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Ras/MAPK signaling is often aberrantly activated in human can-
cers. The downstream effectors are transcription factors, including
those encoded by the ETS gene family. Using cell-based assays and
biophysical measurements, we have determined the mechanism by
which Ras/MAPK signaling affects the function of Ets1 via phos-
phorylation of Thr38 and Ser41. These ERK2 phosphoacceptors
lie within the unstructured N-terminal region of Ets1, immediately
adjacent to the PNT domain. NMR spectroscopic analyses demon-
strated that the PNT domain is a four-helix bundle (H2-H5), resem-
bling the SAM domain, appended with two additional helices
(HO-H1). Phosphorylation shifted a conformational equilibrium,
displacing the dynamic helix HO from the core bundle. The affinity
of Ets1 for the TAZ1 (or CH1) domain of the coactivator CBP was
enhanced 34-fold by phosphorylation, and this binding was sensi-
tive to ionic strength. NMR-monitored titration experiments
mapped the interaction surfaces of the TAZ1 domain and Ets1,
the latter encompassing both the phosphoacceptors and PNT
domain. Charge complementarity of these surfaces indicate that
electrostatic forces act in concert with a conformational equili-
brium to mediate phosphorylation effects. We conclude that the
dynamic helical elements of Ets1, appended to a conserved
structural core, constitute a phospho-switch that directs Ras/MAPK
signaling to downstream changes in gene expression. This detailed
structural and mechanistic information will guide strategies for
targeting ETS proteins in human disease.
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he Ras/MAP kinase signaling pathway regulates cell prolifera-

tion. A large number of human tumors have genetic altera-
tions in the Ras signaling pathway that drive constitutive
signaling. In spite of this importance to human disease, no ther-
apeutics currently disrupt the nuclear effectors of this pathway,
which offer the potential for both tissue and disease specificity.
Several known effectors belong to the ETS transcription factor
family (1), but even in this case only a few specific target genes
have been identified. Examples include the serum-response-ele-
ment (SRE) of the c-Fos promoter, at which the ETS protein
Elk1 plays a central role (2). Other Ras-responsive elements that
have been characterized include tandem ETS or ETS/AP1
composite sites associated with Ets1 and Ets2 (3-5). In Drosophi-
la, a genetic link between the ETS family and Ras/MAPK signal-
ing implicates Pnt-P2, the ortholog of vertebrate Ets1 and Ets2,
and Yan, the apparent ortholog of vertebrate Tel (6). Phosphor-
ylation affects nuclear export (Yan) (7) and CBP (CREB-binding
protein)/p300 recruitment (Elk1, Ets1, and Ets2) (2, 8, 9). Etsl
bears one characterized MAP kinase ERK2 phosphoacceptor,
Thr38, found in an unstructured region N-terminal to its struc-
tured PNT domain (10-12). Although both these regions are
critical for Ras/MAPK-dependent enhanced transcriptional
regulation (8), the molecular mechanism of this signaling path-
way has not been elucidated.
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Here we describe the coupled roles of the PNT domain and an
adjacent disordered region bearing both Thr38 and a previously
unrecognized phosphoacceptor, Ser41, in the ERK2-enhanced
binding of the CBP TAZ1 domain by Ets1. Phosphorylation plays
a dual role by altering a conformational equilibrium of a dynamic
helix HO that tethers the flexible phosphorylated region of Ets1 to
the core PNT domain and by augmenting electrostatic forces that
drive TAZ1 recognition. In this integrated model, structured ele-
ments with intrinsic flexibility provide a scaffold for responsive-
ness to a signaling pathway. The overall mechanism represents an
evolutionary development within a gene family, whereby dynamic
elements are appended to conserved core folds to increase the
capacity for biological regulation.

