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The function of the Ets-1 transcription factor is regulated
by two regions that flank its DNA-binding domain. A
previously established mechanism for auto-inhibition of
monomeric Ets-1 on DNA response elements with a single
ETS-binding site, however, has not been observed for the
stromelysin-1 promoter containing two palindromic
ETS-binding sites. We present the structure of Ets-1 on
this promoter element, revealing a ternary complex in
which protein homo-dimerization is mediated by the spe-
cific arrangement of the two ETS-binding sites. In this
complex, the N-terminal-flanking region is required for
ternary protein-DNA assembly. Ets-1 variants, in which
residues from this region are mutated, loose the ability for
DNA-mediated dimerization and stromelysin-1 promoter
transactivation. Thus, our data unravel the molecular
basis for relief of auto-inhibition and the ability of Ets-1
to function as a facultative dimeric transcription factor on
this site. Our findings may also explain previous data
of Ets-1 function in the context of heterologous transcrip-
tion factors, thus providing a molecular model that could
also be valid for Ets-1 regulation by hetero-oligomeric
assembly.
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Introduction

Controlled transcription in eukaryotes involves the combina-
torial action of multiple transcription factors on specific target
promoters (Carey, 1998; Sieweke and Graf, 1998; Remenyi
et al, 2004). The potential of transcription factors for DNA-
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mediated oligomerization, either by self-assembly or by
complex formation with other transcription factors, presents
one of the fundamental mechanisms to control their specifi-
city and activity. Many of these factors require obligatory
dimer formation, such as leucine zipper-containing transcrip-
tion factors (Ferre-D’Amare et al, 1993, 1994; Glover and
Harrison, 1995; Nair and Burley, 2003). However, members of
the Ets-1 transcription factor family generally bind to single
Ets-binding sites (EBS), comprising a 5-GGAA/T-3’ core
motif, by a monomeric Ets-1 DNA-binding (ETS) domain
with a winged helix-turn-helix element (Wasylyk et al,
1991; Sharrocks, 2001). The DNA recognition helix H3 of
different ETS domains inserts into the DNA major groove,
which includes the EBS motif. This helix provides a series of
specific base interactions by a set of three highly conserved
residues that serve as a marker of this transcription factor
family (Garvie and Wolberger, 2001).

The study of Ets factors in general and Ets-1 in particular
has also provided a general paradigm showing how such
regulation can be achieved by intramolecular auto-inhibition
involving two regions flanking the ETS domain (reviewed in
Sharrocks, 2001; Pufall and Graves, 2002). Previous structur-
al studies have demonstrated that, in the absence of DNA,
these two regions contain two inhibitory a-helices each (HI-1/
HI-2 and HI-4/HI-5, respectively). NMR and CD studies have
revealed that, upon DNA binding, these regions undergo
conformational changes involving the collapse of the first
inhibitory helix HI-1 from the N-terminal ETS-flanking region
(Petersen et al, 1995; Garvie et al, 2002; Lee et al, 2005).
Whereas phosphorylation has been shown to accentuate the
inhibitory activity of these domains (Cowley and Graves,
2000; Pufall et al, 2005), it has been postulated that auto-
inhibition may be relieved by interaction with heterologous
transcription factors (Kim et al, 1999; Goetz et al, 2000;
Sharrocks, 2001; Garvie et al, 2002; Pufall and Graves,
2002). Indeed, Ets-1 cooperatively binds to composite
DNA-binding motifs with Pax-5 (Fitzsimmons et al, 1996;
Garvie et al, 2001), USF-1 (Sheridan et al, 1995; Sieweke et al,
1998), NF-xB (Dickinson et al, 1999), c-Jun (Wasylyk et al,
1991; Bassuk and Leiden, 1995) and Runx-1 (Kim et al, 1999;
Goetz et al, 2000; Gu et al, 2000; Garvie et al, 2002). Some of
these interactions have been shown to be directly mediated
by contact surfaces in the auto-inhibitory domains (Kim et al,
1999; Goetz et al, 2000; Gu et al, 2000).

To date, structural insight into the molecular interactions
of these assemblies, however, is still largely lacking. The only
ternary complex with an available 3D structure is that of the
Ets-1-Pax-5-mb-1 promoter complex, which was crystallized
using Ets-1(A280) with the ETS domain and the N-terminal-
flanking region, and Ets-1(A331) with the ETS domain only
(Garvie et al, 2001, 2002). In this complex, however, only the
ETS domain is involved in interactions with Pax-5. Also
worthy of mention is the structure of the ternary SAP-1-
SRF-SRE complex, involving the distantly related ETS tran-
scription factor SAP-1 (Hassler and Richmond, 2001; Mo et al,
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2001). Another special case is provided by the structure of the
ternary protein-DNA complex of the ETS transcription factor
GABPq, which assembles with the ankyrin repeat containing
GAPBf subunit (Batchelor et al, 1998). Although the ETS
domains of SAP-1 and GABP« adopt different mechanisms of
auto-regulation (Buchwalter et al, 2004), they have in com-
mon that the ETS domain assembly with heterologous tran-
scription factors is mediated or enhanced by a specific EBS
element.

In contrast to promoters with single EBS motifs, the
stromelysin-1 promoter comprises a palindromic, inverted
repeat arrangement of two EBS separated by four base pairs
(Baillat et al, 2002). Stromelysin-1 (matrix metalloproteinase-
3) is an extracellular proteolytic enzyme that has an impor-
tant function in the homoeostasis and morphogenesis of
connective tissue and basement membrane components
(Nicholson et al, 1989). Regulation of stromelysin-1 tran-
scription is essentially associated with Ets-1 and closely
related transcription factors such as Ets-2 (Buttice et al,
1996). This finding is supported by the correlated increase
of the coexpression level of stromelysin-1 and Ets-1, observed
in pathological processes (Wernert et al, 1994; Naito et al,
2000; Sun and Yokota, 2001) and by a decreasing expression
level of stromelysin-1 when Ets-1 or Ets-2 expression is
downregulated or depleted (Man et al, 2003; Ozaki et al,
2003; Rothhammer et al, 2004; Baillat et al, 2006). In addi-
tion, biochemical data demonstrated that activation of this
promoter requires two Ets-1 molecules that bind coopera-
tively to the promoter (Baillat et al, 2002). In contrast to the
auto-inhibitory effects on monomeric EBS promoters, com-
parison of two Ets-1 isoforms, p51 and p42, revealed that the
region encoded by exon VII (245-330, lacking in p42 isoform)
is required for recruitment of a second Ets-1 molecule,
leading to cooperative binding and transactivation of the
stromelysin-1 promoter (Baillat et al, 2002). These findings
led to a model where auto-inhibition by this flanking region is
relieved through homo-dimeric interactions in the presence
of the stromelysin-1 promoter palindromic dual EBS site, as
opposed to DNA response elements with single EBS
motifs, where heterologous transcription factor partners are
usually required to activate ETS. However, the underlying
molecular mechanism has remained unknown, to date.
Similar data were also obtained for the P53 promoter
that contains a similar palindromic EBS element (Venanzoni
et al, 1996).

