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1 | INTRODUCTION

| Guillaume Brysbaert | Vincent Villeret | Marc Aumercier

Abstract

The Ets-1 oncoprotein is a transcription factor that promotes target gene expression in specific
biological processes. Typically, Ets-1 activity is low in healthy cells, but elevated levels of expres-
sion have been found in cancerous cells, specifically related to tumor progression. Like the vast
majority of the cellular effectors, Ets-1 does not act alone but in association with partners.
Given the important role that is attributed to Ets-1 in major human diseases, it is crucial to iden-
tify its partners and characterize their interactions. In this context, two DNA-repair enzymes,
PARP-1 and DNA-PK, have been identified recently as interaction partners of Ets-1. We here
identify their binding mode by means of protein docking. The results identify the interacting sur-
face between Ets-1 and the two DNA-repair enzymes centered on the a-helix H1 of the ETS
domain, leaving a-helix H3 available to bind DNA. The models highlight a hydrophobic patch on
Ets-1 at the center of the interaction interface that includes three tryptophans (Trp338, Trp356,
and Trp361). We rationalize the binding mode using a series of computational analyses, includ-
ing alanine scanning, molecular dynamics simulation, and residue centrality analysis. Our study
constitutes a first but important step in the characterization, at the molecular level, of the inter-
action between an oncoprotein and DNA-repair enzymes.
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senescence, and apoptosis.* Except under specific conditions hamper-

ing the auto-inhibition, the Ets-1 expression level is low and in adults

Ets-1 is the founder of the ETS family of transcription factors, which
is characterized by a winged helix-turn-helix DNA binding domain
(DBD), also known as the ETS domain.! Ets-1 is a 54-kDa nuclear pro-
tein that regulates gene expression by binding specific DNA elements,
called ETS-binding sites (EBS), at its a-helix 3 (H3).2 Compared to
other transcription factors, Ets-1 has a particular feature as its tran-
scriptional activity is auto-inhibited through two inhibitory domains.®
In general, Ets-1 cannot act alone to control its target genes but
requires protein interaction partners to do so. Ets-1 can then activate
the transcription of genes involved in numerous cellular mechanisms,

including proliferation, differentiation, adhesion, migration, invasion,

restricted to myeloid and lymphoid tissues. However, when overex-
pressed, this transcription factor is associated with the development
of inflammatory and invasive pathologies such as rheumatoid
arthritis,> glomerulonephritis,® atherosclerosis,” and cancers.®

Given the important role attributed to Ets-1 in human invasive
diseases, and the importance of its protein partners in specificity of
action, it is crucial to understand these interactions at the molecular
level. We have previously identified two DNA-repair enzymes as new
interaction partners of Ets-1: DNA-PK (DNA-dependent protein
kinase) and PARP-1 (Pon-[ADP-ribose]-polymerase-l).9 DNA-PK is a
DNA-repair enzyme, able to phosphorylate Ets-1 in a DNA-
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independent manner and modulate its transcriptional activity.!® We
have also shown that Ets-1 is poly-ADP-ribosylated (PARylated) by
PARP-1, which in turn activates PARP-1 in a DNA-independent man-
ner.*! Thus, both PARP-1 and DNA-PK are able to posttranslationally
modify Ets-1, respectively, by PARylation and phosphorylation,
strengthening the functional links between DNA repair enzymes and
Ets-1.

Experimental interaction mapping? shows that the DNA-binding
domain (ETS domain, 85 amino acids) of Ets-1 interacts with the BRCT
domain (BRCA1 C-terminal domain, 98 amino acids) of PARP-1 and
with the SAP domain (SAF/AB Acinus and PIAS domain, 54 amino
acids) of Ku70, one of the regulatory subunits of DNA-PK. The three-
dimensional structures of the three single domains have been solved
by X-ray crystallography and NMR spectroscopy (PDB entry: 1GVJ,
2COK, and 1JJR, respectively).

These experimental and structural data represent a solid starting
point to undertake structural interaction studies by means of protein
docking and additional computational analyses. The identification of
key residues, present on the surface of the ETS domain and involved
in the interaction with its protein partners, is an important step in the
understanding of the binding mode between Ets-1 and its protein
partners. This may ultimately not only lead to the design of inhibitors
of the recognition process but also provide a better understanding of

the role of Ets-1 in invasive diseases.

