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ABSTRACT

The N-terminal acidic transactivation domain (TAD)
of ERM/ETV5 (ERM38–68), a PEA3 group member of
Ets-related transcription factors, directly interacts
with the ACID/PTOV domain of the Mediator com-
plex subunit MED25. Molecular details of this inter-
action were investigated using nuclear magnetic res-
onance (NMR) spectroscopy. The TAD is disordered
in solution but has a propensity to adopt local tran-
sient secondary structure. We show that it folds upon
binding to MED25 and that the resulting ERM–MED25
complex displays characteristics of a fuzzy complex.
Mutational analysis further reveals that two aromatic
residues in the ERM TAD (F47 and W57) are involved
in the binding to MED25 and participate in the abil-
ity of ERM TAD to activate transcription. Mutation of
a key residue Q451 in the VP16 H1 binding pocket
of MED25 affects the binding of ERM. Furthermore,
competition experiments show that ERM and VP16
H1 share a common binding interface on MED25.
NMR data confirms the occupancy of this binding
pocket by ERM TAD. Based on these experimental
data, a structural model of a functional interaction is
proposed. This study provides mechanistic insights
into the Mediator–transactivator interactions.

INTRODUCTION

Transcription factors regulate gene expression by both
binding specific DNA sequences and serving as an interac-
tion platform for proteins that control transcription. This
latter property is mainly supported by the transactivation
domains (TADs) that exhibit binding sites for a multi-

tude of interacting co-regulators in order to assemble tran-
scriptional complexes at promoters and enhancers. Classi-
cal TAD-interacting proteins are components of the general
transcription factors such as TFIIB, TFIIH and TFIID,
histone modifying enzymes and subunits of the Mediator
complex (1). Given its large size (∼1.5 MDa) and multi-
subunit composition, the Mediator complex provides mul-
tiple interfaces for protein–protein interactions and studies
over the past two decades reveal that transcription factors
are important Mediator-interacting partners (2–6).

The human Mediator complex subunit MED25 interacts
through its ACID (Activator Interacting Domain)/PTOV
(Prostate Tumor OVerexpressed) domain with the viral
transactivators VP16 (7,8), IE62 (9,10) and Lana-1 (11),
the endoplasmic reticulum stress-responsive transcription
factor ATF6� (12) and the Arabidopsis transcriptional reg-
ulator Dreb2a (13,14). We have recently shown that the
N-terminal TAD of human ERM/ETV5 (ERM38–68), a
PEA3 subfamily member of Ets transcription factors, also
specifically binds to the ACID/PTOV domain of MED25
(15). This region of ERM/ETV5 contains a number of
acidic amino acids as well as several hydrophobic/aromatic
residues. Notably, mutating phenylalanine 47 to leucine
(F47L mutant) within the TAD of Ets-related molecule
(ERM) affects its binding to MED25 resulting in reduced
transactivation activity (15). Besides ERM, it is notewor-
thy that all these transcriptional regulators described above,
possess acidic/hydrophobic-rich domains in their TADs.

Structural studies of the human Mediator MED25
ACID/PTOV domain reveal, unlike other known activa-
tor protein partners, an original arrangement as a seven-
stranded closed �-barrel surrounded by three �-helices (16–
18). Previous studies by us and others showed that the
ACID/PTOV domain of MED25 provides two distinct sur-
faces for interaction with the Herpes simplex VP16 TAD
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(16–18). The VP16 subdomain H1 binds in a hydropho-
bic groove formed at the interface between strands �2–
�1–�3 and helix �3 (17,18), whereas the VP16 subdomain
H2 binds in a groove located on the opposite face of the
MED25 �-barrel and delimited by helix �1 and strands �4–
�7–�6 (16–18).

To date, due to conformational heterogeneity, the struc-
ture of human MED25 ACID/PTOV domain in complex
with an acidic TAD is still not available. Here we report
the molecular basis of the ERM TAD interaction with the
ACID/PTOV domain of MED25, which has been shown
to be key for ERM transactivation (15). Despite the inher-
ent difficulties in characterizing this type of interaction, we
use a combination of biophysical methods and mutagenesis
analysis to define key properties of the interaction. Based
on our data, we propose a model in which the N-terminal
TAD of ERM binds the MED25 VP16 H1 binding pocket
in a helical conformation.

MATERIALS AND METHODS

Plasmid construction

The pET24d expression vectors encoding the human
ACID/PTOV domain (residues 391 to 548) has been
described previously (16). The ERM activation domain
derivatives (38–68, 38–68 F47L, 38–68 W57L and 38–
68 F47/W57L) were subcloned into pBIND (Gal4 DNA-
binding domain) vector (Promega). The bacterial ex-
pression plasmid encoding Halo-Tag ERM38–68 (pET24d-
HaloTag ERM38–68) was generated by co-ligating the poly-
merase chain reaction (PCR) amplified Halo-Tag (tem-
plate pFN22K (Promega) and ERM38–68 (template pSG5
hERM (19)). To insert point mutation into our respec-
tive vectors (MED25 ACID/PTOV Q451E and R466E,
ERM38–68 F47L, W57L, F47L/W57L, F47A/W57A, A41C
and P64C), PCR site-directed mutagenesis was used. The
VP16 H1 (amino acids 413–452) and VP16 H2 (amino
acids 453–490) peptides were subcloned into pGEX-6P1
(Promega). All clones were verified by sequencing. Primers
sequences and detailed procedures are available upon re-
quest.