Results

ERK2 Phosphoacceptors Thr38 and Ser41 Contribute to Ets1 Transac-
tivation. To investigate the mechanism by which phosphorylation
affects the function of Ets1, we developed an in vitro system using
ERK?2 to covalently modify purified Etsl. Phosphorylation of
both the known ERK2 acceptor site, Thr38, and a previously
unrecognized nonconsensus site, Ser41l, was detected by mass
spectrometry and *'P-NMR experiments (13). The in vivo rele-
vance of phosphorylation was tested in a cell-based assay for
Ras/MAPK enhancement of Etsl activity by the coexpression
of a constitutively active form of MEK1 (11). Mutation of both
phosphoacceptor sites was necessary to reduce relative luciferase
activity (RLA) to vector-only control levels (Fig. 1). To provide
better quantification through replica experiments, we measured
superactivation as defined by (RLAwr or mutant)/ (RLAempty vector)
in the presence of MEKI. Wild-type Etsl caused two- to three-
fold (2.4 £0.1) superactivation. Mutation of Thr38 or Ser4l
to alanine partially reduced the effect (1.2 + 0.08 and 1.4 + 0.09,
respectively), whereas Etsl with a double phosphoacceptor
site mutation displayed no superactivation (1.1 £ 0.06). Substitu-
tion of glutamic acid residues at positions 38 and 41 could
only partially reconstitute the effects of phosphorylation (1.4+
0.2). Phosphorylation of Thr38 in vivo was confirmed for wild-
type and the S41A mutant with phospho-specific antibodies
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(Fig. 1). Thus, the full effect of the signaling required the two
phosphoacceptors.

Phosphorylation Increases the Affinity of the Ets1 PNT Domain for the
CBP TAZ1 Domain. The CBP interaction domain(s) for binding to
Ets1 and Ets2 was mapped by pull-down assays with GST-tagged
CBP fragments. An ~50 kDa N-terminal fragment of CBP, which
contains three transcription factor interaction domains, displayed
binding and was subjected to further analysis (Fig. S1). The TAZ1
domain-bearing fragments bound full length Etsl, as previously
shown in cell extracts (14, 15). Furthermore, the deletion mutants
Ets1'"13¥ and the analogous Ets2!"'72, which contain PNT
domains, also bound the TAZ1 domain. In contrast, the isolated
N-terminal domain of CBP, which binds nuclear receptors, and
the KIX domain, best known for CREB binding, did not measur-
ably associate with Ets1. The phosphorylation effect on the inter-
action of Ets1'"!38 with the isolated TAZ1 domain was quantified
by isothermal titration calorimetry (ITC). The affinity of unmo-
dified Ets1'"13® for TAZ1 (K; =58 £ 12 pM) was enhanced
34 + 1-fold upon phosphorylation.

Ets1 PNT Domain Structure Couples Dynamic Phosphoacceptors and
Helix HO to a Core Helical Bundle. To develop a mechanistic model
for Ets1/CBP binding, we undertook additional biochemical and
biophysical approaches. A high-resolution structural ensemble of
Ets127138 was determined from extensive NMR spectroscopically
derived dihedral angle, distance, and orientational restraints via a
semiautomated ARIA/CNS protocol (16) (Fig. 24 and Table S1).
In addition to a four-helix bundle (H2-HS) with a SAM domain
fold (Fig. S24), a predominantly polar helix H1 (residues 54-62)
is well positioned along helices H2 and HS via packing of Phe53
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Fig. 1. Ras/MAPK signaling enhances Ets1 transactivation. NIH 3T3 cells were
transfected with an ETS site-driven firefly luciferase reporter, an expression
vector for FLAG-tagged Ets1 (wild type or the indicated mutant), and either
an expression vector for constitutively active MEK1 (+) or an empty vector
control (-). In addition, Renilla luciferase control vector was included to
provide RLA. The bar graph (Upper) shows a representative experiment with
RLA as mean and standard deviation for triplicate transfections. MEK1-depen-
dent activation, observed in the absence of transfected Ets1, is possibly due to
ERK2 effects on other elements of the transcription machinery (35). Gel panels
are immunoblots showing Ets1 species from transfected cells, which were
immunoprecipitated with FLAG-specific antibodies, then probed by immuno-
blotting with pThr38-Ets1 (Upper) or Ets1 (Lower) specific antibodies. Dash,
50 kDa marker. Additional expression controls are shown in Fig. S8G.
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and Phe56 with Trp80, His128, and Ile131. More importantly, the
refined model demonstrated an Ets1 PNT domain-specific helix,
designated HO (residues 42-52), which is also present in Ets2
(Fig. S2). This amphipathic helix packs against helix H5 and
the end of helix H2 via hydrophobic interactions involving
Met44, Met45, and Leu49 with Phe88, Phe120, and Ile124, as well
as potential salt bridges between Lys42-Asp123 and Lys50-
Glul27. Helix HO is preceded by an unstructured region (residues
29-41) bearing the phosphoacceptors Thr38 and Ser41.

