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a b s t r a c t

ERM is a member of the PEA3 group of the Ets transcription factor family that plays important roles in
development and tumorigenesis. The PEA3s share an N-terminal transactivation domain (TADn) whose
activity is inhibited by small ubiquitin-like modifier (SUMO). However, the consequences of sumoylation
and its underlying molecular mechanism remain unclear. The domain structure of ERM TADn alone or
modified by SUMO-1 was analyzed using small-angle X-ray scattering (SAXS). Low resolution shapes
determined ab initio from the scattering data indicated an elongated shape and an unstructured confor-
mation of TADn in solution. Covalent attachment of SUMO-1 does not perturb the structure of TADn as
indicated by the linear arrangement of the SUMO moiety with respect to TADn. Thus, ERM belongs to
the growing family of proteins that contain intrinsically unstructured regions. The flexible nature of TADn
may be instrumental for ERM recognition and binding to diverse molecular partners.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Transcription factors are modular entities usually built up with
distinct and separable domains dedicated to DNA-binding and
transcriptional regulation. Whereas DNA-binding domains fall into
a relatively small number of clearly defined structural categories,
activation (TAD) and repression domains have proved to be signif-
icantly more diverse and it can be argued that they have defied
classification. Relatively sophisticated structures are required to
distinguish one DNA sequence from another, but it appears that
much simpler motifs suffice for the protein–protein interactions
that underlie gene activation and repression [1].

Accordingly, it appears that most activation and repression do-
mains do not have any permanent tertiary structure but consist of
a series of very short motifs that dock with partners, and some-
times only adopt structure during the binding process [2]. Consis-
tent with this view, little progress has been made defining the
three dimensional structures of activation and repression domains.
One of the most extensively studied activators are those that con-
tain acidic transcriptional activation domain and two highly inves-
tigated acidic activators are the human tumor suppressor p53 and
ll rights reserved.
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the Herpes Simplex Virion protein 16 (VP16) [3,4]. It has been
shown that their TADs are mostly devoid of regular secondary
structure elements in their free state and that they become more
ordered when bound to their target proteins, adopting a short al-
pha-helical conformation that has specificity to its targets [3,4].

ERM [5], PEA3 and ER81 belong to the PEA3 sub-family of Ets
transcription factors [6]. They share the highly conserved ETS
DNA-binding domain and two conserved transcriptional activation
domains, one located at the amino-terminus (TADn) and the other
at the carboxy-terminus (TADc) (Fig. 1A) [6]. In particular, TADn is
an acidic TAD which contains a 20 amino acid stretch predicted to
form an alpha-helix while the rest of TADn may be intrinsically dis-
ordered [7–9], reminiscent of the p53 and VP16 TADs. Moreover, we
have recently shown that the activity of TADn is inhibited by a flank-
ing domain named the negative regulatory domain (NRD) (Fig. 1A).
The NRD domain contains three SUMO sites, one of which being in
the overlapping segment with TADn on lysine 89 [10,11]. How the
conformation of TADn allows the recruitment of partners and how
sumoylation may influence its activity has still to be unraveled.

Intrinsically disordered proteins (IDP) are frequently involved in
key biological processes such as cell cycle control, transcriptional
regulation and signal transduction [12]. An intrinsically disordered
protein or domain is likely a key structural feature that facilitates
binding to many partners and is also accessible for post-translational
modifications. Therefore, their structural characterization cannot be
achieved solely by diffraction techniques but requires the use of
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Fig. 1. The N-terminal transactivation domain (TADn) of ERM is intrinsically unstructured. (A) Schematic diagrams of ERM full-length and ERM TADn. The N-terminal
transactivation domain (TADn), the negative regulatory domain (NRD) and the ETS DNA-binding domain (ETS) are shown in shaded boxes. The four SUMO sites are indicated.
(B) SDS/PAGE (15% gel) of purified His6-TADn. Molecular mass (kDa) is indicated. (C) Primary sequence analyzed with PONDR indicates that ERM TADn is a mostly disordered
protein with three short ordered regions. (D) Natively folded and unfolded proteins/domains are separated by a linear boundary, which is described by the following
relationship: Hb = (R + 1.151)/2.785, where Hb is the boundary mean hydrophobicity value and R mean net charge according to [16]. (E) Deviations in amino acid composition
of ERM TADn from the average values in the SWISS-PROT database. The relative enrichment of order-promoting and disorder-promoting residues is illustrated.
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other solution methods. SAXS is a powerful technique that allows the
determination of molecular shape at low resolution and is well sui-
ted for the study of partially folded proteins in solution [13].