Here, we have selected the palindromic EBS element of the
stromelysin-1 promoter (S-EBS) as a prototype to unravel the
molecular basis for the DNA-mediated self-assembly of Ets-1
and to study the role of the ETS-flanking regions in this
process. The X-ray structure of the (Ets-1),-S-EBS complex
demonstrates how this transcription factor dimerizes by
forming a central protein-DNA interface that involves several
residues from a loop connecting the N-terminal-flanking
region and the ETS domain. Our structural findings are
further supported by biochemical data and transactivation
data. Unlike the previously established Ets-1 interaction with
monomeric EBS motifs (Pufall and Graves, 2002), our find-
ings unravel how the N-terminal ETS-flanking sequence
segment enables relief of auto-inhibition by ternary complex
formation of Ets-1 with itself, which may serve as a model for
interactions with other partners on multi-site DNA response
motifs.
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Results

Overall structure of the dimeric Ets-1-S-EBS complex
The crystal structure of the dimeric (Ets-1),-S-EBS complex
was determined at 2.58-A resolution (Table I and Figure 1).
For crystallization, we used a truncated Ets-1(A280) fragment
that includes the DNA-binding ETS domain (331-415) and
two auto-regulatory flanking regions (280-330 and 416-441),
using previously established definitions (Garvie et al, 2002).
For protein-DNA assembly, we selected a 22-bp DNA frag-
ment of the stromelysin-1 promoter with two EBS motifs in a
palindromic arrangement, referred to as S-EBS in this article.
The refined structure comprises residues 308-436 of Ets-1,
the 22 base pairs of the S-EBS oligonucleotide, and 66 ordered
solvent molecules. The visible part of the Ets-1 sequence that
precedes helix HI-2 of the N-terminal ETS-flanking region is
in an extended conformation (308-322), in contrast to a
previous structure of the Ets-1-Pax-5-DNA complex where
the same Ets-1(A280) construct was used for crystallization
(Garvie et al, 2002). However, as in the (Ets-1),-S-EBS
complex this region is involved in crystal lattice contacts, it
is possible that the observed structure of the N-terminal tail
may be biased by these contacts, and therefore, this part of
the structure will not be further discussed in this article.
Our structural data on the dimeric (Ets-1),-S-EBS complex
confirm that the sequence segment of the N-terminal ETS-
flanking region, which forms o-helix HI-1 in the absence of
DNA (Garvie et al, 2002; Lee et al, 2005), is not folded in the
presence of the S-EBS element, as indicated by the lack of
interpretable electron density of this region. The fold of the
visible part of the structure of each Ets-1 molecule from the
(Ets-1),-S-EBS complex is basically identical with those from
previous Ets-1-DNA complexes (Garvie et al, 2002)
(Figure 3C). We noticed an additional small helix, assigned
H1’, covering residues 348-353 (Figures 1, 3A and 4).

Table I X-ray structure determination

X-ray data collection
Wavelength (A) 0.9756
Resolution range (A) 20.0-2.58 (2.62-2.58)
No. of reflections 20507 (786)

Completeness (%) 95.8 (75.4)
Redundancy 2.7 (2.7)
{I/ol) 20.45 (2.12)
Rmerge 0.08 (0.66)
Space group P2,2,2

Cell dimensions (A) a=93.6, b=100.8, c=69.8
Structure refinement
Resolution limits (A) 20.0-2.58
Number of used reflections 19446

Rwork/Rfree (%) 2353/2712
No. of atoms

Protein 2120

DNA 895

Solvent 66
B factors (A?)

Protein 67.5

DNA 67.6

Water 63.6
R.m.s.d. .

Bond lengths (A) 0.006

Bond angle (deg) 1.2
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TAGACAGGAAGCACTTCCTGGAG
TCTGTCCTTCGTGAAGGACCTCA

Figure 1 Overall structure of the (Ets-1),-S-EBS complex. Ribbon
representation, in two different orientations, rotated by about 90°.
For one of the two Ets-1 molecules, the ETS domain and ETS-
flanking regions are shown in cyan and magenta, respectively. The
second Ets-1 molecule is shown in grey. In the upper panel,
the protein-protein interaction segment is shown in green for the
second Ets-1 molecule. The termini are labelled. The sequence (top)
and the structure of the two strands of the S-EBS oligonucleotide are
shown in red and orange, respectively. The two EBS motifs in the
sequence presentation are shown in bold.

A

In previous Ets-1-DNA complexes, the respective residue
segment has a helix-like conformation as well.

Each ETS domain of the Ets-1 dimer binds to one of the
two EBS (GGAA) core-binding motifs of the S-EBS element.
The protein-DNA contacts of each ETS domain are basically
identical. Reminiscent of previous binary Ets-1-DNA com-
plexes (Garvie et al, 2002), there are a number of virtually
identical base-specific interactions by the residue triplet
Arg391, Arg394 and Tyr395 from the DNA-recognition helix
H3, flanked by a series of additional interactions with the
DNA sugar backbone (Figure 2). Most of the residues in-
volved in protein-DNA contacts are highly conserved within
sequences of related ETS transcription factors (Figure 4 and
Supplementary Figure 1).

