysine and
arginine residues along the DNA-binding interface
of onemonomer of the partner domain-swappeddimer
(Fig. 5d).
The crystal structure of the 5fPhe2P*/ETS1301–440

complex recapitulates the key features of the NMR-
derived model of the WT2P/ETS1301–440 complex.
Namely, aromatic residues of the amphipathic pep-
tides dock along the same hydrophobic surface
of the ETS domain, while charged residues extend
outward for flanking electrostatic interactions. Howev-
er, several notable differences exist. The 2:4 stoichi-
ometry in the crystals stands in contrast to the 1:1
binding stoichiometry observed byNMRspectroscopy
under solution conditions where ETS1301–440

is monomeric [10]. Of course, a 1:1 stoichiometry
also corresponds to the native protein in which
the SRR and ETS domain/IM are connected as a
single polypeptide chain. In addition, the peptides
are oriented in opposite directions such that the
N-terminus of 5fPhe2P* is near the IM helices and the
start of the protein. In the NMR-derived models, the
C-terminal Leu295 of the WT2P peptide is proximal to
Gly301, as should occur in the context of the native
protein.
The opposite alignment of the 5fPhe2P* peptide

across the ETS domain in the crystal complexes is
inconsistent with the majority of the intermolecular
NOEs identified between WT2P and ETS1301–440.
This is not simply due to differing amino acid
compositions since, in solution, WT2P and 5fPhe2P*

interact in a similar manner with ETS1301–440 as
evidenced by common patterns of spectral perturba-
tions (Fig. 3a). However, as discussed above, NMR
measurements do suggest multiple binding modes. It
is also noteworthy that the peptides have a pseudo-
palindromic repeating pattern of aromatic and nega-
tively charged side chains (Table 1). This may enable
binding to ETS1301–440 in two orientations, with the
“reversed” one being favored upon crystallization
between a dimer of domain-swapped dimers. Further
evidence for multiple binding modes is provided by
weak unmodeled electron density observed in the
crystal structures of the 5fPhe2P*/ETS1301–440 com-
plex that is attributed to partial occupancy of one
or more additional peptides along the hydrophobic
interfaces of the ETS domains (see Fig. S5 for a
detailed explanation).
Comparison of the structures of ETS1 in its free

versus DNA- or peptide-bound states reveals a
particularly interesting difference in the rotamer
conformations of Tyr395 (Fig. 5e). In both bound
states, Tyr395 extends outward from helix H3 to
hydrogen bondwith aDNAbase or to interact with the
peptide through stacking against the ring of 5fPhe288
and hydrogen bonding with Asp290. In contrast, the
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tyrosine side chain lies more parallel along H3 in
the unbound state. Therefore, Tyr395 undergoes a
common conformational change to mediate mutually
exclusive binding to either DNA or the inhibitory
SRR. Parenthetically, this residue is also involved in
the altered specificity of ETS1 for DNA induced by a
partnership with the transcription factor Pax5 [21,22].
The SRR peptide does not associate with the
DNA-bound ETS domain

Both NMR spectroscopy and X-ray crystallogra-
phy showed that the SRR peptides bind along
the DNA-recognition interface of the ETS domain
(Fig. 6a). To test the implications for autoinhibition,
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we used NMR spectroscopy to monitor competitive
titrations of the WT2P peptide versus a high-affinity
cognate DNA duplex to 15N-labeled ETS1301–440.
No changes in the 15N-HSQC spectrum of the
protein in a pre-formed 1:1 complex with DNA were
observed upon the addition excess WT2P peptide
(Fig. 6b). Thus, at these concentrations (~0.16 mM),
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This reverse titration demonstrated that DNA binding
was favored and precluded interactions with the
WT2P peptide. Together, these experiments support
a steric mechanism of autoinhibition, in which
association of the SRR and DNA by the ETS domain
is mutually exclusive. They are also consistent with
the significantly higher affinity of ETS1301–440 for
cognate DNA (nM range [8,23]) versus the WT2P

peptide (~140 μM in 300 mM NaCl).

The ETS1 SRR peptide can bind distantly related
PU.1

PU.1 is a member of the ETS family of transcription
factors involved in myeloid and B-cell development
[24]. Relative to ETS1, it is the most evolutionarily
distant ETS factor [3]. PU.1 also lacks an SRR-like
sequence and has not been reported to exhibit DNA-
binding autoinhibition [23]. Nevertheless, we used
NMR-monitored titrations to test whether the ETS1
WT2P peptide could bind the ETS domain of PU.1
in vitro. Addition of this peptide caused amide
and indole chemical shift changes in the fast
exchange regime, indicating a weak association
with PU.1167–272 (Fig. S6). However, fewer residues
were perturbed than observed with ETS1301–440, and
the resulting chemical shift changes were generally
smaller (Fig. 7a; compare with Fig. 1c). Also, the
perturbed residues mapped to two non-contiguous
sites on the surface of the PU.1 ETS domain
(Fig. 7b). Although estimated in the 0.5-mM range,
the presence of multiple binding sites precluded the
accurate determination of KD values between the
WT2P peptide and PU.1167–272 (Fig. 7c).
One group of PU.1167–272 residues that exhibited

substantial CSPs upon the addition of the WT2P

peptide clustered around the loop between β-strands
S3 and S4. This “wing” region of the PU.1 ETS
domain, which contains the sequence 246VKKKL250,
is positively charged and involved in binding the
phosphodiester backbone of DNA [25]. Therefore,
the interaction between the negatively chargedWT2P
Fig. 6. Mutually exclusive binding of DNA and the WT2P