2 | MATERIALS AND METHODS

2.1 | Selection of the isolated partners

Three-dimensional structures of the three domains were available in
the PDB. For the ETS domain of Ets-1, we selected the crystallo-
graphic structure (1GVJ) with the best resolution (1.5 A) and an
acceptable R/Rfee ratio (20.8/23.5%). Docking calculations were per-
formed on a truncated structure of ETS domain where auto-inhibitory
domains (residues 296-331 and residues 416-436) had been removed.
This truncated structure mimics the open, or activated, form of the
ETS domain, required for binding to its protein partners. BRCT
(2COK) and SAP (1JJR) are both NMR lowest-energy structures of the
domains on PARP-1 and DNA-PK that were found to interact with
ETS and were not modified.

22 |

We have used ClusPro2.0,**>** Zdock,*> PyDOCK,¢ and InterEvDock,'”
all top performers in the CAPRI protein docking experiment,*® in order

Protein-protein interaction modeling

to simulate all the possible complexes between ETS and the BRCT or
SAP domains without any suggestion of interacting or masked residues.
Because of the similarity between all the proposed binding modes
(Figure 1), we subsequently decided to use ClusPro2.0 webserver that is
based on the PIPER, an FFT-based protein docking program.

For the following calculations, the ETS domain was treated as the
receptor, while BRCT and SAP domains were treated as the ligand.
Representative structures of the first 10 clusters, corresponding to
90% and 89% of the total number of docking poses for BRCT and

FIGURE 1 Representation of the centers of mass of the docking
poses obtained for BRCT (light blue spheres) and SAP (pink spheres)
with PyDOCK, ZDock, and InterEvDock. Poses obtained with
ClusPro2.0 for BRCT are in blue spheres and for SAP in purple
spheres. 79% of the solutions are located in the neighborhood of the
ETS H1 (orange helix) and in addition not in contact with DNA (gray)
[Color figure can be viewed at wileyonlinelibrary.com]

SAP to ETS, respectively, were kept and scored using the default scor-
ing function. In this function, balanced coefficients were used, which
means that both electrostatic and hydrophobic contributions are
weighted equally. These coefficients are recommended when no prior
knowledge is available of what forces dominate in the studied com-
plex, for more details see Kozakov et al.'? In addition, after the identi-
fication of the hydrophobic patch, we rescored the ClusPro solutions
in order to emphasize the fact that binding mode is guided by hydro-
phobic interactions. The obtained docking poses were similar to the

initial ones.

2.3 | Molecular dynamics

Molecular dynamics (MD) simulations were performed on ETS without
inhibitory domain, that is, residues 331-415 of PDB 1GVJ chain
A. The structure was placed in the center of a rhombic dodecahedron
box filled with SPC water molecules,?® keeping a minimum distance of
6 A from the protein to the edge of the box. An appropriate amount
of random water molecules was replaced by CI™ ions to ensure elec-
trostatic neutrality. The system was relaxed using 1000 steps of stee-
pest descent energy minimization, followed by 20 ps MD simulation
where the protein coordinates were removed from the equations of
motion, in order to equilibrate the solvent phase, and another 20 ps
of free MD (both using a time step of 2 fs). Finally, a production run of
20 ns was performed. All calculations were done with the GROMACS
suite of programs,?! version 4.5.4, using the Gromos96 43a2 parame-
ter set.2? A time step of 4 fs was employed, and the neighbor list was
updated every 5 steps. The protein and the solvent were indepen-
dently coupled to a temperature bath at 310 K, using velocity rescal-
ing with coupling constants of 0.1 ps.2® Pressure was maintained at
1 bar using isotropic pressure coupling with a coupling constant of
1 ps. Van der Waals interactions were cut off at a distance of 1.0 nm
and electrostatic interactions calculated with the particle mesh Ewald

method,?* using fourth-order splining and a grid spacing of 0.12 nm.
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Equations of motion for the water molecules were solved analytically
with the SETTLE algorithm.?> All bonds were constrained using the
LinCS algorithm?® and rotational motion involving CH3 groups was
slowed down using virtual sites.?”