In contrast to previous structures, however, the (Ets-1),-
S-EBS complex allows for the first time to investigate the role
of Ets-1 oligomerization in the function of this transcription
factor. The two symmetric EBS motifs in the S-EBS element,
which are separated by four base pairs, generate an arrange-
ment of the Ets-1 dimer in which the two ETS domains are
rotated with respect to each other by about 60° when looking
along the DNA axis (Figure 1). When superimposed onto
each other, the two Ets-1 molecules differ by a root mean
square (r.m.s.) deviation of 0.58 A (all atoms), thus showing
essentially the same conformation (Figure 3B) and generating
a symmetric protein-DNA complex (Figures 1 and 2B). The
total size of the Ets-1-DNA interface in the presence of
the S-EBS element is almost 900 A%, The overall bending of
the bound S-EBS is 4.8°, whereas the bend values for each
monomer EBS-binding motif are 14.0° and 16.2°, respec-
tively. Thus, there is a compensating effect from the ternary
(Ets-1),-S-EBS complex formation (Figure 1). This effect
emerges from flanking protein interactions of both Ets-1
molecules with several phosphate groups of the DNA back-
bone, across the palindromic centre of the S-EBS element
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Figure 2 Protein-DNA interactions in the (Ets-1),-S-EBS complex. (A) One Ets-1 molecule in ribbon representation (grey), Ets-1 side chains
involved in specific interactions with S-EBS are shown by sticks with atom-type specific colours (carbon = cyan, cp. Figure 1; oxygen =red;
nitrogen = blue) and are labelled; part of the Ets-1-bound S-EBS oligonucleotide is shown in grey. Those bases and phosphate groups that are
involved in specific Ets-1 interactions are shown by sticks with atom-type specific colours (carbon=Ilight red, orange, cp. Figure 1;
oxygen = red; nitrogen = blue) and are labelled. Hydrogen bonds are indicated by dashed lines. (B) Schematic presentation of the protein-
DNA interactions within the (Ets-1),-S-EBS complex. Residues involved in base-specific interactions are in bold; the remaining interacting
residues are indicated in regular characters. The colour coding and font (bold/regular characters) of the DNA sequence is as in (A). The two

EBS motifs are boxed and are grey shaded.
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Figure 3 Superposition of Ets-1 structures. (A) Ribbon representation of one Ets-1 molecule of the ternary (Ets-1),-S-EBS complex in rainbow
colours (N terminus, blue; C terminus, red). Secondary structural elements are labelled. (B) Superposition of the two Ets-1 molecules of the
(Ets-1),-S-EBS complex (magenta and cyan), using the same orientation as for (A). The r.m.s. deviation for 129 aligned residue pairs is 0.58 A.
(C) Superposition of one Ets-1 molecule from the ternary (Ets-1),-S-EBS complex (magenta), ternary Ets-1-Pax-5-DNA complex (1IMDM,
green), binary Ets-1-GGAG complex (1K7A, blue). The r.m.s deviations of the superpositioned Ets-1 molecules are: (Ets-1),-S-EBS—Ets-1-Pax-
5-DNA, 0.71 A for 117 aligned residue pairs; (Ets-1),-S-EBS—Ets-1-GGAG, 0.86 A for 104 aligned residue pairs. The superpositions were
carried out through the program SSM (Krissinel and Henrick, 2004).
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Figure 4 Multiple sequence alignment of the Ets-1(A280) fragment used for crystallization. The sequences of related Homo sapiens
transcription factors Ets-2 and ETV-2, sharing the conserved Gly-Pro motif (black), are shown to the extent they could be unambiguously
aligned. The secondary structural elements, as determined from the crystal structure of the (Ets-1),-S-EBS complex, are shown on top. The
colour code is as in Figure 1. The black triangles mark the N-terminal boundaries of the three Ets-1 fragments used in this investigation
(cp. Figure 6). Those residues that are involved in the homo-dimeric Ets-1-Ets-1 are marked in green. Residues that are involved in Ets-1-S-EBS
interfaces are shown in red (specific DNA contacts) and orange (nonspecific DNA contacts). For comparison, those residues that are involved in
the Ets-1-Pax-5 interface of the Ets-1-Pax-5-DNA complex (Garvie et al, 2001) are highlighted in blue. Invariant residues are marked by
asterisks. For reference, the sequence alignment of the ETS domain all known human Ets transcription factors is shown in the Supplementary
Figure 1. All interface areas were determined with the program AREAIMOL (1994).

(Figure 2B), and contrasts with previous observations on
binary Ets-1-DNA complexes with large DNA bend values
(Garvie and Wolberger, 2001).

Molecular basis of S-EBS Ets-1 dimer formation

The crystal structure of the (Ets-1),-S-EBS complex reveals
the molecular contributions to DNA binding that require Ets-1
oligomerization. In addition to the two separate ETS-EBS
interfaces, a third shared (Ets-1),-DNA interface of about
370A? is formed within the very centre of the dimeric
complex. It involves two identical Ets-1 residue segments
and the central EBS-connecting four base pair motif of the S-
EBS element (Figure 5). The assembly renders a protein-
protein interface with two separate, symmetry-related surface

©2008 European Molecular Biology Organization

patches. Each interface patch is formed by (a) several resi-
dues, located mostly on helix HI-2 of the N-terminal-flanking
region and the subsequent loop and by (b) residues from the
loop connecting helices 2 and 3 of the ETS domain (Figures 4
and 5B). Apart from one two-fold repeated hydrogen bond,
connecting the main chain amino group of Gly333 and the
main chain carbonyl group of Asn380, all other protein-
protein interface interactions are Van der Waals interactions.
Gly333 adopts a conformation (¢ =99° and ¢ =161°), which
would not be allowed for non-glycine amino acids, and is
followed by a proline that, in turn, restricts the conformation
of Gly333. Adjacent to this protein-protein interface, another
sequence segment from the N-terminal part of each ETS
domain (332-338) interacts with the minor groove of the

The EMBO Journal VOL 27 | NO 14 | 2008 2009
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Figure 5 Dimeric Ets-1-Ets-1 interface observed in the (Ets-1),-S-EBS complex. (A) Surface presentation of one Ets-1 molecule, highlighting
and labelling the two protein-protein interfaces in green. For reference, the complete S-EBS oligonucleotide used for crystallization is shown as
well. (B) Ribbon representation of one Ets-1 molecule, same orientation and colour code as (A). The secondary structure labels follow the
colour codes of Figure 2 to emphasize that the ETS domain-flanking regions (magenta) are involved into the protein-protein interface. (C) Stick
presentation of the Ets-1-Ets-1 interface from the (Ets-1),-S-EBS complex. Atom-type specific colours are used (carbon=green, cyan, cp.
Figure 1; oxygen =red; nitrogen = blue). The hydrogen bond connecting Gly333 and Asn380 is shown by a dashed line within each of the two
identical protein-protein interfaces. In one of the two molecules (green), the Gly333-Pro334 motif is boxed. Parts of the C, trace are shown in

faint colours, to help orientation.

central four base pairs between the two EBS motifs of the
S-EBS element (Figure 1). All these interactions are formed
with the DNA sugar backbone only and, hence, do not
introduce additional specific sequence requirements by the
S-EBS element, to allow binding of the Ets-1 dimer.