representative SRR peptide (red) from the NMR-derived model
X-ray crystallographic structure of the ETS1 ETS domain (cyan
associate with the ETS domain via partially overlapping
autoinhibition, 15N-HSQC spectra were used to monitor the co
DNA duplex to 15N-labeled ETS1301–440. (b) Left: Starting
increments to make a 1:1 protein/DNA complex (gold). Consist
of Trp375 and Trp338 shifted in slow exchange from the free to
added to a 3.1 molar ratio (green). No further changes were ob
and concentrations (~0.16 mM), the WT2P peptide does not d
with the WT2P peptide first added to a 5.3 molar ratio. As expe
from the free (blue) to the peptide-bound state (red). Right: Sub
(green). The indole peaks moved in slow exchange from
displacement of the peptide by the DNA. For clarity, intermedia
and slow exchange behaviors are denoted by the straight an
amide 1HN–15N signals (top right of each spectra) are not ind
and PU.1167–272 at this site is likely mediated by
electrostatic contacts. The corresponding wing of
ETS1 has the divergent sequence 405TAGKRY410

and does not contribute to SRR association.
The second site of PU.1167–272 involved in WT2P

peptide binding is akin to the SRR-interaction
interface of ETS1. This site was identified based on
the CSPs exhibited by the amides of Tyr175 at
the start of helix H1, Glu242 following H3, and the
indole of Trp215 in H2. The corresponding residues
in ETS1301–440 are Trp338, Ile401, and Trp375,
respectively, all of which exhibit large CSPs upon
association with the same peptide. A comparison of
the PU.1 and ETS1 ETS domains at this peptide-
binding site shows common surface features with
a hydrophobic patch flanked by positively charged
residues along the DNA-recognition interface
(Fig. 7d). Thus, although the autoinhibitory cis-SRR
is only present in ETS1 and ETS2, it functions by
exploiting characteristics of the ETS domain that
are conserved even among distantly related family
members.
Discussion

Hydrophobic groups in the SRR mediate
interactions with the ETS domain

We investigated the mechanisms underlying the
phosphorylation-enhanced autoinhibition of ETS1
by characterizing the intermolecular interactions of
peptide models of the SRR with the ETS domain and
appended IM. In both NMR-derived structural
ensembles and two X-ray crystallographic structures
of the peptide/protein complexes, Tyr/Phe and 5fPhe
residues of the trans-SRR, respectively, dock along
a complementary hydrophobic patch on the surface
of ETS1301–440. A series of peptides differing at
the wild-type aromatic positions (283, 286, 288, and
291) all bound this same general interface, giving
peptide to the ETS domain. (a) A diagram showing one
of theWT2P/ETS1301–440 complex (Fig. 4) overlaid upon an
) complexed with DNA (PDB ID: 2NNY). The SRR and DNA
interfaces. To test the predicted steric mechanism of
mpetitive interactions of the WT2P peptide and a cognate
with free ETS1301–440 (blue), DNA was added in small
ent with high-affinity binding, the indole 1Hε1–15Nε1 signals
the DNA-bound state [11]. Right: WT2P peptide was then
served indicating that, at these conditions (300 mM NaCl)
isplace the bound DNA. (c) Left: The reverse experiment
cted for weaker binding, the peaks shifted in fast exchange
sequently, the DNA duplex was added in small increments
the peptide-bound to the DNA-bound state, indicating
te spectra along the titration series are not shown, and fast
d curved arrows, respectively. Corresponding changes in
icated with arrows.
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charged residues that overlaps the DNA-recognition interface and is perturbed by the WT2P peptide. The surface
representations of the core ETS domains are colored according to amino acid properties (green, hydrophobic; blue,
positive; red, negative).
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similar patterns of CSPs. Importantly, the strength
of the interaction correlated with the hydrophobicity
of the varied residues, and not necessarily their
aromatic character. The observation that the exact
sequence is not critical in localizing the peptide, and
that multiple variants have relatively high affinity for
ETS1301–440, is also consistent with the conclusion
that the association between the SRR and ETS1
is driven by the hydrophobic effect involving these
four residues. However, van der Waals forces
and possibly hydrogen bonding with more specific
stereochemical constraints likely contribute to asso-
ciation. For example, in the crystal structures, the
aromatic rings of 5fPhe283, 5fPhe286, and 5fPhe288
of the peptide stack in a parallel-displaced manner
[26] against those of Trp338, Tyr396, and Tyr395,
respectively, from the protein. Conversely, since
5fPhe is very hydrophobic yet has reduced aromatic
ring electron density, π–cation interactions with
lysine or arginine residues do not dictate formation
of the high affinity ETS1301–440/5fPhe2P* complex
[27].
Previously, we reported that aromatic residues

in the SRR are critical for ETS1 autoinhibition [15].
This conclusion followed from the observation that
ETS1279–440 (with the SRR appended in cis to the
ETS domain/IM) exhibited significantly greater
phosphorylation-enhanced inhibition of DNA binding
than did variants with the Tyr/Phe at positions 283,
286, 288, and 291 replaced by Val, Ala, or Gly.
Unfortunately, a variant with four Leu substitutions
could not be tested for DNA binding due to
incomplete phosphorylation by CaMKII in vitro [28].
Using an extensive set of synthetic phosphopeptides
with both aromatic and aliphatic substitutions, we
have now found that the affinity of the trans-SRR
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peptides for the ETS domain/IM correlates with
hydrophobicity. For example, although lacking four
aromatic residues, Leu2P* bound ETS1301–440 with
higher affinity than did WT2P*.
This raises the question, why are the Tyr/Phe