In this study, we used low resolution approach to characterize
for the first time the structural properties of the N-terminal trans-
activation domain of ERM alone or modified by SUMO-1 on K89.
Together with theoretical prediction, all experiments support the
hypothesis that ERM belongs to the growing class of the intrinsi-
cally disordered proteins. Our SAXS study reveals an extended
and flexible conformation for TADn and suggests that the covalent
attachment of SUMO-1 does not perturb its structural flexibility.

2. Materials and methods

2.1. Plasmid constructs

The cDNA encoding the N-terminal transactivation domain of
human ERM (residues 1–122) was amplified by PCR using pSV-
ERM as template and appropriate oligonucleotides. Detailed pri-
mer information is available upon request. The amplified cDNA
was digested with NcoI and XhoI and was ligated into the pET24d
vector. pT-E1E2S1 has been described [14] and was kindly pro-
vided by Saitoh and co-workers.

2.2. Protein purification

Escherichia coli strain BL21 (DE3) was transformed with pET24d-
ERM TADn and pT-E1E2S1 and grown at 37 �C in LB medium (4 l)
containing 25 lg/ml Kanamycin and 25 lg/ml Chloramphenicol un-
til the OD600 reached 0.8. Co-expression of TADn, E1, E2 enzymes and
SUMO-1 protein was induced by the addition of 0.1 mM IPTG at
37 �C. After a 4 h culture, the cells were harvested by centrifugation
and stored frozen at�20 �C. Frozen cell pellets were resuspended in
lysis buffer containing 50 mM Hepes, pH 8.0, 200 mM NaCl, 1 mM
DTT, 5 mM imidazole supplemented with Complete EDTA-free
inhibitor cocktail (Roche) and DNAse. The cells were disrupted by
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sonication and the lysate was clarified by centrifugation at 12,000g
for 40 min at 4 �C.

The supernatant was filtered using a MILLEX-HV PVDF 0.45 lm
filter and was loaded onto a 5 ml Ni2+-NTA affinity chromatography
superflow cartridge (Qiagen) pre-equilibrated with 10 volumes of
lysis buffer. TADn alone and TADn modified by SUMO-1 were eluted
with buffer containing 50 mM Hepes, pH 8.0, 200 mM NaCl, 1 mM
DTT and 250 mM imidazole. Fractions were next loaded onto a
1 ml MonoQ HR 5/5 column (GE Healthcare) and eluted using a lin-
ear gradient of NaCl (from 0.1 to 1.0 M). Fractions containing TADn
alone and those enriched in sumoylated TADn were further purified
onto a gel-filtration HiLoad 16/60 Superdex 75 column (GE Health-
care) in final buffer containing 50 mM Hepes, pH 8.0, 200 mM NaCl,
1 mM DTT and 5% glycerol. Protein samples were then concentrated
and stored at�20 �C. Proteins were analyzed by Coomassie Brilliant
Blue staining and Western blot.

2.3. Western blot

Ten micrograms of purified TADn and TADn-SUMO-1 were sepa-
rated by SDS–PAGE on a 15% poly-acrylamide gel and transferred
onto nitrocellulose membrane at 60 V overnight at 4 �C. The mem-
brane was washed once in 50 mM Tris/HCl, pH 7.5, containing
150 mM NaCl and 0.05% Tween-20 (Tris/NaCl/Tween), then incu-
bated at room temperature in skimmed milk powder solution [5%
(w/v) in Tris/NaCl/Tween] for 1 h. The membrane was rinsed in
Tris/NaCl/Tween and incubated for 1 h with gentle shaking in
10 ml Tris/NaCl/Tween containing 10 lg of primary antibody. After
five washes with 150 ml Tris/NaCl/Tween, the secondary antibody
solution was added and incubation was continued for 1 h. The mem-
brane was washed for 1 h in several changes of Tris/NaCl/Tween.
Detection was carried out using the Renaissance� Chemilumines-
cence reagent plus (NEN Life Sciences). Anti-SUMO-1 (anti-GMP-1)
monoclonal antibody was provided by Zymed Laboratories.