Protein expression, purification and modification

All proteins were expressed in Escherichia coli strain BL21
(DE3). Bacteria were grown in LB medium at 37◦C to an
optical density of 0.6 at 600 nm and expression was in-
duced with IPTG for 18 h at 20◦C. For labelling experi-
ments, LB was replaced by minimal M9 medium supple-
mented with 15NH4Cl and/or 13C-glucose. The MED25
ACID/PTOV domain was purified as previously described
(16) and the same purification procedure was applied for the
Q451E and R446E mutants. Recombinant Halo-Tag, Halo-
Tag ERM38–68 and derivatives (F47L, W57L, F47L/W57L,
F47A/W57A, A41C and P64C) were expressed in E. coli.
Briefly, Halo-tag ERM38–68 fusion peptides were purified
using ion exchange chromatography HiTrap Q HP (GE) us-
ing a gradient to 1 M NaCl. To remove the fusion tag, the
peptides were cleaved by Tobacco Etch Virus (TEV) pro-
tease and finally purified using size exclusion chromatogra-
phy Superdex 30 Hiload 16/60 (GE). Recombinant VP16

H1 and VP 16 H2 peptides were purified as described
in (20). For spin labelling, 250 �M of A41C ERM38–68
or P64C ERM38–68 in 50 mM Ammonium Bicarbonate
was incubated with 1 mM Tris (hydroxymethyl) phosphine
(THP) for 1 h at room temperature. A total of 5 mM of
3-(2-iodoacetamido)-PROXYL (Sigma) in dimethyl sulfox-
ide were next added and incubation continued for 3 h.
Excess of spin-label was removed by desalting on a G25
resin (PD10 column, GE Healthcare) into the nuclear mag-
netic resonance (NMR) buffer. ERM38–68 wild-type and
mutants, VP16 H1 and VP16 H2 peptides were labelled with
TAMRA-NHS ester (Pierce) at the N-terminal free NH2
group following indications from the manufacturers.

Fluorescence polarization and isothermal titration calorime-
try

TAMRA-labelled VP16 H1, VP16 H2 and ERM38–68-
derived peptides at 4 nM were titrated with a range
of MED25 ACID/PTOV concentrations in phosphate
buffered saline buffer containing 0.1 mg/ml bovine serum
albumin. Reaction mixtures were incubated for 15 min at
room temperature before measurements were made on a
PherastarFS (BMG Labtech) plate reader with excitation at
540 nm and emission at 590 nm, with correction for buffer
background, using 384-well optiplates (Greiner). Binding
data were fitted to a 1:1 non-linear binding model (Y =
Bmax * X/(Kd + X) where Bmax is the maximum po-
larization and X is the concentration of MED25) using
Prism 6.05 (Graphpad software Inc.). In the competition
experiments, 4 nM of TAMRA-labelled ERM38–68, 0.2 �M
of ACID/PTOV and varying concentrations of unlabelled
ERM38–68, VP16 H1 and VP16 H2 peptides were used for
IC50 determination. Isothermal titration calorimetry (ITC)
titrations were performed as described (15). All titrations fit
a single-binding site mechanism with a 1:1 stoichiometry.

Transactivation assay and western-blot

U2OS cells were cultured in Dubbelco’s Modified Eagle
Medium supplemented with 10% Fetal Calf Serum (FCS)
(Gibco BRL). In 24-well plates, 5 × 104 cells/well were
plated and the next day, transfections were performed us-
ing PEI Exgen 500 procedure (Euromedex, France) with
200 ng total DNA per well including 50 ng reporter plasmid
(Gal4)5-E1B-Luc (21). The activities of Gal4-ERM deriva-
tives were then assayed using the dual-luciferase reporter
assay system (Promega) as described previously (15). For
protein expression experiments, cells were transfected as
above in 12-well plates with 200 ng of expression plasmid
and lysed in sodium dodecyl sulphate electrophoresis load-
ing buffer. Immunoblot analyses were performed with anti-
Gal4 DBD antibody (Santa Cruz). Halo-Tag pull-down
were performed as described previously (15).

NMR data acquisition

The NMR samples were prepared in 100 mM NaP Phos-
phate buffer at pH 6.5, 25 mM NaCl, 2.5 mM ethylene-
diaminetetraacetic acid, 1 mM Dithiothreitol, 1 mM D4-
TMSP (TriMethyl Silyl Propionate) as proton chemical
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shifts internal reference and 5% D2O. NMR spectra were
recorded at 298K on a Bruker DMX 600MHz and Avance
III 900MHz spectrometers equipped with a triple reso-
nance cryogenic probehead (Bruker, Karlsruhe, Germany).
Two-dimensional (2D) HSQC spectra were acquired on
75–125 �M MED25. Classical pairs of Three-dimensional
(3D) HNCACB, HN(CO)CACB and HN(CA)NNH were
processed using Bruker TOPSPIN 2.1 (Bruker, Karlsruhe,
Germany) in order to assign backbone resonances from
ERM38–68 (Supplementary Table S1). Additional 2D-Noesy
and 2D-Dipsy pair was recorded on a 1.5 mM solution of
ERM38–68 to assign 1H resonances of ERM38–68 and to ob-
serve nuclear Overhauser effect (NOE) contacts between 1H
resonances.