residues adjacent to the SRR phosphoacceptor
serines conserved among ETS1 and closely related
ETS2 orthologs [15]? It is plausible that autoinhibi-
tion of DNA binding by wild-type ETS1 is dependent
upon additional factors not fully recapitulated by the
association of model trans-SRR peptides to the ETS
domain/IM. However, the individual replacement of
Tyr283 or Phe286 in the SRR with several large
aliphatic amino acids was recently reported to not
markedly impact phosphorylation-enhanced autoin-
hibition of an ETS1 fragment [29]. Thus, the
conserved Tyr/Phe may serve addit ional
sequence-specific biological functions, such as
mediating phosphorylation of the SRR by CaMKII
or dephosphorylation by phosphatases. Also, multi-
ple signaling pathways converge at the SRR to
regulate ETS1 function. For example, phosphoryla-
tion of Ser282 provides a recognition site for the
ubiquitin ligase COP-1, whereas phosphorylation of
the adjacent Tyr283 by Src family tyrosine kinases
decreasesCOP-1 binding to prevent ubiquitin-mediated
degradation of ETS1 [30]. Finally, the different physico-
chemical properties of aromatic versus aliphatic resi-
dues, such as the hydrogen bonding potential of
tyrosine, may perhaps influence the solubility of the
SRR to reduce potential protein aggregation.

Global electrostatics also contribute to SRR
binding

In addition to hydrophobic interactions, binding
of the SRR peptides to the ETS domain/IM is
dependent upon their complementary electrostatic
properties. This conclusion is supported by several
lines of evidence, including a diagnostic reduction
in affinity with increasing sample ionic strength.
The importance of serine phosphorylation, which
elevates the predicted net charge of the peptides
from approximately −3 to −6, is seen by an 10-fold
difference in the KD values of WT2P* versus WT0P*

for ETS1301–440 (pH 6.5, 300 mMNaCl). Also, NMR-
monitored titrations demonstrated that the 31P nuclei
of pSer282, and more so pSer285, were perturbed in
the presence of ETS1301–440. The resulting down-
field 31P chemical shift changes are consistent
with binding favoring both phosphoserines in their
di-anionic forms.
Although the contribution of phosphorylation and

charge interactions in ETS1 autoinhibition was
previously established [8], an important result of our
structural studies is that the binding of the ETS
domain/IM by the SRR peptides hinges upon global
electrostatics rather than well-defined salt-bridges. In
the NMR-derived models of the ETS1301–440/WT2P
complex, the two phosphoserines, three aspartates,
and one glutamate of the SRR are only broadly
localized in the general proximity of a continuous
electropositive region near the ETS1 DNA-binding
interface that is composed of five lysines and two
arginines. It must be noted that no intermolecular
NOE restraints involving the WT2P charged side
chains were confidently detected, and thus their
positions in the calculated ensembles are a conse-
quence of satisfying the observed restraints involving
adjacent aromatic groups.However, even in the crystal
structures of the ETS1/5fPhe2P* complex, only two
potential intermolecular salt-bridges (pSer282–Lys399
and Asp290–Arg391) were found at the primary
interface. Recently, it was proposed from molecular
dynamic simulations that the SRR forms a 310-helix,
positioning pSer282 and pSer285 to salt-bridge with
Arg394 and Arg391, respectively, along the recogni-
tion helix H3 of the ETS domain [29]. A predominant
contribution of such specific electrostatic interactions,
along with an induced secondary structural element, is
not borne out by our experimental studies.

Synergy of aromatic/hydrophobic residues and
phosphoserines

The interaction of the SRR peptides with the ETS
domain/IM is dependent upon aromatic/hydrophobic
residues as well as phosphoserines. For example,
Ala2P* lacking Phe/Tyr and WT0P* lacking phos-
phorylation both bind ETS1301–440 with approximate-
ly 10-fold lower affinity than WT2P*. Phosphorylation-
enhanced autoinhibition of ETS1 DNA binding is
also substantially weakened upon substitution of the
four Phe/Tyr in the SRR with Ala or Gly [15]. What is
the basis for this synergy? A simple explanation is
that complex formation results from the cooperative
reinforcement of many individual weak interactions
between the amphipathic SRR peptide and the
ETS domain/IM. Structurally, burial of SRR aromatic
residues against the hydrophobic surface of the ETS
domain requires that the interleaved phosphoserine,
aspartate, and glutamate residues be solvent ex-
posed and thus favorably positioned along the
flanking electropositive protein region. Conversely,
positioning of these negatively charged residues for
complementary electrostatic interactions with the
ETS domain clusters the intervening aromatic
groups against the protein's hydrophobic surface.
Previously, we found that aspartate and glutamate

are poor mimics of phosphoserine for ETS auto-
inhibition [15]. This result appears greater than
expected solely from the differences in the net
charges (−2 for di-anionic pSer versus −1 for Asp
and Glu) of these side chains. Thus, serine phos-
phorylation may play a more specific role than simply
enhancing electrostatic interactions of the SRR
with the ETS domain/IM. For example, synergy
could result from an enhancement in the hydrophobic
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properties of the SRR aromatic residues as a result of
phosphorylation. Phosphate is a salting-out anion in
the Hofmeister series, and generally decreases the
solubility of non-polar residues and increases protein
stability [31,32]. It is plausible that a phosphoserine
has similar effects on neighboring hydrophobic
groups, possibly through perturbations in local
water structure. In support of this hypothesis, it was
recently shown that hydrophobic interactions can be
strongly increased by the protonation of nearby
(nanometer scale) amines to become ammonium
ions [33]. The related ammonium cation is also
salting-out in the Hofmeister series.