2.4. Sequence analysis

Ordered and disordered regions in ERM TADn were analyzed by
the PONDR� algorithm [15]. Charge-hydrophobicity plot was gen-
erated as described by Uversky [16]. Ordered and disordered do-
mains are separated by a linear boundary with disordered
domains above the boundary and ordered domains below. The
hydrophobicity of each amino acid sequence was calculated by
Kyte and Doolittle approximation. The hydrophobicity of individ-
ual residues was normalized to a scale of 0 to 1 for the calculations.
The mean hydrophobicity (Hb) is defined as the sum of the normal-
ized hydrophobicities of all residues divided by the number of res-
idues in the sequence. The mean net charge (R) is defined as the
charge of the protein divided by the number of the residues in
the sequence and was calculated with Protein calculator v3.3.
Deviations in the amino acid compositions of ERM TADn were cal-
culated using the average amino acid frequencies of the SWISS-
PROT database as reference values.

2.5. SAXS experiments

SAXS experiments were performed at the ID14EH3 beamline of
the European Synchrotron Radiation Facility (Grenoble, France).
Measurements were performed at 20 �C with a monochromatic
X-ray beam (wavelength of k = 1.0 Å). The sample-to-detector dis-
tance was 1500 mm, corresponding to the scattering vector range
of 0.007 < q < 0.386 Å�1, where q is the magnitude of the q-vector
defined by q = (4p/k) sin h (2h is the scattering angle). Buffer and
sample were collected alternatively (10 successive frames of 15 s
in length). For each sample, data were collected at several different
protein concentrations (ERM TADn: 9.66 mg/ml, 7.19, 5.09, 2.61
and 1.59; ERM TADn modified by SUMO-1: 4.43 mg/ml, 3.38,
2.17 and 1.22) and the corresponding buffer scatterings were sub-
tracted from every sample intensity curve.

Data were processed using standard procedures by PRIMUS [17].
The Guinier approximation IðqÞ ¼ Ið0Þ expð�q2R2

g=3Þ for qRg < 1, was
used for the evaluation of the radius of gyration (Rg). Rg was also eval-
uated from the pair distance distribution function P(r) which was
calculated using the indirect transform package GNOM [18]. The
P(r) function allowed the estimation of the maximum dimension
Dmax of the scattering molecules. A Kratky plot ((qRg)2I(q)/I(0) versus
qRg) is also represented.

Low-resolution models of ERM TADn alone or modified by SUMO-
1 were generated using the program GASBOR [19]. Several indepen-
dent calculations were performed and the models were averaged
using the DAMAVER program suite [20]. The filtered average model
is presented. Moreover, three representative models with the lowest
Normalized Spatial Discrepancy (NSD) were selected and presented.
3. Results

3.1. Sequence analysis shows the disordered nature of ERM TADn

TADn of ERM (Fig. 1A) is sufficient to activate transcription and
contains the first residue modified by SUMO-1 (K89), able to influ-
ence TADn activity [7,8,10,11], yet very poorly characterized struc-
turally. Early structure predictions and circular dichroism
spectrum analysis have indicated that TADn is mostly devoid of reg-
ular secondary structure elements except for the presence of a puta-
tive alpha-helix [7,9]. Purified ERM TADn (1–122) in bacteria
displays an apparent molecular mass of �20 kDa (Fig. 1B), in com-
parison to a theoretical molecular mass of 14 kDa. The abnormal
migration might reflect its amino acid composition bias and ex-
tended conformation. Analysis of the primary sequence of TADn
with the VL-XT PONDR predictor of naturally disordered regions
[15] indicates a disordered tendency in most regions of TADn, with
the exception of three discrete regions (Fig. 1C). A further bio-infor-
matic analysis was carried out to check whether the N-terminal do-
main of ERM shows a combination of low mean hydrophobicity,
compared to the boundary hydrophobicity, coupled to a relatively
high net charge, as typically found in natively unfolded proteins or
domains [16]. When plotting mean hydrophobicity against mean
net charge for ERM 1–122, it can be seen that the amino acid compo-
sition of this N-terminal region is located within the natively un-
folded protein domain (Fig. 1D). Interestingly, as positive control,
the ETS DNA-binding domain of ERM is found within the natively
folded protein domain. It has been shown that disordered proteins
sequences are depleted in order-promoting (W, C, F, I, Y, V and L)
and enriched in disorder-promoting amino acids (R, G, Q, S, P, E
and K) [16]. Not surprisingly, ERM TADn showed an overall tendency
to lack order-promoting residues and be enriched in disorder-pro-
moting residues, except with respect to Cys, Phe, Gly and Lys
(Fig. 1E). In combination, all of these bio-informatics tools indicate
that ERM 1–122 possesses the typical amino acid composition and
properties of intrinsically unstructured proteins [2,16].