NMR data analysis

Peak picking and intensity measurements were performed
using Sparky (22). Secondary chemical shifts correspond
to the deviation of the experimental difference 13C�–13C�
chemical shift values for each residue in the protein and the
reference value for the corresponding amino acid residue
found in databases of chemical shifts compiled from strictly
disordered proteins. Secondary chemical shifts 13C�–13C�
were here calculated as indicators for residual local sec-
ondary structure based on the random coil values database
(ncIDP) from Tamiola et al. (23) that are neighbour-
corrected. The secondary structure propensity (SSP) analy-
sis compares the C� and C� values not only to the random
coil values expected in a strictly disordered protein but also
to the C� and C� values expected in a fully formed �-helix
or �-strand, taking additionally into account the propen-
sity of a given amino acid to adopt such a secondary struc-
ture. The results correspond for each amino acid residue to
the fraction of the conformer distribution to adopt a sec-
ondary structure. SSP scores (24) were calculated using the
refDB random coil database (25). Consecutive positive val-
ues of both secondary 13C�–13C� chemical shifts and struc-
ture propensity are related to a local helical tendency while
negative values indicate an extended conformation. Calcu-
lations of the co-linear chemical shift deviations (CCSD)
are based on the detailed protocol in (26). A CCSD line was
first defined between the resonance in free MED25 and in
the ERM38–68-bound MED25 as chemical shift deviations
(CSD) in ppm = ((Hshift)2 + (0.2*Nshift)2)1/2. A scalar
projection on this line of the CSD for resonances corre-
sponding to the set of complexes was next calculated. The
CCSD corresponds to the ratio of the scalar projection on
the CCSD line, expressed as percentage.

HADDOCK docking

HADDOCK is a docking program to model protein in-
teractions using experimental data as restraints (27). The
ERM peptide in the modelization consisted in residues L50
to A61 in helical conformation, based on the data of the
SSP (Figure 1B). PyMOL (28)was used to build the heli-
cal conformation peptide ERM 50–61. Active residues were
chosen as L53, W57 and E60, consisting of the residues
on the face of the peptide containing the W57. The pro-
tein active residues were based on peak intensity decreases

and chosen to represent three secondary structures that
showed the strongest intensity perturbations upon ERM
binding to MED25 VP16 H1 binding site: I449 and Q451
in strand �3, V534, I537 and R538 in helix �3 and K413
and Pro414 in the �1–�2 loop of MED25. All calcula-
tions were run through the WeNMR Web portal (29) with
the prediction interface. The software defined the passive
residues based on the active ones and took into account in-
terface prediction by CPORT (30). Each calculation gen-
erated 1000/200/200 models for the different it0/it1/water
refinement stages of HADDOCK. A total of 195 final mod-
els were clustered based on their interface-ligand RMSD,
using a cutoff of 5 Å. The final overall score of each clus-
ter (Supplementary Table S2) is based on the four highest
HADDOCK scores of the models in that cluster.

RESULTS

Transient secondary structure in the disordered ERM trans-
activation domain

We recently identified an acidic segment within the N-
terminal TAD of ERM (ERM38–68) that interacts with the
MED25 ACID/PTOV domain (15). The structural prop-
erties of ERM TAD were investigated using NMR spec-
troscopy. The 2D 1H-15N HSQC spectrum of ERM38–68 is
characteristic of an unstructured peptide with all amide pro-
ton chemical shifts confined to 7.7–8.5 ppm (Figure 1A).
Complete peptide backbone assignments were obtained us-
ing conventional 3D experiments on a 15N-13C double-
labelled sample (Figure 1A and Supplementary Table S1).
These resonance assignments were used to probe with a per
residue resolution the propensity of the peptide to adopt a
transient secondary structure in solution. By comparing the
measured C� and C� chemical shift values of the amino
acid residues along the ERM38–68 sequence with the pre-
dicted corresponding random coil values (23), secondary
chemical shifts can be calculated that are empirically corre-
lated with the local backbone structures (grey bars in Fig-
ure 1B). Though ERM TAD lacks a well-defined globular
structure, positive secondary chemical shifts are observed
between amino acid L50 and W57, indicative of the for-
mation of a transient �-helix in this peptide region. Con-
sistent with our previous reports (31,32), disordered pre-
diction using the metaPrDOS algorithm (33) returns a dis-
order tendency for most of the ERM38–68 amino acid se-
quence, except for residues F47 to W57 (Figure 1C). More-
over, SSP analysis (24) confirms this region as having a 20–
30% propensity to adopt defined conformation in solution
(grey bars in Supplementary Figure S1A). Finally, NOEs
resonances in a 15N-filtered 1H-1H NOESY spectrum con-
sisted mainly of sequential proximities although a i-2 NOE
cross peak between HN-W57 and H�-E55 is clearly detected
(Supplementary Figure S1B). These data suggest that the
ERM TAD is not entirely disordered but populated with
transiently ordered regions.

Interaction of MED25 ACID/PTOV domain with ERM
TAD

To investigate the structural basis for ERM38–68 interaction
with MED25, NMR spectra of the 15N-labeled ERM38–68
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Figure 1. Conformation of ERM38–68. (A) Annotated 2D [1H, 15N] HSQC spectrum of ERM38–68. Sequence of ERM38–68 is shown below the spectrum,
with aromatic residues F47 and W57 highlighted in bold. Residual amino acids after cleavage from the N-terminal fusion Halo-Tag are annotated in italic
and numbered from 1 to 6. (B) Histogram of measured C�−C� secondary chemical shifts along the ERM38–68 sequence (scale in ppm), grey bars are for
the free ERM38–68, green bars for the MED25-bound ERM38–68 (stoichiometry 1 ERM/0.1 MED25). (C) Disorder prediction for each amino acid in the
sequence (arbitrary units A.U.). The 0.5 lower threshold for disorder prediction is drawn as a line. metaPrDOS integrates the results of different prediction
methods.