A “fuzzy” complex

In contrast to intrinsically disordered protein
regions that adopt well-defined conformations upon
partner binding, earlier NMR chemical shift and 15N
relaxation studies revealed that the SRR remains
dynamic and without any persistent induced struc-
ture when associated with the ETS domain/IM. This
holds for both the intermolecular binding of the SRR
peptides to ETS1301–440 [15] and in the intramolec-
ular context of ETS1279–440 or larger ETS1 con-
structs [8,12].
Further insights into the “fuzzy” nature [34] of the

SRR interaction are provided by this investigation.
Only a sparse number of relatively weak intermolec-
ular NOE restraints were detected between WT2P

and ETS1301–440, and thus, the peptide has high
RMSDs in the calculated structural ensemble of the
complex. Although a lack of restraints can arise in
several ways, this is consistent with a dynamic peptide
undergoing rapid exchange between multiple ener-
getically similar bound conformations. In X-ray crystal
structures, the 5fPhe2P* peptide is ordered yet
sandwiched in a 2:4 stoichiometry between two
domain-swappedETS1301–440 dimers.Weak electron
density attributed to one or more additional bound
peptides was also detected, but could not be
adequately modeled due to disorder and low occu-
pancy. On one hand, the general features of the
structures defined by these two techniques are similar
and explain why binding of the amphipathic SRR
peptides to the ETS domain/IM is tolerant to amino
acid substitutions and dependent upon global hydro-
phobic and electrostatic interactions. On the other
hand, in crystals, the 5fPhe2P* peptides boundwith the
opposite orientation across the ETS domain than
found for the WT2P peptide in the NMR-derived
ensemble. However, two confidently assigned intra-
molecular NOEs not satisfied by the calculated
structural ensemble of the WT2P/ETS1301–440 com-
plex are roughly consistent with the reversed orienta-
tion of 5fPhe2P* in the crystallized complex. This
suggests that in solution, the SRR peptides, with a
pseudo-palindromic repeating pattern of charged and
aromatic side chains, bind the ETS domain/IM in
multiple interconverting orientations or alignments.
Although the predominant binding mode is that
shown in Fig. 4, alternative modes could still preserve
a similar overall fuzzy pattern of hydrophobic and
electrostatic interactions. Such multi-modal binding is
also predicted through molecular dynamics simula-
tions [29].
In native ETS1, the full SRR spans ~60 residues

and encompasses three additional CaMKII phos-
phoacceptor serines. Of these, phosphorylation
of Ser251 (in the sequence Asp-Ser-Phe-Glu) also
reinforces DNA-binding autoinhibition [12]. Further-
more, the presence of four extra pSer-Phe/Tyr-Asp
motifs introduced into the truncated SRR of
ETS1279–440 essentially abrogated binding to DNA
[15]. This repeating motif maintains the amphipathic
pattern of alternating aromatic and negatively
charged residues needed for association of the
SRR peptides to the ETS domain/IM. However, it is
unlikely that additional repeats, including that of the
full SRR in its native context, can be simultaneously
accommodated along the hydrophobic interface of
the ETS domain. Rather, multiple interconverting
modes of binding may occur, each contributing to the
overall free energy of complex formation. Such fuzzy
behavior also explains several aspects of ETS1
autoinhibition including the observed graded de-
crease in DNA affinity with increasing phosphoryla-
tion without a strong dependence on the exact sites
of SRR modification [12].

Coupled steric and allosteric mechanisms of
ETS1 DNA-binding autoinhibition

The insights gained through characterizing the
intermolecular interactions of the SRR peptides with
ETS1301–440 refine our mechanistic understanding
of ETS1 autoinhibition. A direct steric contribution
is immediately evident from a comparison of the
structural models of ETS1 constructs bound to
DNA and to the trans-peptides (Figs. 6a and 8).
Both ligands interact with similar key regions of
the ETS domain, including the N-terminus of helix
H1 (e.g., Leu337, Trp338), the turn after helix H2
(Lys379, Lys381), the recognition helix H3 (Tyr395
and Tyr396), and the loop to strand S3 (Ile401). Also,
NMR-monitored competition studies confirmed that
binding of the WT2P SRR peptide and DNA to the
ETS domain are mutually exclusive.
In these experiments, the peptide and protein are

separated (trans), whereas in their native context,
they are covalently linked (cis) via an additional five
dynamic residues (296PNHKP300) [8]. This linkage
will at least partially reduce the entropic penalty for
the intramolecular association of the SRR with the
ETS domain/IM to facilitate autoinhibition [35,36]. To
gauge this effect, it is instructive to compare the
published amide chemical shift differences between
ETS1279–440 and ETS1279–440,2P (with the cis-SRR)
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versus ETS1301–440 (lacking the SRR) [8] against the
extrapolated saturating CSPs for binding of the
WT0P* and WT2P* peptides to ETS1301–440 mea-
sured herein (Fig. S2). From this comparison, we
estimate that the ETS domains of ETS1279–440 and
ETS1279–440,2P are ~40% and ~85% in their SRR-
bound states, respectively. Combined with the corre-
sponding KD values of Table 1, this indicates that
the effective concentration [36,37] of the cis-SRR is
~1 mM in both its unmodified and phosphorylated
forms.
This effective concentration is insufficient to explain