Clustering was performed on the basis of the RMSD matrix, 28
where pair-wise RMSD was calculated on residues Trp338 and
Trp361 over the course of the simulation using a frame separation of
10 ps. The center structure for each cluster (the structure with the
smallest average distance to the other members of the cluster) was
then saved as representative of the cluster.

For the simulation of the complexes, wild type (wt) and the five-
point mutant W338A/Q339A/L342A/W356A/W361A (5x), the struc-
ture from the docking studies was used, with the side-chains of the
mutated residues cut off after the CB atom to obtain the 5x structure.
All simulation parameters were equal, with the difference that a distance
of 1 nm to the edge of the box was employed, and the production runs

of 50 ns were started immediately after the energy minimization.

2.4 | Residue interaction network calculation

The residue interaction network (RIN) of the docked structures
ETS/BRCT and ETS/SAP was calculated using Chimera 1.10%° through

2% and its structureViz2 app.®* Hydrogen atoms were

Cytoscape 3.
added and water molecules were ignored. Default parameters were
used for the detection of residue-residue interactions. The residue
centrality analysis (RCA) was performed by calculating the change of
characteristic path length of the network upon removal of each single
residue from the network. The method is described in Del Sol et al.>2
and is available through the RINspector app.3® Residues were consid-

ered as relevant if their z score > 2.

2.5 | Computational alanine scanning

In order to identify hot spots at the protein-protein interface, computa-
tional alanine scanning was applied to our ETS/BRCT and ETS/SAP
models.>* As described in Kortemme et al., the algorithm automatically
identifies all interface residues in a protein-protein interface. An inter-
face residue is defined as a residue that has at least one atom within a
sphere with a 4-A radius of an atom belonging to the other partner in
the protein complex, or a residue that becomes significantly buried
upon complex formation. The program then replaces each of the inter-
face residues individually with alanine residues and computes the effect
of this mutation on the binding free energy of the complex. Residues
considered as hot spots are those for which alanine mutations have a

destabilizing effect of more than 1 kcal mol™* on AAGbinding.35

2.6 | Visualization

All visualization and production of figures were done with PyMOL
(The PyMOL Molecular Graphics System, Version 1.7.2.1 Schrédin-
ger, LLC).

3 | RESULTS

3.1 | Docking of the interacting partners and
evaluation of the interaction surface

The CAPRI community-wide protein-docking experiment has cata-
lyzed the development of computational protein docking for more
than 15 years and has led to the emergence of now wide-spread pro-
tein docking algorithms and fully automatic web servers.3-38 we
decided to use an ensemble of four consistently-performing docking
programs (see section 2.2) to model the interaction between ETS and
BRCT or SAP domains. Although both the structure as well as avail-
able literature®®? hint at the binding site to correspond to the patch
occluded by the autoinhibitory domains, we decided to impose no
prior binding restraints but apply truly blind docking. Interestingly, a
large majority of raw docking solutions (close to 80%) for both protein
partners are located in the vicinity of the ETS a-helix 1 (H1) and in
between p-sheets 1 and 2 (S1, S2) (Figure 1). Most of the remaining
poses were found to be in proximity to the DNA binding site (H3).
These solutions are incompatible with simultaneous DNA binding,
which we know from literature is occurring,2 and were therefore not
further explored.

Figure 1 shows the centers of mass for the whole set of binding
poses for BRCT (blue spheres) and SAP (pink spheres) proposed by
the different docking programs. We found that the ClusPro2.0 results,
for both BRCT as well as SAP, were all located in the same region,
more precisely in the neighborhood of ETS H1 and away from the
DNA binding site.

