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Importance of local interactions for the stability of inhibitory helix 1 in apo Ets-1
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► Simulation of Ets-1 constructs
identified how HI-1 is stabilized
in the apo state.

► Contacts between HI-1 and HI-2/H4
are important for the stability of HI-1.

► Removal of a few local contacts may
lead to the partial unfolding of Ets-1.
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Inhibitory helix 1 (HI-1) of the Ets-1 human transcription factor unfolds upon binding the target DNA sequence.
To identify the interactions that stabilize HI-1 in the apo state, we performed replica exchange and molecular
dynamics simulations of various apo Ets-1 constructs. The simulations indicate the importance of local interac-
tions for the stability of HI-1. The HI-2 and H4 helices stabilize the helical state of HI-1 through specific resi-
due–residue contacts and macrodipolar interactions. The amount of stabilization in small length HI-1+H2
and HI-1+H4 constructs was similar to that in the protein. The studies suggest that the partial unfolding of
Ets-1 upon DNA binding can be achieved by the removal of just a few specific local contacts.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The human Ets-1 transcription factor is important for embryonic
development [1], apoptosis [2], and angiogenesis [3] in normal and path-
ological growth. Ets-1 is also involved in cancermetastasis and tumorpro-
gression. High expression levels in breast [4,5], ovary [6–8], and cervix [9]
tumors correlate strongly with bad prognosis, while elevated expression
is relevant for lung [10], colon [11], pancreatic [12,13], thyroid [13,14],
and oral [15] cancers. In addition, Ets-1 plays a role in immunity and
autoimmune diseases [16,17]. The protein consists of six domains [18].
The N-terminal domain contains a RAS-responsive phosphorylation site
[19,20], which regulates the transcriptional activity of Ets-1. This
domain is followed by the pointed domain, important for protein–pro-
tein interactions [21], the transactivation domain, important for
a exchange simulations.
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transcription activation [22], and the D, ETS, and F domains which reg-
ulate DNA-binding [18,23].

DNA is bound by awinged helix-turn-helix motif in the ETS-domain
(residues 331–415) [18]. This highly conserved domain binds the
GGAA/T sequence in the major groove of purine-rich DNA by insertion
of the recognition helix (H3). The minor groove is bound by a loop
between β-sheets S3 and S4 and the turn between α-helices H2 and
H3. The binding affinity for DNA is modulated by an auto-inhibitory
module, whichflanks the ETS domain and decreases the binding affinity
of DNA 10 to 20 fold compared to the bare ETS domain [24]. The
auto-inhibitory module consists of residues 301–330 of the D domain
and residues 415–440 of the F domain [25–27]. These residues are
folded into four α-helices: inhibitory helix 1 and 2 of the D domain
(HI-1 and HI-2, respectively), and H4 and H5 of the F domain.
The DNA-binding affinity is further regulated by calcium-dependent
phosphorylation of an unstructured serine-rich region of the D domain
(residues 243–300) [28], and by binding of protein partners like
Runt-related transcription factor [23].
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Fig. 1. Structure of apo Ets-1. Helices are shown in dark grey. The inhibitory module is
formed by helices HI-1, HI-2, H4 and H5.
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Autoinhibition is achieved by a highly unusual mechanism that in-
volves the unfolding of HI-1 [18,23,27,29]. Previous studies in our labo-
ratory have shown that the unfolding is due to a change in correlated
motions between H4 and HI-1 [30]. In the apo protein, HI-1 and H4
move in a correlated fashion (in-phase; with positive covariances),
and HI-1 is stabilized by hydrogen bonding and macrodipolar interac-
tions with H4. In the DNA bound state, the motion between HI-1 and
H4 is anti-correlated (out-of-phase; with negative covariances), which
disrupts themacrodipolar and hydrogen bonding interactions. Comput-
er simulations have shown that the change in correlated motions is due
to hydrogen bonding between the amide backbone of Leu337 of H1 and
theDNA [30]. This hydrogen bondwas shown to act as a conformational
switch in biochemical experiments as well [31,32]. Simulations showed
that the conformational switch transfers the information that DNA is
present to HI-1 by a network of correlated motions between H1, H4
and HI-1 [33].

Given the central role of HI-1 in the autoinhibition mechanism of
Ets-1, we performed computer simulations to further investigate how
HI-1 is stabilized in the apo state. Structural analyses show that HI-1 is
loosely packed in the protein, making contacts with HI-2, H5 and H4
only. Moreover, experiments showed that HI-1 is marginally stable in
the apo protein, may have unfavorable charge–charge interactions
between Lys305—Arg309 and Asp306-Asp310, and is conformationally
dynamic on the milli to microsecond time scale [31]. Taken with our
previous simulation data, these observations suggest that in the apo
state, HI-1 is mostly stabilized by a few local contacts. The aim of our
study was to establish the identity of these contacts, and to quantify
which contribute most to the stabilization.