the inhibitory effects of the SRRonETS1DNAbinding
solely through a steric blockage mechanism. That is,
the KD value of ETS1301–440 for a consensus DNA is
~25 pM and the presence of the unmodified cis-SRR
(ETS1279–440) weakens it by ~20-fold to the basal
level of thewild-type protein [8,15]. Assuming a simple
competition model [38], the effective concentration of
the cis-SRR would need to be significantly higher
(~25 mM) to account for such a change. More
dramatically, phosphorylation of ETS1279–440 re-
presses DNA binding by an additional ~100-fold, yet
the KD values for the association of WT2P* versus
WT0P* to ETS1301–440 differ by only 10-fold. Although
the experimental conditions (temperature, pH, and
ionic strength) differed for these measurements, it is
evident from such back-of-the-envelope calculations
that ETS1 autoinhibition does not arise only from
competitive occlusion of the DNA-binding interface
and does not scale linearly with the affinity of trans-
peptides for the ETS domain/IM. One plausible non-
steric contribution toward autoinhibition could result
from electrostatic repulsion of DNA by the cis-SRR,
which has a net negative charge that increases upon
phosphorylation (Table 1). However, solvent screen-
ing would likely reduce such a long range interaction
by the conformationally dynamic SRR.
In addition to steric effects, the SRR is also

important for an allosteric pathway leading to
autoinhibition. Upon DNA binding, the marginally
stable helices HI-1 and HI-2 of the IM unfold [9–11].
The IM is distal to the ETS domain DNA-binding
interface, and unfolding may be allosterically linked
to subtle conformational changes in the HI-2/H1 loop
necessary for the N-terminus of helix H1 to precisely
interact with the DNA phosphodiester backbone
[10,39,40]. Somewhat surprisingly, despite this
apparently large helix-coil structural perturbation,
the IM reduces the affinity of the ETS1 ETS domain
for DNA by only ~2-fold. The appended SRR is
necessary for wild-type levels of autoinhibition [10].
Extensive prior studies demonstrated that the SRR
stabilizes the IM and dampens motions in the ETS
domain, thereby shifting a conformational equilibri-
um of the ETS1 from a flexible “active” to a rigid
“inactive” state [8,12]. Increasing SRR phosphoryla-
tion progressively shifts this equilibrium, thus acting
as a “dimmer switch” for DNA binding.
Our current studies also provide a structural

explanation for the role of the SRR in this allosteric
pathway for autoinhibition. In solution, intermolecular
NOEs detected between the C-terminal Ala293/
Ala294/Leu295 of WT2P* and Leu418/Leu421 in
ETS1301–440 place the peptide in close proximity to
helix H4 of the IM. In crystal structures, these leucines
are near Pro281 and 5fPhe283 of the fluorinated
peptide. Thus, with either mode of binding, hydropho-
bic residues in the SRR directly contact helix H4,
which in turn abuts HI-1 (Fig. 8). By thermodynamic
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linkage, such favorable interactions will stabilize the
IM helical bundle against unfolding. Similarly, docking
of the SRR along the hydrophobic surface that
extends from the IM to helix H3 will stabilize the ETS
domain and restrict its conformational dynamics. It
is also noteworthy that disruption of the IM by the
mutations Y307P in HI-1 or L429A in H5 impairs the
repressive effects of the SRR on DNA binding [13]. A
folded IM will aid binding of the adjacent SRR to
the ETS domain and thereby contribute to the steric
pathway for autoinhibition. Conversely, a disrupted
IM, with HI-1 and HI-2 unraveled, will place an
additional ~30 disordered residues before the ETS
domain. This will reduce the local effective concen-
tration of the SRR for competing with DNA binding
[36,37].
In summary, the SRR both sterically blocks DNA

binding and stabilizes the IM against allosteric
unfolding. By synergistically coupling these two
mechanisms, the SRR establishes ETS1 autoinhibi-
tion at a functionally relevant and regulatable level.

Conserved ETS domain interface

The SRR interacts with the ETS1 ETS domain via
an interface that partially overlaps its DNA-binding
surface. The general features of this interface, with
an exposed hydrophobic region flanked by positively
charged residues, are conserved across the entire
ETS family. We speculate that the SRR of ETS1 and
closely related ETS2 evolved to exploit this interface
for the autoinhibitory regulation of these factors via
post-translational modifications and protein partner-
ships [3]. Similarly, the ETV6 repressor is autoinhib-
ited by an amphipathic α-helix that packs against
the corresponding interface of its ETS domain and
thereby sterically inhibits DNA-binding [4,41]. It is
intriguing that the trans-SRR peptide also bound
in vitro to the ETS domain of distantly related PU.1.
In a strict sense, this is not biologically relevant as
PU.1 lacks any obvious SRR-like sequence and is
not known to be autoinhibited or to interact with
ETS1. More generally, however, the observation
raises the possibility that other transcriptional regu-
latory proteins with amphipathic sequences similar
to the SRR may be capable of modulating, in trans,
DNA binding by members of the ETS family.
The same conserved interface was also targeted

in a computational screen to identify inhibitors of the
prostate cancer-linked ERG [42]. Encouragingly, a
small molecule identified by this proof-of-principle
approach indeed weakly bound the ETS domain of
ERG as predicted and competitively inhibited DNA
binding. However, the molecule also bound the ETS
domains of PU.1 and ETV4, as expected due to their
common surface features. Thus, the specific thera-
peutic intervention of DNA binding by only a sub-
family of ETS factors will also require consideration
of their distinguishing, non-conserved properties.
For example, a small molecule that stabilizes the
folded IM or bound SRR of ETS1 or ETS2, or the
inhibitory α-helix of ETV6, may selectively reinforce
the autoinhibition of only these selected ETS factors.
The structural insights provided herein should help
guide the discovery and development of such
important potential therapeutics.
Materials and Methods

Expression and purification of ETS1301–440

Expression andpurification of ETS1301–440 (residues
301–440 of ETS1) was performed as previously
described [15]. For NMR spectroscopy studies,
the final ETS1301–440 buffer consisted of 20 mM
MES, 50–300 mM NaCl, 5 mM DTT, and 0.5 mM
EDTA at pH 6.50. For production of crystals, the
protein was further purified using an analytical mono-
S cation exchange column (GE Healthcare) equili-
brated with 20 mM MES, 50 mM NaCl at pH 6.0 and
eluted over 10 column volumes with a gradient to
20 mM MES and 1 M NaCl at pH 6.0. The final
sample buffers consisted of 10 mM MES, 50–
100 mM NaCl, and 1 mM TCEP at pH 6.50.