In order to add poise to our binding mode, we decided to model
the interaction between the ETS H1 domain and an ankyrin repeat
motif observed in the crystal structure of the GABP o/p protein from
mouse.*® One can observe in Figure 2A that the top 10 binding poses
obtained with ClusPro2.0 are located in the area of the H1 helix of
the ETS, except for one outlier (the eighth pose) which occupies a bio-
logically irrelevant position as it is clashing with the DNA. Moreover,
the superimposition between the best predicted complex and the
crystal structure (Figure 2B) is almost perfect, with a calculated root-
mean-square deviation (RMSD) on the C, of 0.7 A. This result reflects
the ability of ClusPro2.0 to reproduce an experimental structure and
clearly shows that our interaction models are in good agreement with
a similar complex of ETS already described in the literature.*®

We then superimposed the conformations presented in Figure 1
and extracted a putative interaction surface. The interacting region on
the ETS domain involves a hydrophobic cluster, composed of aromatic
residues Trp338, Trp356, and Trp361 and aliphatic amino acid
Leu342 (Figure 3). The sequence alignment produced by Muscle
(default parameters)*! and presented in Figure 4 shows that these res-
idues are mostly conserved within the H. sapiens ETS family. Indeed,
W356 is fully conserved while the hydrophobic characteristics of
W338 and L342 are kept. W361 is usually replaced by an aliphatic
glycine in the major cases. In addition to the hydrophobic patch, a glu-
tamine (GIn339) is identified which interacts with ETS partners
through hydrogen bonds.

From the interacting partners’ point of view, all the solutions are
located between H1 and the B-strands S1 and S2. For both protein
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FIGURE 2 A, Top 10 docking poses, obtained by ClusPro2.0, of the ankyrin repeat motif (cyan spheres) and the ETS H1 domain (H1 is colored in
orange while the rest of the ETS domain is in wheat color). One outlier (red circled sphere) is clashing with the DNA. B, Superimposition of the
best predicted model (wheat—cyan) and the crystal structure of the GABP o/p protein from mouse (blue) (calculated RMSD of 0.7 A) [Color figure

can be viewed at wileyonlinelibrary.com]

partners, we find Trp338 and Trp361 of ETS to be buried in a hydro-
phobic cavity formed by Prol0, Leull, and Leu90 for BRCT
(Figure 3A), and by Tyr76, His94, and Phe95 for SAP (Figure 3B). The
conserved GIn339 of ETS is in both cases H-bonded to a glutamic acid
(Glu105 for BRCT and Glu49 for SAP). These docking predictions all
leave room for binding to DNA.

3.2 | Evaluation of identified hot spots at the
interaction interface

Conformational flexibility is often a problematic factor in protein-

protein docking, preventing the identification of suitable solutions.*?

(A)

In order to consider the possible impact of conformational flexibility
at the interacting surface, we performed a 20-ns molecular dynamics
simulation of the ETS domain. We found that the global fold of the
protein was conserved throughout the simulation, even though the
inhibitory domains had been removed, thus exposing the hydrophobic
patch to the solvent. We then performed a cluster analysis on the tra-
jectory modifying parameters such that the five first clusters covered
more than 90% of the conformational space. Subsequently, we
docked again our interacting partners BRCT and SAP with the corre-
sponding five representative structures of the ETS domain. As in the
previous docking computations, all the docked structures were

located around the H1 helix (only ClusPro2.0 was used). We also

(B)

FIGURE 3 Detailed view of the interacting residues of the ETS/BRCT (A) and ETS/SAP (B) interfaces. Trp338 and Trp361 of ETS are buried in a
hydrophobic cavity formed by Pro10, Leu11 and Leu90 of BRCT, while GIn339 is H-bonded to Glu105 (A). Similar interactions are observed for
the SAP domain (B). The hydrophobic cavity there consists of Tyr76, His94 and Phe95, while Glu105 is replaced by Glu49
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extracted the same hydrophobic cluster, but found an additional aro-
matic residue, namely Phe363, to participate in the binding.

In order to further explore the binding mode, we performed a
residue centrality analysis (RCA) on the residue interaction networks
(RINs) calculated from the top 10 docked complexes of both the
ETS/BRCT (Ets-1/PARP-1) (Figure 5A) and the ETS/SAP (Ets-1/
Ku70) binding modes (Figure S2). One of the features of a RCA is that
it can identify residues that are central to the structural integrity and
play key roles in long-range interactions. These residues have been
shown to be important for protein function, fold or allosteric
communication.?23343-45 We have focused our attention on the resi-
dues of Ets-1 and considered as central those with a z score > 2