The presence of the S-EBS element is essential for Ets-1
dimerization

Recent structural data on the apo-form of the Ets-1(A301)
fragment, comprising part of the N- and the C-terminal ETS-
flanking regions, revealed its ability to dimerize in a domain-
swapped arrangement under crystallization conditions
(Garvie et al, 2002). Moreover, although it had been shown
previously that Ets-1(A301) does not dimerize in solution
(Flannery et al, 1992), a systematic analysis exploring the
potential for dimerization of different Ets-1 constructs in the
presence or absence of DNA has been lacking, to date.

To confirm whether our structural observations of Ets-1
dimer formation in the presence of the S-EBS element are
specific and DNA-mediated, we have analysed the association
state of Ets-1 in the absence and presence of this element. To
test the specific contribution of the N-terminal ETS-flanking
region in dimeric assembly, we used three Ets-1 versions with
different N-terminal truncations (Figure 4): Ets-1(A280),
Ets-1(A301) and Ets-1(A335). All three variants contain the
ETS domain and C-terminal-flanking region. In addition,
Ets-1(A301) and Ets-1(A280) contain partial and complete
N-terminal ETS-flanking regions, respectively. The residue
segment 280-300, only present in the Ets-1(A280) construct,

2010 The EMBO Journal VOL 27 | NO 14 | 2008

has remained invisible in all published structures of this Ets-1
fragment determined to date.

To assess the association state of the three Ets-1 fragments,
we used two independent methods, gel filtration by size
exclusion and static light scattering (SLS) (Figure 6A and
Table II). The data from both methods consistently demon-
strate that the truncated N-terminal ETS-flanking region
(301-331) is necessary for Ets-1 dimerization on the S-EBS
element, whereas Ets-1 without the N-terminal-flanking region
only forms a 1:1 protein-DNA complex, matching previous
observations (Baillat et al, 2002). In contrast, all three Ets-1
fragments remained monomeric in the absence of DNA, demon-
strating that, under the conditions used for assembly analysis,
Ets-1 only dimerizes in the presence of the S-EBS element.

Ets-1 homo-dimerization is required for transactivation
of the stromelysin-1 promoter

Sequence comparison of the 27 human Ets transcription
factor family members revealed that the glycine-proline
motif (residues 333-334 in Ets-1), which has a central func-
tion in the homo-dimeric assembly of the (Ets-1),-S-EBS
complex, is only present in the sequences of Ets-1, Ets-2
and ETV-2 (Figure 4 and Supplementary Figure 1). To confirm
its importance for dimerization of Ets-1, we generated two
sets of Ets-1 variants, in which each of the two residues was
mutated either into an alanine or glutamine. We assessed the
association state of these variants both by size exclusion gel
filtration (Figure 6B) and SLS (Table II). As the WT Ets-
1(A280) protein fragment, all mutants were monomeric in the
absence of DNA. In the presence of the S-EBS element,

©2008 European Molecular Biology Organization
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Figure 6 Association state of Ets-1 in the presence and absence of the S-EBS element. (A) Size exclusion chromatography elution profiles of
Ets-1(A335) in green, Ets-1(A301) in red and Ets-1(A280) in blue, in the absence (solid lines) and presence (dashed lines) of the S-EBS element.
The elution volume of markers used for the column calibration is indicated (A, MW =670kDa, V=7.6ml; B, MW =158kDa, V=8.4ml; C,
MW =44kDa, V=10.5ml; D, MW =17kDa, V=12.5ml; E, MW = 1.4 kDa, V= 17.4ml). We have interpreted the observed elution volumes of
Ets-1 fragments as follows: all Ets-1 constructs in the absence of DNA, monomeric; Ets-1(A335) in the presence of the S-EBS element, 1:1
complex; Ets-1(A301) and Ets-1(A280) in the presence of the S-EBS, 2:1 complex (cp. Table II). (B) Size exclusion chromatography elution
profiles of Ets-1(A280) WT in blue, G333Q in red, P334Q in grey, G333A in orange and P334A mutant in green, in the absence (solid lines) and
presence (dashed lines) of the S-EBS element. The elution profiles indicate that all Ets-1 constructs in the absence of S-EBS are monomeric;
Ets-1(A335), Ets-1(A280, G333Q), Ets-1(A280, P334Q), Ets-1(A280, G333A) form a 1:1 protein-DNA complex in the presence of the S-EBS
element; Ets-1(A301, WT) and Ets-1(A280, WT) form a 2:1 protein-DNA complex in the presence of the S-EBS; Ets-1(A280, P334A) forms a
mixture of 1:1 and 2:1 complexes in the presence of the S-EBS.

Table II Determination of Ets-1 association states in the presence/absence of the S-EBS element by static light scattering

S-EBS Calculated MW, Calculated MW, Experimental Interpretation
monomer dimer MW (SLS)

Ets-1(A335,WT) — 13.9 27.8 12.8+0.8 Monomer

+ 27.1 41.0 25.9+2.1 Monomer
Ets-1(A301,WT) - 17.6 35.2 18.3%£1.8 Monomer

+ 30.8 48.4 446154 Dimer
Ets-1(A280,WT) — 19.9 39.8 20.8+1.9 Monomer

+ 33.1 53.0 53.7%£3.2 Dimer
Ets-1(A280,G333A) — 19.9 39.8 19.8+2.0 Monomer

+ 33.1 53.0 33.5+2.7 Monomer
Ets-1(A280,G333Q) — 19.9 39.8 20.612.5 Monomer

+ 33.1 53.0 324126 Monomer
Ets-1(A280,P334A) - 19.9 39.8 21.2%+3.8 Monomer/dimer

+ 33.1 53.0 40.5%+4.5 Monomer
Ets-1(A280,P334Q) — 19.9 39.8 20.3+3.6 Monomer

+ 33.1 53.0 33.1+£3.0 Monomer

however, only the WT protein was able to dimerize, whereas
all mutants either remained monomeric (G333A, G333Q and
P334Q) or showed an apparent mixture of different associa-
tion states (P334A).