Although clearly defined in the structural ensemble of
Ets1?7138 helix HO is marginally stable and conformationally
dynamic by several criteria. Using the algorithm SSP (secondary
structure propensity) to predict secondary structure from main
chain chemical shifts (17), HO exhibits helical scores less than
those of the core PNT domain (Fig S34). '’N relaxation measure-
ments confirmed that the backbone of helix HO is mobile on the
sub-nsec time scale (Fig. S3 B-E). In addition, residues in this
helix undergo facile amide hydrogen exchange (HX), exhibiting
protection factors of only ~2 relative to a corresponding random
coil polypeptide (Fig. S3F). This behavior, indicative of extensive
local unfolding, was supported by partial proteolysis measure-
ments. Cleavage at Lys42, Lys50, and Arg62 within helices
HO and HI1 revealed at least transient accessibility of these
residues to trypsin, whereas lysines/arginines within the core PNT
domain were resistant to proteolysis under the same conditions
(Fig. S4 A and B).

Phosphorylation Shifts a Conformational Equilibrium Involving Helix
HO. The structural ensemble of dually phosphorylated
2P-Ets1?7138 was also determined by NMR methods (Fig. 2B
and Table S1). The core PNT domain and helix H1 superimpose
closely on that of the unmodified protein. In contrast, although
residues 42-52 continue to form helix HO as evidenced by chemical
shifts (Fig. S34) and sequential main-chain NOE interactions, the
position of this helix is no longer restrained by long-range NOE
interactions (Fig. S4D). Rather, helix HO adopts a broad distribu-
tion, extending roughly outward from helix H1 and away from the
core PNT domain. This distribution is not experimentally unrest-
ricted, but limited by short-range NOE- and chemical shift-derived
restraints around the HO/H1 junction and by 'HN-’N and
'H*-13C¢ residual dipolar couplings. This creates an open confor-
mation that contrasts to the more compact, closed conformation
observed in the unmodified Ets1?7!*® ensemble. Helix HO has
similar SSP scores in Ets1?°713 and 2P-Ets1?7138, yet residues
at the HO/H1 junction have slightly higher scores in the phosphory-
lated species (Fig. S34). As indicated by CD measurements
(Fig. S4C), this may reflect an increased average helical character
of these residues, possibly forming a more continuous HO-H1 he-
lix. The protection factors against HX increased slightly (~2- to 5-
fold) for amides near pThr38 and pSer41, including those at the
N terminus of helix HO (Fig. S3 F and G). This is suggestive of
modest local stabilization of this dynamic helix, as also detected
by its reduced sensitivity to proteolysis (Fig. S4B). In contrast,
the sequences preceding helix HO, including Thr38 and Ser41, re-
main disordered after phosphorylation as evidenced by chemical
shift, 1N relaxation, and HX measurements (Fig. S3).

The NMR-derived ensembles of Ets12°7138 and 2P-Ets]1297138,
as well as changes observed in chemical shifts, HX, protease
sensitivity, and CD molar ellipticity, indicated that a substantial
conformational transition accompanies phosphorylation. How-
ever, in recognizing that helix HO is dynamic even in the absence
of modification, we hypothesized that Ets1?*7'3 also exhibits
a conformational equilibrium between these closed and open
states (Fig. 2C). To explore this model, PNT-domain-bearing
fragments of Ets1 missing the phosphoacceptors (Ets142713%) or
the entire HO (Ets13!713%) were also analyzed by NMR. Compar-
ison of their N-HSQC spectra to those of Ets1!"13® and
2P-Ets1!"138 revealed a striking pattern of colinear chemical shift
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Fig. 2. Superimposed structural ensembles of (A Right) Ets12°7'38 and (B) 2P-Ets12°7'38 showing the helical bundle PNT domain preceded by a flexible region