2. Materials and methods

Since no full-length structure of the Ets-1 protein exists, we used the
NMR structure of the apo constructΔ301 (Ets-1 residues 301–440; Pro-
tein Data Bank entry 1R36 [31], Fig. 1) to generate all of our initial coor-
dinates. This construct contains the ETS domain and the autoinhibitory
module. Biochemical experiments have shown that the binding behav-
ior of Δ301 is similar to the full-length protein, with unfolding of HI-1
upon specific DNA binding [27,31,34]. Several constructs were simulat-
ed: HI-1 (residues 301–314, Fig. 2A), HI-1+HI-2 (residues 301–334,
Fig. 2B), HI-1+H4 (residues 304–310 and 418–422, Fig. 2C), and the
Δ301 construct. HI-1 and H4 were fused in the HI-1+H4 construct by
a GT linker in order to mimic the nearly continuous HI-1-H4 helix that
is observed in Δ301 [31]. The HI-1+H4 construct was simulated in
two ways: a simulation in which H4 was restrained to be α-helical,
and a simulation inwhich no such restraintswere used. These harmonic
restraints were applied to the backbone of H4 with a force constant of
4.2 kJ/(mol Å2). Several mutant constructs were simulated as well.

The simulations were performed using the CHARMM 19 [35] force
field and FACTS implicit solvent model [36] as implemented in the
CHARMM program [37]. FACTS was chosen because of its accuracy and
performance; calculated solvation free energies on a set of 29 proteins
closely matched those of Poisson-Boltzmann calculations at a fraction of
the cost [36]. Langevin dynamics with a time step of 2 fs was used, and
SHAKE [38] was applied to constrain bonds involving hydrogen atoms.
To fully sample the conformational space, all constructs except Δ301
were simulated with temperature replica exchange (REX) [39]. In this
method, identical copies of the system (replicas) are run at different tem-
peratures. By frequently swapping the configurations based on a criterion
that maintains detailed balance, muchmore configurational space can be
sampled than in normal molecular dynamics (MD) simulations while
maintaining thermodynamic equilibrium. Each REX simulation used 16
replicas at 200, 209, 219, 230, 241, 252, 264, 276, 289, 303, 317, 333,
348, 365, 382, 400 K. Selection of these temperatures was based on the
calculated folding temperature (based on the calculated heat capacity
of trial runs), and chosen to well cover the folded state and folding/
unfolding transition and also to ensure good exchange between
replicas. Since the simulations are performed in an implicit solvent
model using a force field parameterized at room temperature, the fold-
ing temperature does not necessarily correspond to a physiological
temperature. Coordinate swaps were attempted every 5 ps as a com-
promise between frequent exchange [40] and low parallel communica-
tion costs, and a total simulation time of 250 ns was used per replica to
ensure convergence of all calculated properties. Since wewere interest-
ed in the folding/unfolding of HI-1, and not in the folding/unfolding of
the entire protein, REX could not be used for Δ301. Instead, we used
four independent normal, unbiased MD runs for Δ301; each of 150 ns
production length. All REX and MD systems were first heated for
500 ps with weak harmonic restraints on the backbone, followed by
500 ps of equilibration during which the harmonic restraints were
gradually removed. For the fused HI-1+H4 system in which H4 was
restrained to be helical, only the restraints on HI-1 were gradually
removed.

The secondary structure assignment was determined using the pro-
gram STRIDE [41], and the output was used for the helical fraction (HF)
calculations. HI-1 was considered folded when HF>0.5. Free energy
surfaces at 300 K were calculated using the weighted histogram analy-
sis method (WHAM) using the data from all replicas [42,43]. These sur-
faces were based on the HF; surfaces for root mean square deviation,
number of native contacts and radius of gyration gave similar results.
WORDOM [44] was used for contact analysis. Dipoles were constructed
using the N, H, CA, HA, C and O backbone atoms, and dipole–dipole in-
teractions were calculated using standard methods [30]. All figures
were generated using VMD [45] and povray (http://www.povray.org).

3. Results

Replica exchange simulations of the HI-1 construct showed a signif-
icant preference for the unfolded state, with the free energy of the
unfolded state 3.2 kJ/mol lower than that of the folded state (Table 1).
The higher stability of the unfolded state was not surprising, since the
construct is short (14 residues) and helix formation generally takes
more residues [46]. In addition to α-helical structures, the folded state
structural ensemble also showed π-helical structures. Prevalent hydro-
phobic contacts were made between F304 and V308, and R309 with
K305 (Fig. 3A and B). These contacts are also prevalent in Δ301, and
help to stabilize the helix.