To further analyse the ability of these Ets-1 mutants to form
dimers on an S-EBS element, we performed an electrophore-
tic mobility shift assay (EMSA) with WT or mutant Ets-
1(A280) fragments on the WT or M1 mutant version of the
S-EBS element, following a previously published design
(Baillat et al, 2002). We used the Ets-1(A280) fragment to
distinguish dimerization effects from general effects on DNA
binding, as in contrast to full-length Ets-1 it can also bind to
single EBS (Baillat et al, 2002). Indeed, Ets-1(A280) revealed
a lower migrating band on the S-EBS(M1) probe with only
one intact EBS, indicative of monomeric DNA binding, and a
higher migrating band on WT S-EBS, indicative of dimer
formation (Figure 7). All Ets-1 mutants showed similar bind-
ing as WT protein to the M1 probe, indicating that the
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selected single-residue mutations did not interfere with
DNA binding. By contrast, G333Q, G333A, P334Q and
P334A mutants showed a complete loss of Ets-1 dimer
formation on S-EBS. Taken together, these results confirm
the critical contribution of Gly333 and Pro334 within the
DNA-mediated protein-protein interface, as unravelled by the
structure of the (Ets-1),-S-EBS complex, and demonstrate a
specific role in homo-dimer formation.

To further test whether homo-dimerization mediated by
these specific protein-protein contacts is of functional im-
portance for Ets-1 transactivation activity on the stromelysin-
1 promoter, we performed reporter transactivation assays. We
transfected HEK293 cells with expression vectors for full-
length WT or the G333Q mutant Ets-1 variant and luciferase
reporter constructs, driven by the stromelysin-1 promoter in
the WT configuration or with a single (M1) or both (M1/M2)
sites of the two palindromic EBS motifs mutated (Baillat et al,
2002). Transactivation of the promoter by WT Ets-1 required
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both EBS sites in the palindrome, whereas the activity was
almost completely reduced to background levels on the single
EBS-containing M1 reporter. Similarly, the Ets-1 G333Q var-
iant virtually abolishes transactivation activity on the intact
stromelysin-1 promoter (Figure 8A). A severe reduction of
transactivation activity was also observed for the remaining

Y
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“ U v
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Figure 7 Electrophoretic mobility shift assay of Ets-1 mutants on
the S-EBS element. Variants of purified Ets-1(A280) (WT, G333A,
G333Q, P334A and P334Q) were incubated with a radiolabelled
SEBS element (WT) in the WT configuration or with one EBS of the
palindrome mutated (M1). Bands indicative of DNA-mediated Ets-1
monomers and dimers are indicated.

Ets-1 variants used in this study (Figure 8B), thus confirming
the requirement of Ets-1 dimerization for Ets-1 transactiva-
tion of the stromelysin-1 promoter. Consistent with the ob-
servation that full-length WT Ets-1 cannot bind as a monomer
to an M1 site (Baillat et al, 2002), EMSA assays with nuclear
cell extracts confirmed that the full-length Ets-1 G333Q
variant, which has been shown to prevent dimerization,
completely abolished Ets-1 binding to a WT S-EBS (Figure
8C and D). These findings thus indicate that Ets-1 homo-
dimerization is essential for binding to a palindromic S-EBS
element and transactivation function on the stromelysin-1
promoter.

To assess that the observed effects are specific for the
palindromic S-EBS element, we also tested the WT Ets-1 and
the G333Q variant on a composite E-box/EBS element of the
HIV-1 LTR. In contrast to S-EBS, transactivation of this
element by Ets-1 requires complex formation of monomeric
Ets-1 with the E-box protein USF-1 (Sieweke et al, 1998). We
confirmed that mutation of Gly333 had no effect on Ets-1
transactivation in this heterotypic transcription factor com-
plex (Figure 8E). As full-length versions of Ets-1 were used in
this assay, we conclude that our structural observations are
relevant in the context of the complete transcription factor,
demonstrating that the activity of Ets-1 on the stromelysin-1
promoter is regulated by its capacity for DNA-induced dimer-
ization, involving the Gly333-Pro334 interaction motif.
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Figure 8 Transactivation of the stromelysin-1 promoter by Ets-1. (A) Full-length versions of Ets-1 (WT, G333Q) were assayed on luciferase
reporters of the WT promoter and two variant versions, where either one (M1) or both EBS motifs (M1/M2) were mutated. (B) All other Ets-1
mutants were assayed on the WT stromelysin reporter. (C) EMSA assays with nuclear extracts from 293 cells transfected with empty vector (EV,
lane 1), WT (lane 2) or G333Q (lane 3) full-length Ets-1 on WT S-EBS probe; lane 4, no extract. Arrow, (Ets-1),-S-EBS complex; asterisk, free
probe. (D) Western blot analysis of extracts used in (C) with anti-Ets-1 (top) and anti-B-tubulin (bottom) antibodies. (E) Ets-1 WT and G333Q
mutant versions were assayed on a composite E-box/EBS reporter from the HIV-1 LTR. Bars indicate standard error of the mean from
normalized duplicates and results are representatives of three independent experiments. For experimental details, see text.
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Discussion

Palindromic EBS-mediated Ets-1 dimeric formation

is highly specific

A common feature of Ets-1 function, generally in the context
of other unrelated transcription factors, is its ability for auto-
regulation through two helical sequence segments flanking
the ETS DNA-binding domain (Garvie et al, 2002; Pufall and
Graves, 2002). The N-terminal ETS-flanking sequence seg-
ment is part of the exon VII insert in Ets-1(245-330) that,
when differentially spliced, leads to two Ets-1 isoforms, P42
and P51 (Koizumi et al, 1990; Jorcyk et al, 1991). The two
isoforms translate into distinct patterns of Ets-1 function
(Dittmer, 2003). The previously described auto-inhibitory
effect has been attributed to a direct interaction of the two
ETS-flanking regions (Jonsen et al, 1996).