containing the ERK2 phosphoacceptors Thr38 and Ser41. The o-helices (HO, residues 42-52; H1, 54-62; H2, 74-87; H3, 102-107; H4, 109-116; H5, 119-134) and a
310-helix (H2’, 95-98) are identified by rainbow coloring, and Thr38 (cyan) and Ser41 (blue) phosphates as spheres. Disordered residues 29-37 are omitted for
clarity. (A Left) Expanded view of the interface between the dynamic helix HO and helices H2 and H5 of the Ets12%7'38 core PNT domain, colored by helix identity.
Dashes show potential salt bridges (K42-D 123, K50-E127). Residues examined by mutation are underlined (see Fig. 4 and Fig. S8). (C) The phospho-switch model
for the interaction of Ets1 and CBP. The PNT domain exists in a conformational equilibrium with the dynamic helix HO in closed and open states (as well as being
frayed or fully unfolded; not drawn). Phosphorylation shifts the population distribution to the open state, which is favored for TAZ1 binding via comple-
mentary electrostatic interactions. (D) This model is supported by colinear, population-weighted amide chemical shifts of residues at the helix HO/H1 junction
(Gly55) and the HO interface along H5 (Leu125 and His128) in superimposed spectra of a series of deletion fragments. The shifts of 2P-Ets1'"'3® (magenta) are
intermediate between those of the Ets1'"'38 (black) and Ets12°7'38 (green), which are preferentially closed, and those of Ets15''38 (red), which lacks HO and thus

models fully open. The shifts of Gly55 indicate that Ets142"'38 (blue) may adopt an even more closed state (see Figs. S5 and S8 for details).

perturbations. This is exemplified by the amide signals of Gly55,
at the HO/H1 junction, and His128 and Leul25, which lie at the
interface of helix HO and the core PNT domain (Fig. 2D and
Fig. S5). Colinear chemical shift changes are a signature of a
fast conformational equilibrium between two states, with the
intermediate chemical shift of a given species representing its
population-weighted average of these states. Thus, we propose
that phosphorylation shifts the population distribution toward
the state with helix HO displaced from the core PNT domain,
creating an open conformation necessary for the interface with
CBP (Fig. 2C).

NMR Titrations Map the TAZ1/Ets12°"138 Interface. To dissect the
molecular bases for the recruitment of CBP by Etsl, '°N- and
13C-HSQC monitored titrations were used to detect spectral
changes, reflective of structural perturbations, accompanying
the interaction of TAZ1 with Ets1'"1*® and 2P-Ets1!"13%. Upon
addition of unlabeled TAZI1, a subset of amide, methyl, and
aromatic groups showed a progressive loss of 'HN-’N and
'H-!3C peak intensity from the free protein, without the conco-
mitant appearance of any new signals from the resulting complex
(Fig. S6). Even under near saturating conditions, achieved in the
case of 2P-Ets1!"13 peaks were not recovered. This behavior,
which is reported in other cases such as the transactivation region
of p53 interacting with CBP domains (18), is indicative of inter-

10028 | www.pnas.org/cgi/doi/10.1073/pnas.0915137107

mediate time scale exchange broadening between multiple
conformations within the higher molecular mass complex and
confirms that the two protein domains bind specifically. The
residues showing the most pronounced loss in intensity were
mapped onto the structural ensembles of Ets1?*7!3% and
2P-Ets1?7138 (Fig. 34 and Fig. S6). Similar amides, including
(p)Thr38 and (p)Ser41l, were perturbed in the phosphorylated
vs. unmodified Etsl fragment, yet to a greater degree in the
former at the same molar ratio of TAZ1. This could be due to
the increased affinity of TAZ1 for the phosphorylated Etsl
fragment, as well as possible additional contacts. The altered
residues cluster within a region of the PNT domain where the
helices HO, H2, and H5 converge in the closed conformation,
yet are exposed in the open state. We conclude that this region
functions in binding TAZ1 and propose that the most perturbed
residues directly contribute to the intermolecular interface.
Complementary N-HSQC monitored titrations of '"N-la-
beled TAZ1 were carried out with unlabeled Etsl'"'3® and
2P-Ets1!"138 (Fig. 3B and Fig. S7). Again, a progressive loss of
signal intensity from selected amides in TAZI resulted upon
addition of either Etsl species, confirming specific binding.
Consistent with the higher affinity of TAZ1 for phosphorylated
Etsl, similar, yet more pronounced, spectral changes occurred
in the presence of an equimolar amount of 2P-Ets1'"!38 relative
to Ets1'"138, Mapping the residues showing the largest amide