Expression and purification of PU.1167–272

The cDNA encoding PU.1167–272, including the
core ETS domain and an appended C-terminal helix
H4, was cloned into pET28-MHL [43]. This vector
contains an N-terminal His6-affinity tag followed by
a TEV cleavage site. The protein was produced
by heterologous expression in freshly transformed
Escherichia coli BL21 (λDE3) cells grown at 37 °C
in minimal M9 media supplemented with 1 g/L of
15NH4Cl, 1 × trace metal mix [44], and 35 mg/L
kanamycin. At OD600 ~0.4, the cells were cooled to
30 °C and expression was induced at OD600 ~0.6
using a final concentration of 1 mM IPTG. The cells
were harvested ~16 h post-induction, and the
pellet was frozen at −80 °C until required. The pellet
was resuspended in 40 mL of denaturing binding
buffer (20 mM sodium phosphate, 500 mM NaCl,
10 mM imidazole, 4 M guanidinium hydrochloride,
pH 7.4) per liter of culture. The cell suspension
was lysed by sonication with cooling in an ice-water
bath. The lysate was cleared by centrifugation and
filtering, then applied to a Ni+2-NTA HisTrap HP
column (GE Healthcare). Following a wash with
30 mM imidazole, His-tagged PU.1167–272 was eluted
in one step with elution buffer (20 mM sodium
phosphate, 500 mM NaCl, 1 M imidazole, 4 M gua-
nidinium hydrochloride, pH 7.4). The resulting protein
sample was dialyzed against 2 L of refolding buffer
(50 mM sodium phosphate, 500 mM NaCl, 0.5 mM
EDTA, pH 6.50). Soluble protein was separated by
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centrifugation and folded His6-tagged PU.1167–272

was further purified using a Superdex-75 gel filtration
chromatography column. The final NMR sample
buffer consisted of 20 mM MES, 300 mM NaCl,
5 mM DTT, and 0.5 mM EDTA at pH 6.50.

SRR peptides

Peptides corresponding to the SRR of ETS1
(residues 279 to 295; Table 1), were purchased
from ABI Scientific at 95% purity. The peptides were
modified with N-terminal acetylation and C-terminal
amidation to avoid charged termini. The majority of
the peptides contained a C-terminal non-native
tryptophan residue to facilitate quantification by
UV-absorbance spectroscopy using predicted molar
absorptivities [45]. The presence of this residue did
not significantly change the dissociation constant
relative to the strictly wild-type sequence (Table 1),
although it slightly increased the CSPs observed in
NMR-monitored titrations with ETS1301–440 (not
shown). For titrations with this protein, the lyophilized
peptides were resuspended in NMR buffer (20 mM
MES, 50 mM NaCl, 5 mM DTT, 0.5 mM EDTA,
pH 6.50). The pH was re-adjusted with NaOH, and
the samples were dialyzed against 2 L of NMR buffer
at the desired NaCl concentrations (Table 2) using
Float-A-Lyzer (Spectrum Labs) dialysis devices with
MWCO of 100–500 Da. To ensure buffer matching,
both the peptide and the protein samples were
dialyzed for 48 h at 4 °C in the same container. For
studies on the free SRR peptides, the samples were
dialyzed against 2 L of 20 mMsodium phosphate and
50 mM NaCl at pH 6.50 at 4 °C. For crystallography,
the 5fPhe2P* peptide was dialyzed against 2 L
of 10 mM MES, 100 mM NaCl, and 1 mM TCEP at
pH 6.50. For 31P-NMRstudies, theWT2P peptidewas
dialyzed against 10 mM MES, and 100 mM NaCl at
pH 6.50.

SRR peptide hydrophobicity scale determination

The relative hydrophobic character of each pep-
tide was estimated by considering the additive effect
at the four substituted sites and using the scale of
Monera et al. [46] for the standard amino acids at
pH 7.0. These were 41 for Ala, 63 for Tyr, 76.4 for
Val, 97 for Trp and Leu, and 100 for Phe. Combined
hydrophobicity values of 164, 290, 306, 388, and
400, respectively, were obtained by adding the
contributions of each amino acid. These were
then normalized to 1 using the predicted octanol–
water partition coefficients of Fmoc-L-phenylalanine
(PubChem CID: 978331) and Fmoc-pentafluoro-L-
phenylalanine (PubChem CID: 7020337). The final
hydrophobicity values obtained for the peptide
variants were 0.37 (Ala2P*), 0.65 (WT2P*), 0.69
(Val2P*), 0.88 (Leu2P*, Trp2P*), 0.90 (Phe2P*), and
1 (5fPhe2P*).
DNA oligonucleotides

The complementary oligonucleotides correspond-
ing to a specific ETS1 binding site [11] spanning
12 base pairs, 5′-CAGCCGGAAGTG-3′ and 5′-
CACTTCCGGCTG-3′, were purchased from Inte-
grated DNA Technologies. The oligonucleotides
were resuspended in NMR sample buffer (20 mM
MES, 300 mM NaCl, 5 mM DTT, 0.5 mM EDTA,
pH 6.50), mixed in a 1:1 molar ratio based on
quantitation by UV-absorbance spectroscopy with
predicted molar absorptivities (http://biophysics.
idtdna.com/UVSpectrum.html), heated to 95 °C,
and slowly cooled to allow duplex DNA annealing.
The sample was then passed through a Superdex-75
gel filtration column (GE Healthcare) in NMR sample
buffer to remove impurities and single stranded DNA.
The purest fractions were concentrated to ~1.3 mM
and used for NMR-monitored titrations with 0.16 mM
15N-labeled ETS1301–440 in the presence or absence
of the WT2P peptide.