In contrast, biochemical data of Ets-1 in the presence of the
stromelysin-1 promoter indicated that the presence of the
exon VII region leads to cooperative enhancement of DNA
binding and transactivation activity (Baillat et al, 2002). On
the basis of these findings, it was suggested that this region
may counteract auto-inhibition in the presence of the stro-
melysin-1 promoter (Baillat et al, 2002). A series of trunca-
tion experiments revealed that the Ets-1(A301) fragment is
sufficient to cooperatively bind to this promoter (Baillat et al,
2002). Furthermore, it was shown that competition between
cooperative binding to the stromelysin-1 promoter and auto-
inhibition of binding to monomeric EBS motifs becomes only
fully effective when longer Ets-1 constructs are used, cover-
ing the complete exon VII insert. This effect could be due to
additional interactions or unfolding transitions from residues
beyond the N terminus of the Ets-1(A301) fragment (Garvie
et al, 2002; Lee et al, 2005).

The crystal structure of the (Ets-1),-S-EBS complex pro-
vides a direct molecular rationale for the previously observed
findings on cooperative binding in the presence of the
stromelysin-1 promoter. In the structure, a sequence segment
N-terminal to the ETS domain directly interacts with residues
of the loop connecting helices H2 and H3 from the ETS
domain, forming a homo-dimeric Ets-1-Ets-1 assembly.
Some of these residues are also in contact with the S-EBS
oligonucleotide, thus leading to a ternary (Ets-1),-DNA inter-
action site (Figures 2 and 4). Thus, our structural data are in
agreement with previous data, demonstrating that the spacing
between the two EBS elements is critical for ternary (Ets-1),—
S-EBS complex formation (Baillat et al, 2002).

Conversely, the spacing and orientation of the two Ets-1
molecules imposed by the S-EBS element would not permit a
direct protein-protein interface for Ets-1 constructs lacking
the N-terminal ETS-flanking region. In contrast to the well-
established binary EBS-ETS1 interface, the protein-protein
interface within the ternary (Ets-1),-S-EBS complex is almost
void of any specific interactions. One important exception,
however, is the interaction of Gly333-Asn380, where se-
quence specificity is introduced by the peculiar conformation
of Gly333, in the context of the next residue, Pro334.
Mutation of Gly333 or Pro334 indeed impairs formation of
the ternary complex and transactivation activity of Ets-1 on
the stromelysin-1 promoter (Figures 6 and 7).

The Gly333-Pro334 motif, however, is only conserved in
the most closely related Ets-1 and Ets-2 sequences (Figure 4).
This finding may explain why, under in vitro conditions,
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ternary protein-DNA complexes on palindromic EBS motifs
could only be obtained for Ets-1 and closely related family
members, such as Ets-2 (Buttice and Kurkinen, 1993; Man
et al, 2003). Similar conclusions also hold true for the
previously shown activating functions of Ets-1 and Ets-2 on
the human p53 promoter with a related palindromic EBS,
requiring a spacing of four bases between the two elements
as well (Venanzoni et al, 1996).

Moreover, recent in vivo data have demonstrated that
activation of the stromelysin-1 promoter is Ets-1 specific in
a synovial fibroblast cell line model (HIG-82) (Baillat et al,
2006). On the other hand, it was shown in a mouse model
that Ets-2 activity is specifically required for stromelysin-1
expression in macrophages (Man et al, 2003). The different
requirements for Ets-1 versus Ets-2 in unrelated cell types
suggest that additional levels of regulation, which can dis-
criminate between these closely related transcription factors,
may be found outside the Ets-1(A280) sequence region
investigated in this article.

Conversely, our model predicts that more distantly related
ETS factors, in which the Gly333-Pro334 motif is not con-
served (Supplementary Figure 1), may not be capable of
ternary complex formation with palindromic EBS motifs.
Although for Ets-1 and Ets-2 cooperative binding affinity on
this element could be shown, the more distantly related
factor ERGB/FLI-1 requires a different mechanism, possibly
involving additional protein components (Hodge et al, 1996).
Further support for Ets-1/Ets-2 specificity on palindromic EBS
promoters originates from findings that only these two fac-
tors, in contrast to other Ets family members, are capable of
recruiting the p300-CBP complex during transcriptional acti-
vation of the stromelysin-1 promoter (Jayaraman et al, 1999).
Interestingly, a genome-wide analysis of EBS revealed that
specificity for Ets-1 binding appears to be achieved by
transcription factor partnerships on composite sites
(Hollenhorst et al, 2007). Therefore, homo-dimerization on a
palindromic S-EBS site could be seen as a special case without
a requirement for heterotypic partners. Therefore, it will be
interesting to compare an exhaustive panel of Ets proteins and
to verify whether sequence variation in the residue positions,
equivalent to Gly333-Pro334 in Ets-1, excludes other family
members from recognizing an S-EBS element.

Regulation of Ets-1 function via DNA-mediated
protein-protein interactions
Our data of the dimeric (Ets-1),-S-EBS complex and previous
structural/functional data on Ets-1 (Baillat et al, 2002; Pufall
and Graves, 2002; Lee et al, 2005; Pufall et al, 2005) allow us
to draw a number of general conclusions on the involvement
of the ETS domain and the N-terminal ETS-flanking domain
in auto-regulation of this transcription factor. Although the
sequences of ETS domains are highly conserved in many
members of this transcription family, the ETS-flanking re-
gions in Ets-1 are unrelated, except for closely related factors,
such as Ets-2 (Buttice and Kurkinen, 1993; Man et al, 2003).
Whereas there is no evidence for conformational transi-
tions of the ETS domain upon EBS recognition, comparison of
available structures consistently reveals partial unfolding of
the N-terminal-flanking region upon DNA binding (Garvie
et al, 2002; Lee et al, 2005). Moreover, consistent with
previous models of Ets-1 auto-inhibition, the superposition
of the previous Ets-1(A280) apo structure (Lee et al, 2005)
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onto the two protein molecules of the (Ets-1),-S-EBS complex
(data not shown) demonstrates that the Ets-1 apo conforma-
tion would not generate steric clashes within the ternary
protein-DNA arrangement in the presence of the S-EBS
element. Thus, unfolding of the N-terminal ETS-flanking region
is not a structural requirement for ternary (Ets-1),-S-EBS
assembly, and it rather seems to present an Ets-1 property
that is associated with DNA binding independently of the type
of the promoter motif containing one or more ETS elements.