Nelson et al.
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Fig.3. Identification of the Ets1/CBP binding interface. (Left) Residues in 2P-Ets1'"'38 and TAZ1 showing large ">N-HSQC intensity reductions in the presence of

equimolar TAZ1 or 2P-Ets1'"38, respectively (~90% saturation; Figs. S6 and S7), are mapped on ribbon diagrams of low-energy members of the (A) 2P-Ets12°7138
(representing 2P-Ets1'7'38) and (B) TAZ1 (PDB ID code 1u2n) structural ensembles. Increasing cyan sphere size corresponds to greater signal loss upon complex
formation (intensity ratios: 0 < large sphere < 0.05, 0.05 < medium < 0.10, 0.10 < small < 0.15), and qualitatively defines the binding interface between the
Ets1 and CBP fragments. Zn*2 ions, magenta balls. (Center) Surface representations of 2P-Ets12°"'38 and TAZ1 with residues shown as spheres now identified by
physicochemical properties (red, Asp, Glu; blue, Arg, Lys, His; yellow, neutral polar; green, hydrophobic). Residues examined by mutation (Fig. 4 and Fig. S8) are
underlined. (Right) Electrostatic surfaces of 2P-Ets12°7138 and TAZ1, calculated with MolMol, are complementary (default parameters with “simple charge”; red,

negative; blue, positive).

intensity changes on the structure of TAZ1 revealed that the
binding interface encompasses an extended region, including
primarily helices H1, H3, and H4.

The interaction surfaces identified by NMR titrations are net
negatively charged for Etsl and net positively charged for TAZ1
(Fig. 3), suggesting that binding is driven electrostatically. To test
this hypothesis, the interaction detected by NMR was challenged
using buffers containing 20 to 500 mM NaCl. Consistent with a
role for electrostatic forces, binding was disrupted with increasing
ionic strength (Fig. S6B).

Role of Newly Identified Structural Components in MAPK Signaling. A
subset of residues that showed NMR spectral changes due to
phosphorylation or TAZ1 association was tested for a role in
responsiveness to MAPK signaling in cell-based transcription
assays (Fig. 4 and Fig. S8). The hypothesized role of electrostatic
forces in binding implicates several Ets1 residues in CBP recog-
nition. In support of this hypothesis, negatively charged Asp119,
Asp123, or Glul27, lying along helix HS, gave severe reductions
in superactivation when mutated to arginines, but not alanines.
Mutation of an interior residue, Trp126, showed no effect. The
proposed conformational change of the PNT domain predicts
that residues packed in the folded state might also be mutation

Nelson et al.

sensitive. Indeed, mutation of Leu49, which is buried in the
HO-HS5 interface of this closed state, but exposed in the open
conformation, to a glutamate or arginine abrogated MAPK in-
duction. Likewise, mutations of Thr52, Phe53, and Ser54, which
are located near the HO-H1 junction, reduced superactivation. In
sum, these disrupted phenotypes, in combination with controls
demonstrating proper folding, in vivo expression, and phosphor-
ylation, as well as reduced TAZ1 binding in vitro (Fig. S8), indi-
cate that these residues play a role, either directly at the interface
or indirectly via helix HO packing, in complex formation. In
conclusion, these functional assays corroborate the structural
and mechanistic model of the Ets1/CBP regulated interaction.

Discussion

We have described how phosphorylation enhances the constitu-
tive binding of Ets1 to CBP. Our mechanistic findings build upon
the refined structure of Ets12°7138 in which two helices tether a
flexible region containing the phosphoacceptors to the core PNT
domain. We found that ERK2 phosphorylation increases the
binding affinity of Ets1!"!38 for the CBP TAZ1 domain by shifting
a conformational equilibrium toward a proposed binding-compe-
tent open state and by augmenting the electrostatic complemen-
tarity of the Ets1/CBP interface. The general principles of
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Fig. 4. Residues of Ets1 functional in transcriptional superactivation. Super-
activation (RLAwrt or mutant)/(RLAempty vector) is reported as mean values for
three to six independent experiments + the standard error of the mean,
except mutants W126A and D123A, which had two replicates. Fig. S8 presents
controls for expression levels, phosphorylation state of Thr38, and folding
competence (L49R, D123R, and E127R only). Structural environments of
the residues are shown in Fig. 2.

this phospho-switch illustrate evolution of signaling-dependent
regulation.