(Table 1). Since the calculations have been performed on the
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structures of the complexes, we can therefore consider the residues
on ETS emerging from these calculations to be important for the
structural integrity of either the individual domain or the complex as
a whole. The analysis produces a list of 8 residues, 5 of which,
Trp361, Leu342, GIn339, Trp338 and Trp356, are located in the
protein-protein interface and which we therefore consider to be
important to the binding (Figure 5B). The remaining 3 residues,
Tyr412, Glu362, and Pro334, are only found to interact with other
residues of the ETS domain. The complete tables with the details of
the central residues obtained for each of the 10 docking models are
given in the Supplementary Material (Table S1). A similar analysis was
performed on the ETS domain alone. Here we found Tyr412 to be
central while Trp361, Leu342, GIn339, Trp338, and Trp356 were not

FIGURE5 A, A representative residue interaction network (RIN) from the modeled complexes. Amino acids of the ETS domain with a z score > 2
are considered central and have been colored on a continuous scale, from yellow (2) to red (> 4). Here, only central residues at the interaction
surface are kept. B, Structural 3D representation of the 2D residue interaction network [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE1 Best residues of ETS emerging from residue centrality
analyses (RCA) calculated on the top 10 docked complexes of the
ETS/BRCT and ETS/SAP interactions

ETS/BRCT ETS/SAP

Residue Total Total Sum
Tyr412 4 10 14
Trp361 7 5 12
Leu342 5 7 12
GIn339 3 6 9
Glu362 4 2 6
Trp338 3 3 6
Pro334 2 3 5
Trp356 2 2 4

Values correspond to the sum of each occurrence of each amino acid pre-
senting a z score 2 2 in the 10 RCA. Only residues that came out from the
RCA of both complexes and with a sum 22 were considered as hot spots.
From these residues, five (gray background), Trp361, Leu342, GIn339,
Trp338, and Trp356, are located at the protein-protein interface. The
other residues interact with the ETS domain only.

highlighted by this analysis (see Figure S3). From this result, we can
conclude that Tyr412 is involved in the folding of the ETS domain
and is not part of the interaction. Indeed, the phenol moiety of
Tyr412 is forming a hydrogen bond with the side chain of Tyr386,
also identified as central through this analysis. This interaction
directly stabilizes the conformation of the helix H3, which is involved
in the DNA binding. Regarding Glu362 and Pro334, they seem to
have nonspecific interactions.

As mentioned previously, these five residues form a hydrophobic
patch which is unlikely to be solvent-exposed in solution. The ETS
domain of Ets-1 has been crystallized in complex with transcription
factors GABPap™ and RUNX1.%¢ These structures, as well as

FIGURE 6 Monomeric, unbound form of the ETS domain (PDB ID:
1GV)J). The identified hotspots are shown in stick model. Major
residues of the hydrophobic patch, notably W338 and W361, are
protected from solvent by the inhibitory sequence stretches (red
surfaces) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE2 Computational alanine scanning on the 10 ETS/BRCT and
ETS/SAP models

BRCT SAP
<AAGpinding> <AAGpinding>

Residue Count (kcal mol™?) Count (kcal mol™?)
Trp361 10 4.3 10 3.4

Trp338 10 2.4 10 2.9

Trp356 7 2.5 / /

GIn339 5 1.8 6 1.6

Leu342 10 0.8 7 1.2

Listed are the residues, the number of times these residues were identified
as hot spots for each of the 10 modeled complexes, and the average dif-
ference in free energy of binding.

homodimers of different proteins of the ETS family (Fev, Elk1, and
Etv1),*” also show the hydrophobic patch to be shielded from the sol-
vent through the interaction with its partners or itself. Moreover, the
monomeric structure of ETS (PDB ID: 1GVJ) shows the two inhibitory
domains to fold back onto this area, thus protecting the patch from
any solvent exposure. This is illustrated in Figure 6.