Taking the data together, our structure of the (Ets-1),-
S-EBS complex and previous biochemical data (Baillat et al,
2002) are therefore suggestive of enhanced DNA binding of
Ets-1 on palindromic EBS elements as opposed to single EBS
elements, thus overcoming the previously described auto-
inhibitory effect of the N-terminal ETS-flanking region.
Therefore, the involvement of the N-terminal ETS domain-
flanking region in Ets-1 auto-inhibition is regulated by the
oligomerization state of Ets-1 that, in turn, depends on the
type of promoter with either a single EBS and dual EBS
elements in a specific palindromic arrangement. As the Ets-
1 fragments investigated by us remain monomeric in the
absence of DNA, this type of Ets-1 activity regulation is DNA
dependent (Figure 6). In structural terms, this property, relief
of auto-inhibition, may be explained by the specific role of
the loop connecting helix HI-2 and the ETS domain as a core
motif in mediating ternary complex formation by protein-
protein and protein-DNA contacts in the (Ets-1),-S-EBS
complex. In contrast, in the presence of single EBS elements,
the same loop is involved in some nonspecific DNA contacts
only, flanking the specific core interactions from residues of
the ETS domain, and shows a significant degree of conforma-
tional variability (Garvie et al, 2002; Pufall and Graves, 2002;
Lee et al, 2005). Subtle conformational changes of this loop
were previously suspected as the cause of auto-inhibition by
the N-terminal-flanking region in Ets-1.

Comparison of the structures of the ternary Ets-1-Pax-
5-mb-1 complex (Garvie et al, 2001, 2002) and the
homo-dimeric (Ets-1),-S-EBS complex reveals that the
protein-protein interaction sites in both complexes are
adjacent to the shared DNA-binding site (Figure 9). In both
complexes, there are ETS domain residues that are involved
in bifurcated interactions with the DNA EBS motif and with
the respective protein binding partner, either Pax-5 or Ets-1.
However, although the protein-DNA interactions are limited
to the ETS domain in the Ets-1-Pax-5-mb-1 complex, in the
dimeric (Ets-1),-S-EBS complex, these interactions extend
into the N-terminal ETS-flanking region. These differences
are mirrored in non-overlapping surface patches for protein-
protein interactions in the two ternary complexes (Figure 9).
The difference also explains why binding of the Ets homo-
dimer on the S-EBS element relieves auto-inhibition by the
N-terminal ETS-flanking region, whereas no such effect has
been reported for Ets-1-Pax-5.

On the other hand, the structures of the two ternary
protein-DNA complexes taken together provide a molecular
rationale explaining why the presence of DNA is either
essential to or will enhance protein-protein assembly. The
conserved nature of the ETS domain in many transcription
factors suggests that this principle, DNA-mediated recruit-
ment of heterologous transcription factors by ETS domains,
may apply for other members of this large family as well.
Interestingly, activating effects have also been ascribed to the
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Figure 9 DNA-mediated homo-dimerization of Ets-1 (A) and het-
erologous complex formation with Pax-5 (B). For each of the
complexes, one Ets-1 molecule is shown in approximately the
same orientation, displaying the DNA-binding helix H3 in a hor-
izontal orientation on top. The DNA-binding interfaces of the Ets-1-
Pax-5-DNA complex and the (Ets-1),-S-EBS promoter complex are
in red. The homo-dimeric Ets-1-Ets-1 interface of the (Ets-1),-S-EBS
complex is in green. The Pax-5-binding interface of the Ets-1-
Pax-5-DNA complex is in blue. The figure illustrates that the
protein-protein interfaces in the Ets-1-Pax-5-DNA and (Ets-1),-
S-EBS complexes are distinct but adjacent to the DNA-binding
surfaces.

N-terminal ETS-flanking region of Ets-1, when bound to
promoters that bind both Ets-1 and members of the unrelated
Runx-1 transcription factor family (Kim et al, 1999; Goetz
et al, 2000; Gu et al, 2000; Garvie et al, 2002), thus alleviating
auto-inhibition of the same region. Whether relief of auto-
inhibition in the presence of heterologous transcription fac-
tors such as Runx-1 involves similar contact surfaces and
allosteric changes as those observed for Ets-1 dimerization on
the stromelysin-1 promoter remains to be explored.
Nonetheless, Ets-1 homo-dimerization may be considered
as a specific case of general inhibition relief or even activating
function of the N-terminal ETS-flanking region that requires
the recruitment of additional factors. Although the general
role of this region, in the presence of heterologous transcrip-
tion factors, still awaits more molecular characterization, our
findings unravelling the molecular basis of DNA-mediated
assembly by Ets-1 homo-dimerization may provide a para-
digm that may also be applicable in a broader context of
heterologous assemblies involving Ets-1.

Materials and methods

Ets-1 cloning, expression and purification

Full-length Ets (residues 1-441) was cloned by PCR from human
cDNA into Rc/CMV (Invitrogen) and verified by sequencing to
correspond to the published sequence in NCBI (NM_005238.2). Ets-
1 mutant constructs were generated in Rc/CMV by site-directed
mutagenesis, as described in QuickChange site-directed mutagen-
esis protocol by Stratagene, with the exception that KOD hot start
polymerase and its buffer (Novagen) were used. For structural and
functional in vitro studies, truncated versions of Ets-1 cDNA coding
for residues 280-441(Ets-1A280), 301-441(Ets-1A301) and 335-
441 (Ets-1A335) were cloned into the expression vector pETMI10
(Giinter Stier, EMBL Heidelberg, Germany). In all bacterial
expression constructs, Cys350 and Cys416 were changed into
serines by site-directed mutagenesis to decrease the redox
sensitivity of expressed protein. The ability to bind to the S-EBS
element was fully retained. The same expression and purification
procedures were used for all Ets-1 constructs.
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The protein fragments were overexpressed in Escherichia coli
strain BL21 (DE3) RIL, induced with 1 mM IPTG, at 25°C overnight.
Cell pellets were resuspended in lysis buffer (20 mM Tris-HCIl (pH
8.0), 300mM NaCl and 5mM imidazole), to which an EDTA-free
protease inhibitor mix (Roche), lysozyme and DNase I were added,
and sonicated.