NMR spectroscopy

NMR experiments were performed at 28 °C using
cryoprobe-equipped Bruker Avance III 600 or
850 MHz spectrometers, unless noted otherwise.
The spectra were processed using NMRPipe [47]
and NMRFAM-Sparky [48]. The previously published
chemical shifts of free ETS1301–440 [10] were used as
starting points to assign signals of the peptide-bound
protein via 15N- and 13C-HSQC monitored titrations.
The shifts and intramolecular NOEs of the unlabeled
WT2P peptide bound to 15N/13C-labeled protein
(1:1 molar ratio WT2P:ETS1301–440, 100 mM NaCl,
~85% saturation) were assigned using a combination
of double-filtered 2D 1H–1H NOESY (150 ms mixing
time) and 2D 1H–1H TOCSY spectra [49]. Intermo-
lecular NOEs between the unlabeled peptide and
labeled protein (220 μM 1:1 WT2P:ETS1301–440 com-
plex, 50 mM NaCl) were measured with a filtered-
edited three dimensional 1H–15N/13C-NOESY spec-
trum (150 ms mixing time) [50]. This experiment
detects NOEs between a 1H directly bonded to a
12C/14N (present in the unlabeled WT2P peptide)
and a 1H directly bonded to 15N/13C-labeled
ETS1301–440, with the latter resolved by the shifts
of the bonded 15N/13C nucleus. Intramolecular
protein NOEs, such as those arising from buried
sulfur-bonded 1Hγ of Cys350 and neighboring
labeled protons, were excluded by collecting control
experiments in the absence of the peptide. Due to
spectral overlap, particularly involving the relatively
large number of aromatic residues present in both
the protein and the peptide (14 and 4, respectively),
some NOE signals were either unassigned or
assigned ambiguously. The resulting NOE restraints
were converted to upper distance limits for structure
calculations with CYANA [51].
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The chemical shifts of the unbound WT2P peptide
(285 μM) were assigned using a combination of
two-dimensional natural abundance 13C-HSQC,
13C-HMBC, 1H–1H NOESY, and 1H–1H TOCSY
experiments. One-dimensional 31P-NMR and two-
dimensional 31P-HSQC spectra of the free WT2P

peptide were collected with a Bruker Avance III
500 MHz spectrometer to obtain assignments of the
pSer282 and pSer285 31P signals. In subsequent
titrations monitored by 31P-NMR, both peptide and
protein were initially 480 μM.

CYANA calculations to model the
WT2P/ETS1301–440 complex

The model of the WT2P peptide docked on
ETS1301–440 was generated with CYANA (v. 3.97)
[51]. The input data consisted of distance restraints
and sequence files. The latter contained 17 residues
corresponding to the WT SRR peptide (279–295
with trans X-Pro amides and unmodified termini), a
linker of 13 “ghost” residues, and 140 residues of the
ETS1 ETS domain/IM (301–440). The ghost resi-
dues were required for structural calculations of the
complex using CYANA, but did not provide any
restraints to bias the positioning of the peptide on the
ETS domain. The CYANA library was also modified
to include phosphoserines [52]. Rather than starting
with fixed input coordinates, the ETS domain/IM
structure was generated for the complex via a
standard CYANA protocol using 3268 upper and
lower distance limits that were measured previously
to calculate the structural ensemble of unbound
ETS1301–440 (available from PDB ID: 1R36 and
Biological Magnetic Resonance Data Bank entry
number 5991) [10]. The tendency of the WT2P/
ETS1301–440 complex to slowly aggregate realisti-
cally precluded recording the numerous experiments
necessary to fully assign all NMR signals of the
bound protein and to confidently measure sufficient
interprotein NOEs to independently determine its
structure with acceptable precision. Also, based on
small 1H–13C CSPs (Figs. 1 and 2), the tertiary
structure of ETS1301–440 in solution did not change
substantially upon peptide binding. In support of this
conclusion, the coordinates of the ETS domains in
the 5fPhe2P*/ETS1301–440 complexes determined
herein superimposed closely upon those of the
unbound domain swapped protein (PDB ID: 1MD0)
with main-chain RMSDs b0.4 Å.
A total of 17 ambiguous and 16 unambiguous

intermolecular NOE restraints detected between
unlabeled WT2P and 15N/13C-labeled ETS1301–440

were used in the form of upper distance limits to
dock the peptide on the protein (Table S1). Due
to the dynamic nature of the complex, the relative
intensities of NOEs in the filtered-edited 3D
1H–15N/13C NOESY spectrum were not considered
and all protein–peptide restraints were set to an
upper distance limit of 6 Å. Also included were 114
intramolecular peptide–peptide NOE restraints, de-
rived from the double-filtered 1H–1H NOESY spec-
tra of the complex and assigned automatically with
the CYANA noeassign function.
The top-ranking (lowest-energy) 18 calculated

structures were used as the final ensemble model
of the protein–peptide complex. No additional
energy minimization or refinement with explicit
solvent was applied. Only six peptide–protein and/
or four interpeptide distance restraints were vio-
lated by a mean of 0.2 Å in six or more members
of this ensemble. Across the ensemble, the WT2P

peptide had 83%, 12%, and 5% of residues with
(ϕ,ψ) dihedral angles in the allowed, generously
allowed, and disallowed regions, respectively, of
the Ramachandran plot [53]. When the 18 mem-
bers of the ensemble were superimposed based
on the helices and strands of ETS1301–440,
the corresponding mainchain atoms of residues
282–295 of the WT2P peptide had pairwise RMSDs
of 3.0 ± 0.7 Å.