were monitored with increasing concentrations of unla-
belled MED25 (Figure 2 and Supplementary Figure S2).
At a molar ratio of 1:2, a drastic change in the chemical
shift dispersion of the [1H,15N]-ERM38–68 resonances is ob-
served in the 2D spectrum (Figure 2B and Supplementary
Figure S2B), suggesting that a conformational rearrange-
ment accompanies binding. Assignment of the bound ERM
peptide was hindered by the line broadening that precluded
acquisition of additional 3D spectra. In presence of 0.1 and
0.2 molar ratios of MED25 ACID/PTOV, the resonances
of many residues of ERM38–68 in the region between L46
and V63 showed CSD corresponding to an upfield shift in
both the 1H and 15N dimensions (Figure 2A and Supple-
mentary Figure S2A). These resonances in ERM38–68 dis-
played gradual chemical shift changes at sub-stoichiometric
ratios of MED25 ACID/PTOV (1:0.1 and 1:0.2 molar ra-
tios), with minor perturbation of the resonance intensi-
ties (Figure 2A and Supplementary Figure S2B). Thus, the
trends in secondary chemical shift changes observed at the
1:0.1 ERM38–68/MED25 molar ratio were used to investi-
gate how the ERM38–68 structure changes upon binding.
An increase helical tendency is observed for residue L50 to
A59 upon ERM38–68 binding to MED25 as compared to
ERM38–68 free in solution (green bars in Figure 1B, Supple-
mentary Figure S1A and S1C).

The gradual chemical shift change observed at low stoi-
chiometry of ERM38–68/MED25 in the titration is indica-
tive of a fast exchange on the NMR time scale between the
free and the bound forms (for a detailed explanation see
Supplementary Figure S3A). However, our recent ITC as-
says rather revealed tight binding of ERM38–68 to MED25
ACID/PTOV with a Kd of 0.6 �M (15). Such a discrepancy

is indicative of an additional mode of interaction of weak
affinity (34).

Mutational analysis of ERM binding to MED25

Hydrophobic and aromatic residues in acid rich TADs were
found in many studies to be critical for TADs-target con-
tacts (35–40). We have indeed previously shown that the
ERM F47L mutation reduced binding to MED25 (15). In
order to develop this study, W57 of ERM38–68 was replaced
by a leucine and a double mutant, F47L/W57L, was also
constructed (Figure 3A). ERM mutants were first tested
for their capacity to bind endogenous MED25 by incu-
bating nuclear extracts of DAMI cells with purified Halo-
Tag ERM38–68 wild-type and derivatives (F47L, W57L and
F47L/W57L) coupled to magnetic beads (Figure 3B). Ex-
tending our previous observations with ERM1–72 (15), en-
dogenous MED25 could be almost completely depleted
from the nuclear extracts after incubation with Halo-Tag
ERM38–68 but not with Halo-Tag alone (Figure 3B). Impor-
tantly, the F47L and W57L single ERM mutants showed a
reduced capacity to capture MED25, whereas the double
mutant failed to associate with MED25 under the experi-
mental conditions.

Fluorescence polarization (FP) binding assays were sub-
sequently performed in order to determine the dissociation
constant (Kd) between MED25 ACID/PTOV and the dif-
ferent mutants of ERM38–68 (Figure 3C). Native ERM38–68
binds to MED25 ACID/PTOV with a Kd of 0.6 �M, in
agreement with our previous studies by ITC (15). Impor-
tantly, the F47L, W57L and F47L/W57L mutants bind to
MED25 with Kd of respectively 2.6, 4.8 and 8.3 �M, show-
ing a 4.5-, 8.2- and 14.3-fold drop in affinity relative to
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Figure 2. Interaction of ERM38–68 with MED25. (A) Superimposed enlarged view of 2D [1H, 15N] HSQC spectra of 15N-ERM38–68 (in grey), 15N-
ERM38–68/unlabelled MED25 1/0.1 molar ratio (overlayed in green) and 15N-ERM38–68/unlabelled MED25 1/0.2 molar ratio (overlayed in red). (B)
Superimposed 2D [1H, 15N] HSQC spectra of 15N-ERM38–68 (in grey) and 15N-ERM38–68/unlabelled MED25 1/2 molar ratio (overlayed in blue). Inlayed
are HN� from the side chain of W57. The arrows indicate broadened resonances with chemical shift typical of a folded peptide.

Figure 3. Mutational analysis. (A) Sequence alignment of ERM38–68 with the Herpes simplex VP16 H1 subdomain. Conserved hydrophobic residues are
boxed in orange, acidic residues in yellow. F47 (purple) and W57 (green) of ERM and F442 of VP16 H1 are indicated. (B) Endogenous MED25 binds
specifically to ERM38–68. Nuclear extracts from DAMI cells were incubated with immobilized Halo-Tag, Halo-Tag ERM38–68, Halo-Tag ERM36–68 F47L,
Halo-Tag ERM36–68 W57L and Halo-Tag ERM38–68 F47L/W57L. MED25 not associated with ERM wild-type and derivatives present in the supernatant
was saved as the unbound fraction (U). Samples were separated by SDS-PAGE and MED25 was detected by western-blot. Input lane and unbound fraction
represents 10% of total extract used in the pull-down, Bound fractions (B, 100%). (C) Fluorescence polarization (FP) peptide binding assay for ERM38–68,
ERM38–68 F47L, ERM38–68 W57L, ERM38–68 F47L/W57L and ERM38–68 F47A/W57A. Measured Kd are indicated. TAMRA-labeled peptides were at 4
nM. (D) Effects of ERM TAD mutations on transcriptional activation. U2OS cells were transfected with increasing amounts of Gal4-ERM38–68 wild-type
and derivatives together with a (Gal4)5-E1B-Luc reporter construct. In the inset, the data for ERM38–68 has been excluded and the scale expanded (Upper
panel). The level of expression of the Gal4 derivatives was monitored by western-blot using an anti-Gal antibody.
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wild-type ERM38–68 (Figure 3C). Alanine substitutions at
these positions (F47A/W57A) had the most dramatic ef-
fect, showing a 75-fold drop in affinity (Figure 3C). These
results pinpoint a critical role for F47 and W57 and suggest
that aromatic/hydrophobic character is an important crite-
rion for effective binding of ERM to MED25.