The protein fragments were purified from the soluble cellular
fraction by Ni-NTA affinity chromatography and eluted with lysis
buffer containing 400 mM imidazole. The eluate was dialysed
against a buffer containing 200 mM NacCl, 20 mM Tris-HCl (pH 8.0),
and subsequently diluted with the same volume of a solution
containing 20mM Tris-HCl (pH 8.0) and 20% glycerol. For
purification of the apo protein, the sample was concentrated and
applied onto a Superdex 75 16/60 (Amersham) column, pre-
equilibrated with 20 mM Tris—-HCI (pH 8.0), 100 mM NacCl, and 10%
glycerol. For protein-DNA complex formation and purification, a
22-bp double-stranded DNA fragment (—219/—198) with 5’ TA
overhangs from the palindromic EBS element of the human
stromelysin-1 promoter (S-EBS) (Wasylyk et al, 1991) was
incubated in a molar 2:1 (protein/DNA) ratio. The sample was
concentrated and applied onto a Superdex 75 16/60 (Amersham)
column, pre-equilibrated with 20 mM Tris-HCI (pH 8.0), 100 mM
NaCl and 10% glycerol. The samples were concentrated up to
10mg/ml, by using an Amicon concentrator MWCO 5.000 or
10.0000 (Millipore) depending on the Ets-1 construct used. The
protein purity was examined by SDS-PAGE electrophoresis.

Analysis of Ets-1 association state

The association state of the Ets-1(A335), Ets-1(A301) and Ets-
1(A280) constructs and single residue mutants was analysed by SLS
combined with size exclusion chromatography in the absence and
presence of the 22-bp S-EBS element used for crystallization. The
samples were analysed with a miniDAWN Tristar detector (Wyatt
Technology), which was connected with the protein purification
system (Akta Purifier). The protein samples were concentrated to
2mg/ml and applied onto a Superdex 75 HR 10/30 gel filtration
column (Amersham), pre-calibrated with the molecular weight
standards (Bio-Rad). The time-averaged scattering intensities from
the eluting peaks were measured at A =690 nm in time intervals of
0.125s and analysed with the ASTRA software, version 4.90.08
(Wyatt Technology).

EMSA

Double-stranded synthetic oligonucleotides (—223/—194) corre-
sponding to WT or the M1 version of the S-EBS element (Baillat
et al, 2002) were incubated with Klenow fragment DNA polymerase
in the presence of [0**P]CTP and purified on Qiaquick Spin
Columns (Qiagen). Recombinant protein (4 pmol) corresponding
to WT or mutant Ets-1(A280) was incubated with 0.5 ng of probe in
20l binding reaction buffer (20mM Tris-HCl (pH 7.5), 100 mM
KCl, 0.1 mM EDTA, 5% glycerol, 0.1% Triton X-100, 0.02% BSA,
0.5 pg poly d[I-C]) for 20min. Nuclear extracts were prepared as
described (Schreiber et al, 1989) and used at 10 pg with 1.5 pg poly
d(I-C), 0.4 pug salmon sperm DNA and 100 fmol of labelled S-EBS
probe per reaction. Complexes formed were resolved on a 6%
polyacrylamide (acrylamide/bisacrylamide ratio, 29:1) non-dena-
turating gel (Bio-Rad) in 0.5 x Tris-glycine (purified protein) or
0.5 x TBE buffer (extracts) at 4°C. Gels were dried and autoradio-
graphed at —80°C.

Transient transfection and reporter gene assay and western
blotting

HEK293 cells were grown in Dulbecco’s modified eagle’s medium
supplemented with 10% fetal bovine serum in six-well plates to
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reach 60-80% confluence at the time of transfection. DNA was
transfected by calcium phosphate precipitation procedure as
described (Sieweke et al, 1996). pGL3 luciferase reporter constructs
(200ng) (Promega) containing a WT stromelysin-1 promoter
fragment (—478/+4) from the transcriptional start site or mutant
versions (M1 and M1/M2) with one or both EBS mutated,
respectively (Baillat et al, 2002) or a reporter containing two
composite E-box/EBS elements from the —170 to —138 region of the
HIV-1LTR (Sieweke et al, 1998) were co-transfected with 500 ng of
Rc/CMV (Invitrogen) constructs driving the expression of WT and
mutant full-length Ets-1 or no transgene (vector control). Assays
were performed in duplicate. The transfection efficiency was
normalized by assaying for f-galactosidase activity from a co-
transfected CVM-LacZ construct, and luciferase activity was
analysed as described (Sieweke et al, 1996). Immunoblotting was
performed with anti-Ets-1 (1/1000; Santa Cruz, , CA; sc-350), anti-
tubulin (1/10000; Sigma) and secondary anti-rabbit (Santa Cruz) or
anti-mouse antibodies conjugated to horseradish peroxidase (Jack-
son, MN), using an ECL detection kit (Amersham) as described
previously (Kelly et al, 2000).

X-ray structure determination

Crystals of Ets-1(A280) in the presence of the 22-bp S-EBS element
were grown by the vapour diffusion method in sitting drops.
Crystallization drops were prepared using 1 ul solution of concen-
trated protein-DNA complex and 1 pl of reservoir solution, contain-
ing 0.2M ammonium acetate, 0.1 M sodium citrate-HCI (pH 5.6),
and 28% (w/v) PEG-2000. Crystals grew within 5 days at room
temperature.

A native X-ray data set was collected at beam line ID-29 at the
ESRF (Grenoble, France), at a wavelength of 0.98 A, according to
the strategy using the program BEST (Popov and Bourenkov,
2003) (Table I). The data set was autoindexed, reduced and scaled
with the HLK suite (Otwinowski, 1997). On the basis of the
found cell parameters and space group, the solvent content
amount was estimated to be 58% (Matthews, 1968), assuming
one (Ets-1),-DNA complex per asymmetric unit. The X-ray
structure was solved by molecular replacement with the MOLREP
program (Vagin and Teplyakov, 1997), using a previously
determined binary Ets-1-DNA complex (PDB code 1K79) as
template. The structure of the (Ets-1),-S-EBS complex was refined,
using the graphics program O (Jones et al, 1991) and the CNS suite
(Brunger et al, 1998). Further statistics of the refined structure are
presented in Table I.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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