CSP analysis and dissociation constant
determination

Labeled ETS1301–440 and PU.1167–272, and unla-
beled SRR peptide samples were prepared in
20 mM MES, 300 mM NaCl (unless specified),
5 mM DTT, and 0.5 mM EDTA at pH 6.50.
The protein and peptide samples were typically
concentrated to ~250 μM and ~2 mM, respectively.
The protein and peptide concentrations were calcu-
lated by measuring UV-absorbance at 280 nm under
native conditions and using the following predicted
molar absorptivities [45]: ε = 35,410 M−1 cm−1

(ETS1301–440), ε = 4470 M−1 cm−1 (WT2P), ε =
9970 (WT2P*, WT0P*), and ε = 5500 M−1 cm−1

(5fPhe2P*, Val2P*, Leu2P*, Ala2P*, and Phe2P*).
The peptides were added in small increments to
ETS1301–440 and 15N-HSQCand/or 13C-HSQC spec-
tra were recorded at each titration point. Chemical
shifts changed co-linearly with increasing peptide
concentration and, for the most part, occurred in fast
exchange regime on the NMR timescale. The 1H–15N
and 1H–13C CSPs were calculated according to
Eqs. (1) and (2), respectively [54].

1H–15N CSP ¼ 0:14ΔδNð Þ2 þ ΔδHð Þ2
h i1=2

ð1Þ

1H–13C CSP ¼ 0:3ΔδCð Þ2 þ ΔδHð Þ2
h i1=2

ð2Þ

ΔδN, ΔδC, and ΔδH are the changes in 15N, 13C,
and 1H chemical shifts (ppm), respectively. For
each titration, 10 residues exhibiting the largest
1H–15N CSPs and in fast exchange were fit to a
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1:1 binding isotherm (Eq. (3)) using GraphPad Prism
in order to obtain the equilibrium dissociation constant
(KD values).

Δδi ¼ Δδsat
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[P]T,i and [SRR]T,i are the total concentrations of
labeled protein and unlabeled SRR peptides adjusted
for dilution effects, respectively, at each point i, and
Δδsat is the extrapolated CSP at saturation. The 10 fit
KD values for each titration were averaged and the
mean values with standard deviations, as an indica-
tion of precision, are reported in Table 1.

Crystallization and structure determination of
the 5fPhe2P*/ETS1301–440 complex

Purified ETS1301–440 (0.45 mM) was mixed with
the 5fPhe2P* peptide at a 1:1.2 molar ratio in 10 mM
MES, 75–100 mM NaCl, and 1 mM TCEP at
pH 6.50. Crystals of the complex grew within
3 days at 4 °C using the sitting drop vapor diffusion
method for which 2 μL of complex solution were
mixed with 2 μL reservoir solution containing
100 mM HEPES, 0.2 M Li2SO4, and 16%–26%
PEG 3350 at pH 7.1–8.9. Two distinct crystal
morphologies were initially observed: rhomboid
(space group P3221 at pH 7.1–8.5) and needle-like
(space group P43212 at pH 8.5–8.9). With optimiza-
tion, diffraction quality rhomboid crystals were
obtained from 100 mM MES (pH 7.3), 24% PEG
3350, 0.2 M Li2SO4, and 4.5% ethylene glycol.
Needle morphology crystals from 100 mM MES
(pH 8.5), 18% PEG 3350, and 0.2 M Li2SO4 were
also suitable for data collection. Cryo-protection was
achieved by soaking the crystals with a gradient
of PEG 3350 at 20%, 25%, and 30% to 35%, while
maintaining the concentrations of the remaining
components constant. The crystals were flash-
cooled in liquid nitrogen and stored for ~5 days
prior to data collection.
X-ray diffraction data sets were collected at the

Canadian Light Source on beamline 08B1–1 or the
Stanford Synchrotron Radiation Lightsource on
beamline 9–2. Each native data set was collected
from a single crystal at 100 K using a wavelength of
0.98 Å. Diffraction data were indexed, integrated
and scaled with the iMosflm [55] and Aimless [56]
programs. The structures of the complexes were
solved by molecular replacement with Phaser-MR
[57] using the published coordinates of an ETS1
domain-swapped dimer (PDB ID: 1MD0). The initial
models served as starting points for refinement with
phenix.refine [58,59] and manual model building with
Coot [60]. The 5fPhe2P* peptide was manually built
into omit difference maps using the positions of
aromatic rings as initial reference points. In the
5fPhe2P*/ETS1301–440 (pH 7.3) structure, residue
301 at the N-terminus (chain A) and 439–440 at
the C-terminus (chains A and B) of the protein
were not included in the model. Also, Lys383,
Glu427, and Tyr397 were modeled as Ala. For the
5fPhe2P*/ETS1301–440 (pH 8.5) structure, residues
301 at the N-terminus (chains A-D) and 437–440 at
the C-terminus (chains A–D) were not modeled.
Arg409 (chain A), Lys364 (chain C), and Arg394
(chain D) were modeled as Ala. Data collection and
refinement statistics are presented in Table S2.

Accession numbers

Atomic coordinates and structure factors for the
peptide–protein crystal structures have been de-
posited with the Protein Data bank under accession
numbers 6DA1 (pH 7.3) and 6DAT (pH 8.5).
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