Finally, we assessed the effect of these mutations on
the ability of ERM to activate transcription. For this as-
say (Figure 3D), ERM38–68 and the three mutants (F47L,
W57L and F47L/W57L) were fused to the DNA-binding
domain of Gal4 and their activity for a luciferase reporter
gene was measured relative to Gal4 alone. As shown in
Figure 3D, the F47L or W57L mutations drastically re-
duced the ability of ERM to activate transcription (3.9
and 0.3% residual transactivation, respectively). The dou-
ble mutant F47L/W57L was even more severely affected,
with a residual transcriptional activity less than 0.1%. Col-
lectively, all these data indicate that the affinity of ERM
TAD-MED25 ACID/PTOV interaction strongly correlates
with ERM transcriptional activity and demonstrate a cru-
cial role of the hydrophobic residues F47 and W57.

The ERM38–68 TAD-MED25 ACID/PTOV interface

To map the ERM38–68 TAD binding site on MED25
ACID/PTOV, 1H-15N HSQC titration experiments of unla-
belled ERM against 15N-labelled MED25 were performed.
Addition of an equimolar amount of ERM38–68 to MED25
resulted in large CSD and severe line broadening of most of
the resonances (Figure 4A). As for the titration of ERM38–68
by MED25, both slow and fast exchange behaviours are
observed for the resonances of MED25 as the concentra-
tion of ERM38–68 is increased (Supplementary Figure S3).
A similar result has been previously observed for the bind-
ing of the KIX domain of CBP to the phosphorylated
kinase-inducible activation domain of CREB which sug-
gests the existence of an ensemble of transient encounter
complexes in protein–protein association (34). In accor-
dance, the global modification of the spectrum associated
with the line broadening suggests a large interaction inter-
face associated with conformational heterogeneity. How-
ever, this makes the localization of the binding site by the
titration experiments inconclusive. Thus, in order to circum-
vent the inherent difficulties of studying fuzzy complexes
and be able to better define the intermolecular interface, the
mutants of ERM38–68 with altered affinity for MED25 were
used.

F47L, W57L and F47L/W57L ERM peptides were sep-
arately titrated into 15N-labeled MED25 ACID/PTOV.
We anticipated that ERM mutants with lower affinity for
MED25 would improve the quality of the ERM38–68 bound
MED25 NMR spectra and indeed, found this to be the
case (compare Figure 4A with 4B). Given that NMR ex-
periments were carried out at MED25 concentrations 100-
fold above the Kd, direct interaction between MED25 and
mutants ERM can still be observed (Figure 4B). Compari-
son of 2D spectra of MED25 bound to the various mutated
ERM38–68 showed that the resonances corresponding to a
MED25 amino acid residue in each of these complexes has a
linear pattern of CSD (Figure 5 and Supplementary Figure
S4). Given the Kd that were measured using FP experiments

and the relatively high concentration used for the NMR
experiments, we expect full saturation of MED25 at a 1/1
ratio for the whole set of ERM peptides. The CCSD thus
suggests a range of affinities and their analysis (26) indeed
shows that the CSD of each mutant at saturation of MED25
is linearly correlated to its Kd (Supplementary Figure S4).
From these data, we can conclude that the ERM mutants
sample the same conformational ensemble corresponding
to the bound state, although with different weighted popu-
lations and importantly that all mutant ERM peptides have
a common binding interface for MED25. This linear be-
haviour was additionally used to link most of the resonances
in ERM38–68-bound MED25 [1H, 15N] HSQC to the assign-
ment of free MED25 given that the observed line broaden-
ing excluded further acquisition of 3D spectra. The global
intensity decrease of the MED25 resonances due to the in-
teraction were inversely correlated with the Kd of ERM mu-
tants for MED25 (Figure 5).

The location on MED25 of the ERM38–68 binding site
was thus mapped via the signal intensity loss between the
free and bound MED25 (Figure 5, Supplementary Figures
S5 and S6). When visualized onto the structure of MED25
ACID/PTOV, the most significant drop in HN peak inten-
sity occurs for two distinct surfaces on opposite faces of
the �-barrel (Figure 6, Supplementary Figures S5 and S6).
One binding site involves strands �2, �1, �3 and helix �3
and the strongest effects were observed for amino acids in
�3 and �3 (Figure 6A and C). This site overlaps with the
previously identified VP16 H1 binding site (17). The other
site, which is located on the opposite face of the MED25
ACID/PTOV �-barrel, is formed by helix �1 and strands
�6, �7, �4 (Figure 6B and D). This site constitutes part of
the MED25/VP16 H2 binding site (16,18).