Role of Protein Dynamics in Phosphorylation-Regulated Ets1/CBP
Interaction. Phosphorylation-enhanced binding relies on two
flexible components that contrast with the structured, conserved
core PNT domain. First, Thr38 and Ser41 are conformationally
disordered, even when posttranslationally modified. Second,
helix HO is only marginally stable undergoing substantial confor-
mational fluctuations to locally frayed or unfolded state(s). Upon
phosphorylation, helix HO is slightly stabilized locally, yet adopts
a broad distribution of positions displaced from the core PNT.
We propose that the unmodified protein also samples these
conformations. This leads to the regulatory mechanism in which
phosphorylation shifts the population distribution of a conforma-
tional equilibrium between closed and open states of the PNT
domain. We speculate that the displacement of helix HO to the
open state is favored by phosphorylation due to the proximity
of (p)Thr38 and (p)Ser4l to numerous charged aspartate and
glutamate residues in helices H2 and H5.

Role of Electrostatics in Phosphorylation-Regulated Ets1/CBP Interac-
tion. Based on the patterns of intensity changes in NMR-moni-
tored titrations, a net negative-charged surface of the PNT
domain of Etsl interacts with a positive-charged region of
TAZ1. Phosphorylation increases the negative charge of Etsl,
thus reinforcing a complimentary electrostatic binding interface
for TAZ1. This binding mechanism is supported by mutational
analyses, in which addition of arginines to Ets1 at the TAZ1 inter-
face disrupted ERK2-dependent transcriptional activation and
shifted the conformational equilibrium, as well as by the ionic
strength sensitivity of the interaction. In sum, MAPK phosphor-
ylation promotes CBP binding to Etsl via electrostatic effects
combined with a conformational transition involving dynamic
elements of the PNT domain.

Distinct Features of Ets1/CBP Binding. CBP and the closely related
p300 are widely used coactivators, reputed to associate with over
300 DNA binding transcription factors (19, 20). The involvement
of a prestructured module (the core PNT domain) in combina-
tion with a flexible, yet structured region (helix HO) distinguishes
the CBP/Etsl interaction from other known CBP complexes. In
this report mutational studies and NMR titrations demonstrate a
mobile, folded helix in conjunction with a highly stable structured
domain provides the CBP macromolecular interface. Previous

10030 | www.pnas.org/cgi/doi/10.1073/pnas.0915137107

structural studies demonstrated that disordered peptides corre-
sponding to the negatively charged transactivation domains of
several transcription factors, including HIFla, CITED2,
STAT1/2, and p53 fold as induced helices, wrapping around
the extended binding clefts of the TAZ1 and TAZ2 domains
(21-26). Despite these differences, the TAZ1 residues mapped
as contacts for Ets1 overlap with those involved in binding these
other transcriptions factors.

The affinities of known phosphorylation-regulated CBP interac-
tions including phosphorylated Ets1'"138 for TAZ1 (K,; = 1.7 pM,
this paper), KIX binding to phosphorylated KID (K; = 10 pM)
(27) and the phosphorylated p53 binding to TAZ2 (K; =
17.6 uM) (26) are relatively weak in comparison with HIF 1« bind-
ing to TAZ1 with K; = 10 nM (24). This suggests that regulated
macromolecular interfaces function best through weaker interac-
tions that enable responsiveness to signaling pathways.

ETS Family PNT Domains and Cellular Signaling. The PNT domain,
which is present in ~1/3 of ETS proteins, displays close structural
similarity to the SAM domain, a widespread protein-protein and
-RNA interaction module (28) (Fig. S2). Ets1, Ets2, and their
Drosophila ortholog Pnt-P2, as well as GABPa and SPDEF share
an appended N-terminal helix H1. The highly similar proteins
Ets1 and Ets2 also bear the dynamic helix HO (29). These helices
are preceded with conserved spacing by an ERK2 consensus site
only in Etsl, Ets2, and Pnt-P2. An ERK2 docking site is located
on the Etsl and Ets2 PNT domains (11, 12). The conformational
flexibility of helix HO may contribute to the accessibility of Thr38
and Ser41 to the catalytic site of ERK2 while the PNT domain is
docked at an ancillary site on the enzyme (30). We conclude that
the conservation in spacing between the core PNT domain and
phosphoacceptors sites is likely explained by the role of helix
HO in both CBP binding and potentially ERK2 docking. Further-
more, unique regulation of Ets1, Ets2, and Pnt-P2 is enabled by
the two helices appended to the core PNT domain.