3.2. Solution structure of ERM TADn

SAXS is a valuable technique for the study of flexible, low com-
pactness macromolecules in solution, which has already been suc-
cessfully used to characterize other intrinsically unstructured
proteins [21–23]. SAXS provides important parameters like the
overall size and shape of the macromolecules in solution [13].

The scattering profile of ERM TADn was obtained as described in
Section 2. The Kratky plot (qR2

gIðqÞ=Ið0Þ versus qRg) displays no trace
of the bell shape associated with compact, globular particles
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(Fig. 2A). Instead, the absence of a maximum in the plot and the
slightly increase in the large q range suggest that TADn possesses
flexible chains and may not have a well packed core. Analysis of
the curve in the low q region with the Guinier approximation gave
a radius of gyration (Rg) of 39.6 ± 0.7 Å. In close agreement, the dis-
tances distribution function PðrÞ inferred from the scattering curve
(Fig. 2B) exhibits a maximum around 40 Å and a long tail up to
140 Å (Dmax). Both Dmax and Rg values are very large for a protein of
14 kDa molecular mass, suggestive of an extremely extended
conformation.

The overall envelope of TADn was generated ab initio from its scat-
tering profile using the program GASBOR [19]. Ten independent runs
were performed and averaged using the DAMAVER program suite
[20]. Three representative GASBOR models are displayed alongside
the DAMAVER average model (Fig. 2C). Resulting models were all very
similar, showing a recurring extended and disordered chain of dum-
my residues. Taken together, bio-informatic analysis, Kratky plot,
PðrÞ function and low-resolution models reveal that ERM TADn has
the typical characteristics of intrinsically unstructured protein.

3.3. Solution structure of ERM TADn modified by SUMO-1

We recently showed that TADn activity is inhibited by a flank-
ing domain named the negative regulatory domain (NRD)
(Fig. 1A) [10]. The NRD domain contains three SUMO sites, one of
which being in the overlapping segment with TADn on lysine 89.
As a step toward understanding how sumoylation alters the bio-
logical function of ERM TADn, we measured SAXS of SUMO-1 mod-
ified TADn to examine the possible structural consequence of this
post-translational modification.
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We used the bacterial system developed by Saitoh and co-work-
ers [14] to obtain large amount of recombinant SUMO-1 modified
TADn. A major band migrating at �40 kDa, corresponding to TADn
modified with one SUMO-1 moiety, was detected by Coomassie
(Fig. 3A, left panel). The presence of SUMO-1 was confirmed by
mass spectrometry (data not shown) and immunoblot with anti-
SUMO-1 antibody (Fig. 3A, right panel). We note that three other
bands are also evident in Western blot. Based on expected molec-
ular masses, we believe that the two fastest migrating bands corre-
spond to the addition of two and three SUMO-1 moieties and the
slowest migrating band is likely a degradation product. Neverthe-
less, dynamic light scattering analysis (data not shown) indicates
that SUMO-1 modified TADn is monodisperse and thus suitable
for further SAXS characterization.

As seen with TADn (Fig. 2A), the Kratky plot for TADn modified by
SUMO-1 displays no trace of the bell shape associated with compact,
globular particles (Fig. 3B). The distances distribution function PðrÞ
inferred from the scattering curve (Fig. 3C) exhibits a maximum
around 42 Å and a long tail up to 160 Å (Dmax). This indicates that
TADn modified by SUMO-1 has a conformation slightly more ex-
tended than TADn alone. The value of Rg determined by Guinier
approximation was 40.0 ± 0.7 Å, which was roughly consistent with
the value estimated from the PðrÞ. Overall molecular envelopes were
obtained for TADn-SUMO-1 using the scattering data (Fig. 3D). Sev-
eral independent runs yielded various shapes with recurrent fea-
tures: they were all elongated with a protuberance of always the
same size at one extremity that is missing in TADn (Fig. 2C). The pro-
tuberance most likely corresponds to SUMO-1 conjugated to TADn.
Consistent with this, the shape and volume of SUMO-1 [24] can well
accommodate the low resolution model of TADn-SUMO-1 (Fig. 4).
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Fig. 3. Experimental SAXS curves and ab initio modeling for ERM TADn modified by SUMO-1. (A) Purified His6-TADn modified by SUMO-1 in bacteria. (Left panel) SDS/PAGE
(15% gel) followed by Coomassie blue staining. (Right panel) Purified His6-TADn modified by SUMO-1 was subjected to Western blot analysis with SUMO-1 specific antibody.
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Fig. 4. Model of ERM TADn modified by SUMO-1. The structures of TADn, TADn-SUMO-1 and SUMO-1 are shown in green, cyan and red, respectively. The low resolution ab
initio model of TADn-SUMO-1 obtained by DAMAVER (Fig. 3D) is superimposed to the SUMO-1 NMR solution structure (PDB code: 1A5R) [24]. (For interpretation of the
references in color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