To obtain additional structural information on the
ERM38–68 peptide location at the MED25 surface, para-
magnetic relaxation enhancement experiments were used.
Mutation of Ala41 or Pro64 into a cysteine residue al-
lowed the attachment of a spin label (nitroxide) at the N-
or C-terminus of the ERM38–68 peptide. The spin label en-
hances the relaxation rate of the nuclei in a sphere of influ-
ence of about 30 Å radius, causing resonance broadening.
Most of the detected resonances in the ERM38–68/MED25
complex are affected by the spin label, showing again that
the interaction surface is extensive (Supplementary Figure
S7). Comparison of the 2D spectra of MED25 in presence
of ERM38–68 spin-labelled at its N or C-terminus however
showed a preferential occupation of the MED25 surface by
the C-terminus of the peptide, as the global intensity de-
crease is larger with the nitroxide label at the C-terminus of
ERM (Supplementary Figure S7, compare A and B).

MED25 ACID/PTOV mutants selectively abrogate the
ERM–MED25 interaction

Since ERM38–68 interacts with the VP16 H1 binding site but
shows additional contacts with the VP16 H2 site on MED25
ACID/PTOV, we finally confirmed the preferred mode of
interaction using MED25 point mutants and peptide com-
petition assay. Guided by both our experimentally observed
chemical shift changes on the MED25 ACID/PTOV do-
main (Figures 5 and 6) and previous studies done by us and
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Figure 4. Spectra of MED25. 2D [1H, 15N] HSQC spectra of 100�M 15N,13C-MED25 free in solution (black) or with 1.2 molar amount of (A) ERM38–68
(overlaid in red) and (B) F47L/W57L-ERM38–68 (overlaid in blue).

Figure 5. Mapping of the MED25 interaction site with ERM38–68 based on resonance line broadening in 2D spectra. (Upper panel) Details of overlaid
2D [1H, 15N] HSQC spectra of 125�M 15N-MED25 free in solution (black) or with 1.2 molar amount of ERM38–68 (red), F47L-ERM38–68 (purple),
F47L/W57L-ERM38–68 (cyan) or 1.6 molar amount of W57L-ERM38–68 (green). (Lower panel) Graphic representation of relative intensity ratio I/I0 of
corresponding resonances in [1H,15N] HSQC spectra of MED25 with 1.2 molar amount of F47L/W57L-ERM38–68 (cyan) and F47L-ERM38–68 (purple)
or 1.6 molar amount of W57L-ERM38–68 (green), versus free in solution. Resonances between amino acid residues 501 and 508 are weak and were not
included in the analysis, as well as the last 551–556 residues. The intensity profile for W57L-ERM38–68 interaction (green) was normalized on the terminal
residue to correct for concentration of the sample. The orange threshold corresponds to the average I/I0 intensity ratio for the F47L/W57L-ERM38–68,
the red one to the corresponding I/I0 average minus one I/I0 standard deviation. Peak picking was performed on [1H, 15N] HSQC spectra recorded as in
Figure 4. Secondary structure elements are represented below the graphic as defined in the NMR structure of MED25 (PBD ID: 2L23, (16)). Numbering
provided below the graphic corresponds to the ACID/PTOV domain in full length MED25.
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Figure 6. MED25 interaction site with ERM38–68. (A) and (B) Ribbon rep-
resentation of MED25 (PBD ID: 2L23, (16)) with labelling of secondary
structures. (C) and (D) Molecular surface of MED25. (A) and (C) corre-
spond to VP16 H1 binding site and (B) and (D) to VP16 H2 binding site,
as defined in results. (B) and (D) representations were obtained by a 180◦
rotation around the vertical axis from (A) and (C), respectively. Colour
coding is orange for residues with I/I0 below the average I/I0 and red, be-
low the I/I0 average minus I/I0 standard deviation as defined from mea-
surements shown in Figure 5 for interaction with F47L/W57L. Represen-
tations were created using Pymol. (E) Structural models of the ERM50–61
peptide bound to the ACID/PTOV domain. Surface view of the MED25
protein with CSD as in (C). Superimposed peptides are represented as rib-
bons and correspond to the four highest score models of cluster 2 that
best fit the experimental data. (F) Structural model of one ERM50–61 pep-
tide bound to the ACID/PTOV domain. The solvent-accessible surface of
MED25 is coloured according to the electrostatic potential calculated us-
ing the APBS (Adaptative Poisson-Boltzman Solver) tools within Pymol
(41) The colour scale ranges from red at −1 kT/e to blue at 5 kT/e. The
dielectric constants were set at 2 for the protein and 80 for the solvent.

others (15–18), Q451E (located at the centre of the VP16 H1
binding site) and R466E (located at the centre of the VP16
H2 binding site) mutants were chosen for further analysis.

In FP assays, the Q451E MED25 mutant displayed a 5.6-
fold decrease in affinity for ERM38–68 while the R466E mu-
tant showed binding affinity similar to that of the wild-type
ACID/PTOV domain (Figure 7A). Subsequent NMR anal-
yses confirmed that the Q451E MED25 mutant barely inter-
acts with ERM F47L/W57L (Supplementary Figure S8).
We next carried out a series of competition experiments to
investigate whether VP16 H1 and VP16 H2 peptides can
compete with ERM38–68 for binding to MED25. Binding
of these two peptides was first determined by both FP and
ITC assays (Figure 7B). In FP, VP16 H1 bound to MED25
with an apparent Kd of 0.15 �M and VP16 H2 bound to

MED25 with 13 times lower affinity (Kd of 2 �M) com-
pared with VP16 H1 (Figure 7B). The binding affinities of
VP16 H1 and VP16 H2 peptides obtained in our ITC assays
(0.2 and 2.6 �M, respectively) are in very good agreement
with those obtained by FP (Figure 7B). In the competition
assays, we found that unlabelled ERM38–68 and VP16 H1
can efficiently displace TAMRA-ERM38–68 from MED25
ACID/PTOV with IC50 value of 1.5 and 0.3 �M, respec-
tively (Figure 7C). VP16 H2, which binds with much weaker
affinity to the opposite face of MED25 (Figure 7B), was
able to disrupt the ERM38–68/MED25 complex but only at
much higher concentrations, with an IC50 value of ∼21 �M
(Figure 7C). This is consistent with our previous findings
that VP16 H2 can also bind the H1 pocket with low affinity
(16). We thus conclude that the specific interaction between
ERM38–68 and MED25 ACID/PTOV overlapped with the
previously identified VP16 H1 binding site.