In an effort to quantify the stabilizing effect of each identified hot
spot, we calculated the per-residue destabilizing effect on the
AAGyinging through computational alanine scanning, applied to the
complexes used for the RCA calculations. The complete tables with
the details of the alanine scanning are given in the Supplementary
Material (Table S2). As for the RCA, we analyzed only the residues of
Ets-1 and we considered this time as hotspots of those residues that
show an average AAGpjnging 2 1 kcal mol™L. The results are listed in
Table 2, which evidences that the alanine scanning analysis highlights
the same residues as the RCA calculation. The notable exception is
Leu342, however it should be kept in mind that the physicochemical
properties of leucine and alanine are similar. We therefore decided to
retain Leu342 in the list. The interaction interface from our docking
model was rationalized by both the residue network and alanine scan-

ning approaches but is also in good agreement with the literature,
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FIGURE 7 RMSD for two 50 ns MD simulations of the wt and 5x
complexes. The inset shows the RMSD evolution during the course of
the simulation, the main graph shows the normalized occurrence
(distribution) of RMSD values as calculated over the last 40 ns of the
simulations [Color figure can be viewed at wileyonlinelibrary.com]
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namely the presence of a hydrophobic patch that must be prevented
to be solvent exposed. All these considerations added poise to our
interacting models and subsequently, we decided to model a five-
point mutant ETS domain (5x mutant), where all five interacting resi-
dues were mutated into alanine (W338A/Q339A/L342A/W356A/
W361A). Molecular dynamics simulations were performed on the wild
type (wt) and the five-point mutant in order to detect any changes in
the stability of the 5x mutant. Both systems were simulated for 50 ns
and we calculated the distribution of root-mean-square deviation
(RMSD) over the last 40 ns.

Figure 7 shows the RMSD of the wt and the 5x complexes. One
can readily see the shift in RMSD between the wt (black curve) and
the 5x mutant (blue curve), indicating that the complex moves away
from its starting configuration. This is not due to structural instability
of the individual domains, as is indicated by the red (BRCT) and green
(ETS) curves of the inset, which showed for the last 40 ns of the simu-
lations a consistent but small fluctuation of RMSD values around an
average value. The RMSD curves of the individual subunits of the
complexes do show a slight increase in mean values for the smaller
ETS domain, which can be rationalized by its attempt to correct an
imperfect binding situation. The larger BRCT domain shows similar
RMSD values between wt and 5x mutant. Altogether, this means that
the ETS/BRCT complex has lost stabilization and has been moved
away from its original binding mode.

4 | DISCUSSION

In this article, we focused on the recognition between Ets-1 and two
established protein partners, PARP-1 and DNA-PK, through their
identified interacting domains, these being ETS for Ets-1, and BRCT
and SAP for PARP-1 and DNA-PK, respectively. Using protein-protein
docking calculations, we determined that the interaction centers on
the ETS a-helix H1 (residues 337-346). This postulate is corroborated
by existing crystallographic structures of the GABPaf/Ets-1%° and
RUNX1/Ets-1%¢ complexes as well as homodimers of different pro-
teins of ETS family (Fev, Elk1 and Etv1).*’ The identified surface, cen-
tered on a-helix H1, was rationalized by means of residue centrality
analyses, computational alanine scanning, and molecular dynamics
simulation. Based on these results, we isolated three tryptophans
(Trp338, Trp356, and Trp361), a leucine (Leu342), and a glutamine
(GIn339) as binding hotspots. Indeed, as shown in Figure 4, Trp 356 is
strictly conserved in all ETS domains through the entire family for
H. sapiens, while the hydrophobic characteristics of Trp338 and
Leu342 are mostly conserved. These largely conserved hydrophobic
residues create a hydrophobic patch on Ets-1. Such a hydrophobic
pattern, and more specifically the presence of several tryptophans, is
common in protein-protein interaction surfaces (see for examples refs
48-53). Twenty years ago, Nussinov et al. performed a statistical anal-
ysis of the hydrophobic effect in protein-protein interaction. They
concluded that the hydrophobic effect plays a dominant role in
protein-protein binding as such exposed patches would be unfavor-
able for the unassociated monomers in solution.>* This statement was
corroborated in 2010 by Guharoy et al in a study of the occurrence of

clusters of conserved residues at protein-protein interfaces. In their

study, they analyzed 122 homodimers and 204 heterocomplexes and
it came out that for both types of complexes, hydrophobic (Val, Leu,
lle, Met) and aromatic (Tyr, Phe Trp) residues were found to be pre-
ferred in such clusters.”® Moreover, Sanchez et al.. characterized
tryptophan-lipid interactions that can also be extrapolated to
tryptophan-protein interactions.>

In our case, the hydrophobic patch of the ETS domain is in its
solution structure flanked by two inhibitory domains at both N- and
C-terminals.? In the unbound ETS domain, which corresponds to the
closed and inactive form of the domain, these segments protect these
five residues from the solvent. In this conformation, a-helix H1 is
shielded from the bulk solvent by the autoinhibitory domains (see
Figure 6), and cannot interact with any binding partners.