The HI-1 unfolded state consisted of a large ensemble of partially
structured loops. Many of these structures had one helical turn or
incomplete helical turns, while partial sheet structures were also
observed. Structural analyses of the unfolded state showed the preva-
lence of a hydrophobic contact between F304 and R309 that did not
occur in the folded state (Fig. 3C). In the unfolded state this contact

http://www.povray.org


Fig. 2. Ets-1 constructs studied with REX. HI-1 is shown in dark grey. (a) HI-1. (b) HI-1+HI-2. (c) HI-1+H4. The arrow points to the GT linker that connects HI-1 and H4. This linker
was used to mimic the arrangement of the helices in Δ301.
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was mostly observed in structures with residues 306 to 310 in a helical
conformation, but also in structures with a turn between residues 304
to 307. In the folded state, F304 and R309 form contacts with V308
and K305, respectively, which stabilize the helix.

To investigate the importance of the F304–R309 contact in stabiliz-
ing the unfolded state, we decided to perform simulations of the
F304V+R309L doublemutant. Thismutant was chosen in order to pre-
serve the overall hydrophobicity of the residues, and to retain the over-
all helical propensity of the construct (the helical propensities of F andV
are 0.54 and 0.61, respectively, while the helical propensity of R and L is
0.21 [47]); therefore, the mutation only introduced geometrical effects.
The simulations showed that the unfolded state is indeed destabilized
in themutant. Contacts between residues 304 and 309 occurred less fre-
quently in the unfolded state, and the free energy of the unfolded state
in terms of the helical fraction was decreased by 4.4 kJ/mol, making the
mutant folded state slightlymore favorable than the unfolded state. The
mutant unfolded state favored partial π-helical structures over sheet or
loop structures. Contacts between residues 304 and 308 were dimin-
ished in the folded state of the mutant. In the folded state, F304V was
more frequently observed to interact with R309L, stabilizing π-helical
conformers.

The importance of the F304–R309 contact for the unfolded state, and
our strategy to stabilize the folded state by destabilizing the unfolded
state was verified in simulations of apo Ets-1 Δ301. In accordance
with experiments, in the wild-type HI-1 was preferentially folded. The
free energy of the partially unfolded state of the protein (with HI-1
unfolded) was 4.2 kJ/mol higher than that of the folded state, which is
somewhat below the estimate based on experimental hydrogen
exchange protection factors of ~6.7 kJ/mol [31]. In the F304V+R309L
mutant, the free energy of the unfolded state was increased by
3.7 kJ/mol, and contacts between residues 304 and 309 were less
frequently observed in the partially unfolded state.

The presence of HI-2 significantly increased the stability of the
folded state of HI-1, with the folded state 3.8 kJ/mol more stable than
the unfolded state. In the folded state, significant hydrophobic contacts
are made between F304, Y307, and Y329 (Fig. 4), while in the unfolded
Table 1
Free energies of the HI-1 folded state relative to the unfolded statea.

System Wild-type F304V+

HI-1b 3.2±0.3 −1.2±0
HI-1+HI-2b −3.8±0.3
HI-1+H4 (unrestr.)b,c −0.6±0.3
HI-1+H4 (restr.)b,d −2.9±0.2
Δ301e −4.2±0.1 −7.9±0

a. In kJ/mol. The free energies of all unfolded states are at 0.0 kJ/mol; free energies were ca
b. Standard deviations calculated from WHAM [43].
c. Using no restraints on H4.
d. Using backbone restraints on H4 in order to keep it helical.
e. Standard deviations calculated from bootstrapping [49].
state frequent contacts are observed between Y307 and K316, and F304
and K318. To test the importance of the F304/Y307/Y329 contacts for
the folded state, simulations were performed on a F304A+Y307A
mutant of the HI-1+HI-2 construct, as well as a F304V+Y307V
mutant. The latter mutant has similar helical propensities as the wild
type (the helical propensities of F, Y, and V are 0.54, 0.53, and 0.61,
respectively) and retains the hydrophobic character of the residues, so
the mutation only introduced geometrical effects. Simulations of the
mutant showed that the folded state was destabilized by 3.3 kJ/mol in
the F304A+Y307A mutant, and by 2.2 kJ/mol in the F304V+Y307V
mutant, although in both constructs the folded state remained the
most favorable. Simulations of the apo Ets-1 Δ301 showed that the
folded state became destabilized by 1.3 and 1.7 kJ/mol for F304A+
Y307A and F304V+Y307V mutants respectively.