Structural model of ERM TAD in complex with MED25
ACID/PTOV domain

Because our data suggest that there is not a single mode of
interaction between ERM TAD and MED25 ACID/PTOV,
the structure of the complex cannot be determined strictly
based on experimental data. Furthermore, given the impor-
tant broadening of the resonances in the complex, no in-
termolecular NOEs were detected. Structural models which
are meant to be representative of ERM specific binding but
are not exclusive, were thus generated using ambiguous in-
teraction restraints. Experimental data from NMR spec-
troscopy were used to construct a helical ERM model pep-
tide for the interaction (Figure 1B and Supplementary Fig-
ure S1A) and to define a set of distance restraints for the
docking simulation (Figure 5, Supplementary Figures S5
and S6). The model of ERM L50-A61 peptide was used
as a starting structure for docking calculations into the
VP16 H1 MED25 ACID/PTOV binding site by the HAD-
DOCK program (27,30). The four highest score structures
of the two top clusters (on three clusters) that showed good
statistics (Supplementary Table S2) were analyzed. Peptide
orientation of cluster 2 best fitted the experimental con-
straints (Figure 6E). The peptide is located along a posi-
tively charge groove ((41), Figure 6F). The consistence be-
tween the binding pocket defined using the CSD and the
charged pocket (compare Figure 6E and 6F) indeed argues
in favour of the involvement of electrostatic interactions in
the ERM/MED25 specific complex formation. In addition,
the models (Figure 6E, 6F and Supplementary Figure S9)
predict that the side chain of W57 is buried in the previously
described hydrophobic furrow ((17), Supplementary Figure
S9A). Side chain of W57 is also in close proximity to H499
(Supplementary Figure S9B), a residue that was shown to be
important for the VP16/MED25 interaction (17). Finally,
the indole ring of W57 is in close proximity to the amide
group of Q451 residue whose mutation into E451 decreases
the interaction with ERM. Such amino–aromatic interac-
tions are reported, corresponding to van der Waals contacts
with the � electron clouds of the aromatic residues (42).
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Figure 7. Competition between ERM38–68, VP16 H1 and VP16 H2 for binding to MED25 ACID/PTOV. (A) Comparison of the dissociation constant
(Kd) values for the binding of MED25 ACID/PTOV domain and its mutants (Q541E and R466E) to ERM38–68. (B) (left) FP experiments and (right) ITC
data of a titration of MED25 ACID/PTOV with VP16 H1 or VP16 H2 peptides to measure the binding affinity. (C) IC50 values for the displacement of
TAMRA-ERM38–68 (4 nM) from MED25 ACID/PTOV (0.2 �M) by unlabelled ERM38–68 (LogEC50 = 0.18 ± 0.03), VP16 H1 (LogEC50 = −0.51 ±
0.04) and VP16 H2 (LogEC50 = 1.32 ± 0.04).

DISCUSSION

The results presented here reveal how the TAD of ERM, a
PEA3 group member of the Ets family, binds to the PTOV
domain of MED25 at the molecular level. This is the first
study reporting detailed molecular insights into MED25 in-
teraction with a human transcription factor, which is of spe-
cific interest as overexpresssion of PEA3 transcription fac-
tors has oncogenic properties (43).

The first feature that is observed for ERM binding to
MED25 is a folding upon binding mechanism (Figures
1B and 2B, Supplementary Figures S1A and S2B). Sev-
eral studies, particularly those with NMR spectroscopy, re-
vealed that TADs of many transcription factors are dis-
ordered in solution but become structured upon binding
to their interaction partners. This has been shown for ex-
ample in VP16 binding to TFIIB (44) and Tfb1 subunit
of TFIIH (38), or RelA (45) and Hif-1� (46) binding to

the TAZ1 domain of CBP/p300 and the TAD of Gcn4
in complex with Gal11/MED15 (35). We additionally ob-
served an important broadening of numerous resonances
in the 2D 1H-15N spectrum of ERM-bound MED25, in-
dicative of multiple bound conformations. Many eukaryotic
TADs were also reported to form ‘fuzzy complexes’ with
their binding partners (35,47–51) i.e. the interface cannot
be described by a single conformation. Our results strongly
suggest that the ERM/MED25 complex is another exam-
ple of a fuzzy complex. In addition, our NMR titration
results show that cross-peaks of several ERM amino acid
residues shift gradually at sub-stoichiometric amounts of
MED25, indicating that different ERM conformations are
in fast exchange on the NMR time scale between free and
bound forms (Figure 2 and Supplementary Figure S3A). At
late titration points of MED25, a drastic spectral change
of ERM is observed that shows many characteristics of a
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folded peptide (Supplementary Figure S2). The reverse phe-
nomenon is observed for the titration of MED25 by ERM,
with slow exchange regime for sub-stoichiometry of ERM
and fast exchange regime above the 1 to 1 saturation ratio
for all the resonances affected by the interaction. The same
NMR spectral characteristics were reported during titra-
tion of the KIX domain to phospho-KID TAD (34). Our
data are in agreement with the model of an encounter com-
plex (34–35,52–53) in which the ERM38–68 peptide scans the
MED25 surface, in an unspecific manner driven by weak
electrostatic interactions. Another interpretation of the data
could be the presence of a second additional binding site for
ERM of weak affinity. These two types of potential addi-
tional binding would correspond to the weak affinity mode
of interaction (gradual chemical shift indicative of fast ex-
change) that we detect in our NMR titrations of MED25,
and reversely ERM (Figure 2, Supplementary Figures S2
and S3).