In this work, we provide new information concerning the con-
formational properties of the N-terminal transactivation domain
of ERM in solution. The extended conformational shape deter-
mined for ERM 1–122 lead us to conclude that it is intrinsically dis-
ordered. Furthermore, by combining the low resolution structure
of TADn modified by SUMO-1 with the known high resolution
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structure of SUMO-1, a model for the domain arrangement was
proposed. In this model (Fig. 4), no significant interactions between
the two proteins beyond the region of their covalent attachment
are detected. Accordingly, SUMO-1 may regulate TADn activity
by acting as a structurally independent docking module, rather
than through the induction of a conformational change in TADn.

Several lines of evidence have demonstrated that the N-termi-
nal 122 amino acids of ERM are intrinsically unstructured, includ-
ing the possession of primary structural features typical of
disordered proteins and an elongated, non-globular shape in solu-
tion. Structural disorder has been experimentally documented in
numerous TADs such as in the TAD of VP16 [4], Fos [25], p53
[26] and HY5 [27]. In fact, TADs appear to constitute an important
sub-family of what is known as intrinsically disordered proteins
[28]. To date, it is estimated that more than 30% of eukaryotic gen-
omes encode contiguous unfolded regions longer than 30 amino
acids in length, and up to 80% in transcription factor activation re-
gions and cancer-associated proteins [12,28,29]. Interestingly, dis-
ordered proteins could often adopt a more ordered structure upon
interaction with their partners [2]. We and others have previously
shown that ERM can bind to the transcription factor Jun [30], the
androgen receptor [31], the SUMO conjugating enzyme Ubc9
[11], the chromatin remodeling factor CHD3/ZFH [32] and the pro-
tein ZNF237 [33], but none of these interactions involved the first
72 N-terminal amino acid residues of ERM. Whether a specific pro-
tein partner is able to alter the conformation of TADn and thus reg-
ulate its activity remains to be determined.

Although our recent data indicate that sumoylation may modu-
late the transcriptional activity of ERM [10,11], the mechanism
underlying this effect is not yet clear. SUMO modification can often
modify the binding properties of its targets, either allowing or
inhibiting protein–protein interactions. Whether this is due to con-
formational changes in the SUMO modified protein or due to the
addition or masking of binding interfaces is still unclear. For exam-
ple, the crystal structure of SUMO-1 with the thymine DNA glyco-
sylase (TDG) revealed a well defined interface between these two
proteins that appears instrumental for the release of TDG from
DNA [34]. In contrast, it has been demonstrated that SUMO-1 con-
jugation to some targets such as Ets-1 [35], RanGAP1 [36], E2-25K
[37] or HSF-2 [38] remain structurally and dynamically indepen-
dent when conjugated. Consequently, for these targets, the loss
or gain of interactions seems to be due to simple masking or addi-
tion of binding sites. This is exemplified by E2-25K for which
SUMO modification interferes with its interaction with the ubiqui-
tin E1 activating enzyme [37]. Consistent with these observations,
we found that sumoylation of ERM (at least on the K89 residue)
does not perturb the structure of TADn. However, the environment
in the vicinity of ERM K89 acceptor site differs from that of previ-
ously structurally characterized SUMO targets. Whereas K89 is part
of an intrinsically unstructured domain, K14 of E2-25K falls in the
canonical ubiquitin conjugating enzyme E2-core fold [37], K15 of
Ets-1 precedes the PNT domain [35], K82 of HSF-2 is located in
the DNA-binding domain [38] and K526 of RanGAP1 is part of an
extended loop structure [36]. Our finding that sumoylation of
ERM occurs within intrinsically disordered region, together with
observation that flexible regulatory regions of C/EBP [39] and CtBP
[23] are targeted for sumoylation, suggests that sumoylation may
commonly occur within IDPs.
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