While both mutants destabilize the folded state, there are marked
differences in the mechanism by which this destabilization is
achieved. Consistent with the fact that alanine has the highest helix
propensity of all amino acids, the F304A+Y307A mutant showed
more helical structure than the F304V+Y307V mutant. However,
due to the small size of Ala, the F304A+Y307A mutant had a dimin-
ished ability to interact with other side chains, leading to a decrease
in 304/307/329 interactions and an overall destabilization of the
F304A+Y307A mutant compared to the wild type. Valine on the
other hand, has a larger hydrophobic side chain, and the F304V+
Y307V mutant interacted with the other side chains much more fre-
quently than F304A+Y307A. Due to the lack of aromatic side chains
however, interactions between residues 304/307/329 were less fre-
quently observed than in the wild type. Therefore, consistent with
its lower helical propensity, the helical state of HI-1 was less populat-
ed than in the wild type. The destabilizing effect of both mutants was
lower in Δ301 than in the HI-1+HI-2 constructs. In Δ301 stabilizing
interactions between HI-1 and H4 (see below) partly counteracted
the mutations, leading to a weaker overall destabilization of the mu-
tants in the protein.

Simulations of the HI-1+H4 construct showed that H4 had a pos-
itive effect on the stability of the folded state of HI-1. The folded state
R309L F304A+Y307A F304V+Y307V

.3
−0.5±0.2 −1.6±0.3

.1 −2.9±0.1 −2.5±0.1

lculated using the helical fraction as reaction coordinate.
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Fig. 3. Contacts observed in REX simulations of the constructs. (a) Folded state
contact F304+V308. (b) Folded state contact K305+R309. (c) Unfolded state contact
F304+R309.
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became slightly more stable than the unfolded state (by 0.6 kJ/mol).
In the construct, the same F304–L421 and K305–L422 hydrogen
bonds form as in apo Δ301. We observed that whenever these hydro-
gen bonds broke, the alignment between the H4 and HI-1 helices was
disrupted, and HI-1 unfolded. The C terminus of HI-1 generally un-
folded the fastest, while residues next to the linker remained helical
through most of the simulations. From the simulations, we calculated
that the likelihood of H4 and HI-1 folded at the same time is six times
higher than the likelihood of HI-1 folded while H4 is unfolded. Our re-
sults indicate that the equilibrium is shifted towards structures with
both helices HI-1 and H4 folded, and that the folded state of H4 stabi-
lizes the folded state of HI-1.

To further verify the influence of H4 on the stability of HI-1 we per-
formed simulations of the HI-1+H4 construct in which the backbone of
H4 was restrained to be helical. In these simulations the folded state
was significantly more stable than the unfolded state, by 2.9 kJ/mol. The
helixmacrodipoles of HI-1 andH4 interacted favorablywhen both helices
were folded, with an average interaction energy of−19.9 kJ/mol. When-
ever the F304-L421 and K305–L422 hydrogen bonds between the helices
broke, the alignment of helices was lost, leading to a loss of macrodipolar
interaction (average of −4.6 kJ/mol), and the unfolding of HI-1. The
Fig. 4. Contacts between F304/Y307/Y329 in the folded state of the HI-1+HI-2
construct as identified in REX simulations.
magnitude of these interactions closely corresponded to those found in
explicit water simulations of Δ301 [30]. These observations confirm the
importance of macrodipolar and hydrogen bonding interactions between
HI-1 and H4 for the stability of HI-1, and form additional evidence that
disruptions of these interactions may lead to the unfolding of HI-1 in
the protein [30].

4. Discussion and Conclusion

Simulations of various Ets-1 HI-1 constructs showed the importance
of local interactions for the stabilization of HI-1 in the apo state. The ad-
dition of HI-2 or H4 stabilized HI-1 by a similar amount of energy as
observed in full-lengthΔ301. The stabilization by HI-2 results from spe-
cific hydrophobic contacts between F304, Y307 of HI-1, and Y329 of HI-
2. The importance of these residues is in agreement with experimental
mutation studies, that showed a large disruption in autoinhibition for
F304A and Y307Amutations [31]. Stabilization of H4 is throughmacro-
dipolar and hydrogen bonding interactions with HI-1. Of particular in-
terest is the F304V+R309L mutant, which stabilized the folded state
of the protein. This stabilization is achieved through a destabilization
of the unfolded state, and results from the removal of a favorable hydro-
phobic interaction between F304 and R309 in the unfolded state.

The simulation studies elucidated the factors that stabilize HI-1 in
the apo state and help explain the loose packing of the helix in the pro-
tein. Our results suggest that the unfolding of Ets-1 upon DNA binding
can be achieved by the removal of just a few local contacts, and does
not require major rearrangements of the protein. Indeed, the backbone
RMSD of Ets-1 residues 318–440 between the trimolecular Ets-1Δ280—
Pax-5—DNA complex and apo Ets-1Δ300was only 0.68 Å [31]; our data
suggests that similar structural agreementwill exist for the Ets-1Δ280—
DNA complex not stabilized by Pax-5. The simulations provide further
support for the central role of H4 for the autoinhibition/unfolding
mechanism [23,29–31,48].
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