In this work, we have used NMR methods to map the
binding site of MED25 for ERM38–68. Technically, however,
the study of the fuzzy complexes such as ERM/MED25
remains challenging (49). Here, to obtain structural infor-
mation despite the limitations imposed by the complex dy-
namics, we took advantage of the gradual decrease in affin-
ity of ERM for MED25 obtained by mutating its aro-
matic residues into Leucine (Figure 3). The residues in the
ERM-bound MED25 with all of the ERM mutants be-
ing tested exhibited CCSD, showing that each complex is
part of the same dynamic population ensemble. This pro-
vides additional evidence that the bound conformation of
ERM is a rapidly inter-converting ensemble of conforma-
tions. The interface is conserved within all of the complexes
but the decreased affinity allows to highlight the core of
the binding pocket(s). The CSD observed between free and
bound MED25 ACID/PTOV however affected resonances
assigned to the two previously described binding sites on
MED25 for VP16 H1 and H2. Similar observations were
made by probing the interaction of the isolated VP16 H1 or
H2 TAD domains with MED25 (16–18). Given the redun-
dancy of all the TAD sequences and their promiscuity, it
might not be surprising that both binding sites can be occu-
pied by the ERM TAD. For example, the N-terminal TAD
of the tumour suppressor p53 directly contacts TBP (54),
TAF9 (TAFII31) (55), the p62/tfb1 subunit of TFIIH (56),
the Mediator complex subunit MED17 (57) and p300 (58).

Mutation of residue Q451E in the H1 VP16 binding site
was however shown to decrease the affinity of ERM to
MED25, indicating its contribution to the binding (Fig-
ure 7). Moreover, we have previously shown that this ERM-
binding defective MED25 Q451E mutant was unable to ef-
ficiently rescue ERM transactivation in MED25-depleted
cells (15). Based on these data, a functional interaction of
ERM with VP16 H1 binding site can be deduced. On the
contrary the direct interaction of ERM with VP16 H2 bind-
ing site cannot be proven as none of the mutations affect-
ing this binding site appeared sufficient to affect the Kd of
the ERM/MED25 interaction (R466E and data no shown).
Moreover, given that ERM38–68 and VP16 H1 peptides effi-
ciently displace ERM38–68 from MED25, it can be deduced
that they target a common binding site with comparable
affinities (Figure 7). Further clarification might await the

identification of additional proteins that could occupy the
VP16 H2 binding site of MED25 or play in allosteric regu-
lation as seen for example by accommodation by the KIX
domain of the CREB-binding protein of two TAD domains
with two distinct binding pockets (59).

Our investigation suggested that the binding sites on
MED25 for ERM and VP16 may overlap but the interac-
tions with the TAD of ERM appear slightly different than
those seen with VP16. Notably, the ERM TAD is 30-amino-
acid-long as compared to that of VP16 (80-residue frag-
ment) and does not contain a VP16-like bipartite binding
motif for MED25. The overall affinity for the full-length
VP16 TAD is significantly higher (50 nM) than for binding
of either of the isolated H1 (∼0.2 �M) or H2 (∼2 �M) sub-
domains suggesting that the two motifs bind cooperatively
to MED25 (17,18). We note, however, that our VP16 H1
binds to MED25 with a higher affinity than what has been
previously reported (17). In comparison, ERM38–68 binding
to MED25 is weaker (0.6 �M), suggesting that the ERM
TAD only reproduces the binding affinity of the isolated
VP16 subdomains H1 or H2. Another key feature observed
for ERM is that two hydrophobic amino acids (F47 and
W57) are essential for high-affinity binding and transcrip-
tional activity of ERM. Interestingly we and others previ-
ously noted that the TADs of ERM (15), ATF6� (12,60–
61) and Dreb2a (13) exhibit some sequence similarity to
the VP16 H1 subdomain. Of particular note, mutation of
just the phenylalanine residue within these regions (F47 in
ERM, F442 in VP16 H1 and F62 in ATF6�) strongly im-
paired MED25 recruitment. Our experimental NMR data
of ERM38–68 peptide in complex with MED25 also indicate
that W57 is crucial for this interaction and this is supported
by our mutational analysis. The insertion of this extra hy-
drophobic residue could contribute to the high affinity of
ERM for MED25 and its efficient transactivation activity.
Insertion of bulky hydrophobic residues was indeed demon-
strated to create efficient activation domains for Gcn4 TAD
(62).

In conclusion, close examination of the molecular mech-
anisms by which individual Mediator subunits are re-
cruited by TADs has been reported for only a few
cases (MED15/SREBP, VP16/MED25, GCN4/MED15)
(13,16–18,35,63–64). We have revealed here the first molec-
ular insights into MED25 interaction with the human onco-
genic ERM transcription factor. It will be of interest in the
future to obtain additional data to examine if the dynamic
character of the TAD interaction with Mediator subunits is
a parameter that sustains the very function of activation.
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