As shown by Lee et al., the binding of the inhibitory sequences to
H1 is weak and easily destabilized.® This is compatible with a competi-
tive binding model where an interacting partner can displace these
inhibitory segments and bind the ETS domain. Indeed, in a hypotheti-
cally opened conformation, the identified hydrophobic patch would
be solvent exposed (solvent-accessible surface area [SASA]: 403 A?
compared to a SASA of 77 A? when shielded), and thus unstable. This
fact was encountered by Baillat et al. when a series of Ets-1 deletion
mutants were designed in order to study its binding to palindromic
DNA. They overexpressed 6 proteins but all needed to present at
least one inhibitory domain in order to be stable; the sequence for the
ETS domain without any inhibitory patches was also obtained, but the
protein never expressed.’’ Altogether, one can imagine that the
switch between the closed and the opened conformations is triggered
by the interaction with protein partners, instantly masking the
revealed hydrophobic patch.

Furthermore, Cooper et al. recently confirmed that interaction of
the ETS domain with DNA occurs through its a-helix H3 as they crys-
tallized the ETS domain of 4 members of the Ets family (Etv1, Etv4,
Etv5, and Fev) in complex with DNA.>” All these crystallographic
structures demonstrated that the DNA binding did not involve the
a-helix H1 which allows ETS to bind both a protein partner as well as
DNA simultaneously. Our model is thus in good agreement with the
hypothesis that Ets-1 must be activated by a protein partner in order
to start its transcription factor activity.

The occurrence of an ETS domain is what defines the family of
Ets transcription factors, which are involved in several important
physiological processes. The identification of an interaction between
Ets-1 and DNA-repair proteins has far-reaching consequences. Thus,
interactions of Ets-1 with DNA-repair enzymes have been shown to
be important for cancer progression. Indeed, PARP-1 is responsible
for PARylation of Ets-1. PARylation is a signaling mechanism involved
in cellular processes, including DNA repair and apoptosis. We know
from previous studies!! that inhibition of PARP-1 leads to non-
ubiquitinated Ets-1 that accumulates in the cell with an increase of its
transcriptional activity. It also leads to a drastic increase in DNA dam-
age, associated with 70% cell death. Indeed, the DNA-repair enzyme
PARP-1 is able to repair single-stranded DNA (ssDNA) breaks. When
PARP-1 is inhibited, this repair mechanism is hampered and cumulated
DNA damage will ultimately lead to cell death. However, during repli-
cation, ssDNA breaks become double-stranded DNA (dsDNA) breaks,

which require other repair mechanisms such as the nonhomologous
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end-joining pathway. This mechanism involves DNA-PK, which inter-
acts with Ets-1 through its Ku70 subunit. Consequently, the survival
of cancerous cells treated with PARP-1 inhibitors could be explained
by the recruitment by Ets-1 of dsDNA-repair enzymes like DNA-PK.

In summary, we have previously shown that Ets-1 interacts with
two different DNA-repair enzymes. Here we provide a three-
dimensional model of these interactions, with a rationalization of the
binding modes, which highlight the same interaction interface on Ets-
1. Arguably, Ets-1 could then recruit additional partners or transcrip-
tion factors through the same binding mechanism. It therefore seems
of great interest to identify new partners of the Ets-1 protein, namely
proteins carrying domains homologous to BRCT or SAP, and charac-
terize their interaction with ETS. This article reflects a first, but impor-
tant step, in this characterization. We, here, described the molecular
details of the interaction between Ets-1 and two DNA-repair enzymes
DNA-PK and PARP-1. This will help to further understand the under-
lying protein recognition mechanisms, shed light on the involvement
of the Ets transcription factor family in cancer progression and might
contribute to the design of inhibitors of these interactions.
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