The addition of helices N-terminal to the PNT domain
provides functional diversity to ETS family members. The
PNT domain of GABP«, which binds TAZ2, but not TAZI1,
contains only the analogous helix H1 and shows no regulation
by phosphorylation (31). However, this ETS protein has a struc-
tured OST domain that also contributes to CBP binding via TAZ1
and TAZ2 (31). In the cases of vertebrate Tel and Drosophila Yan,
the core PNT domain displays homopolymerization, which is
implicated in transcriptional repression (32, 33). Thus, the broad-
er ETS family illustrates additional ways in which structural
extensions of the core PNT domain provide routes to specific
biological regulation.

Materials and Methods
The experimental procedures are provided in detail as S/ Materials and
Methods.

In Vivo Transcription Assays. Transient expression assays and expression
controls (Fig. S8G) were performed in NIH3T3 mouse fibroblasts as previously
described (8). Superactivation levels (RLAwr or mutant)/ (RLAempty vector) in the
presence of active MEK1 presented in the text were derived from three to
six replica experiments, and except otherwise noted, presented
as mean =+ standard error of the mean.

Protein Purification. Unlabeled and uniformly '>N- or >N/'3C-labeled murine
Ets1 constructs were prepared as described previously (10, 11, 13, 29).
Ets1'"138 and Ets12°'3 were phosphorylated in vitro using 50 mM ATP
and a 1:20 molar ratio of ERK2:Ets1 (8). Phosphorylation states were verified
by electrospray ionization mass spectrometry (ESI-MS). The gene encoding
TAZ1 (CBP340-439) was cloned from the murine CBP gene (GenBank release
no. 70995311) into the pET28b (Novagen) vector for expression as a His-
tagged protein in Escherichia coli BL21(ADE3) cells (31).

Isothermal Titration Calorimetry. ITC experiments were conducted on a VP-ITC
Microcalorimeter, MicroCal LLC. To block reactive cysteines, Ets1'7138 526A and
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2P-Ets117138 526A yere treated with 50 mM iodoacetamide at pH 8.0 and 25 °C
for 1 hr, followed by quenching with 150 mM DTT at 25 °C for 30 min. Mass
spectrometry (ESI-MS Quatro-ll) revealed three acetamide modifications,
on four possible cysteines, in both species. K, values (mean and standard
deviations of four to five measurements) were 58 + 12 uM (Ets1'7138 5264)
and 1.7 £ 1.5 pM (2P-Ets177138 526A)

NMR Spectroscopy. NMR spectra of the Ets1 and CBP constructs were recorded
using Varian 500 MHz Unity and 600 MHz Inova spectrometers. Resonance
assignments were obtained via standard heteronuclear correlation experi-
ments. NMR-monitored titrations were carried out by recording HSQC spec-
tra of ~0.1 mM-labeled protein in 20-50 mM Tris pH 7.0, 20 mM NacCl, 2 mM
DTT, and ~10% D,0O at 25°C, to which the unlabeled protein partner
(~1.2-2.8 mM stock solution in the same buffer) was added in small aliquots.
Rapid amide exchange rates at 30 °C and pH 6.0 were determined for '>N-la-
beled Ets12°7'38 and 2P-Ets12°7'38 by the CLEANEX-PM method (34). The
chemical shifts of Ets12°7'3® [BioMagResBank (BMRB) accession code 4205]
and 2P-Ets12°7'38 (BMRB accession code 16426) have been deposited in the
Biological Magnetic Resonance Data Bank.
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Structure Calculations. Structure calculations were performed using extensive
NMR-derived distance, dihedral angle, and orientation restraints (Table S1).
The atomic coordinates of the Ets12°"'38 (PDB ID code 2jv3) and 2P-Ets12%7138
(PDB ID code 2kmd) ensembles have been deposited in the Protein
Data Bank.
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