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Abstract
ETV6 (or TEL), a transcriptional repressor belonging to the ETS family, is frequently involved in
chromosomal translocations linked with human cancers. It displays a DNA-binding mode distinct
from other ETS proteins due to the presence of a self-associating PNT domain. In this study, we
used NMR spectroscopy to dissect the structural and dynamic bases for the auto-inhibition of
ETV6 DNA-binding by sequences C-terminal to its ETS domain. The CID (C-terminal inhibitory
domain) contains two helices, H4 and H5, which sterically block the DNA-binding interface of the
ETS domain. Importantly, these appended helices are only marginally stable as revealed by amide
hydrogen exchange and 15N relaxation measurements. The CID is thus poised to undergo a facile
conformational change as required for DNA-binding. The CID also dampens millisecond
timescale motions of the ETS domain hypothesized to be critical for the recognition of specific
ETS target sequences. This work illustrates the use of appended sequences on conserved structural
domains to generate biological diversity, and complements previous studies of the allosteric
mechanism of ETS1 auto-inhibition to reveal both common and divergent features underlying the
regulation of DNA-binding by ETS transcription factors.
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Introduction
The human genome encodes 28 ETS transcription factors that play central roles in both the
regulation of normal cellular growth and the development of malignancies.1, 2 A subset of
the ETS genes are involved in human chromosome rearrangements that associate with
specific cancers. ETV6 (or TEL) is best known for its involvement in a variety of
hematopoietic malignancies (reviewed in 3). The altered ETV6 loci encode chimeric
oncoproteins with the self-associating PNT (or SAM) domain of ETV6 fused to either a
tyrosine kinase catalytic domain or the DNA-binding domain of another transcription factor.
In less frequent cases, the ETV6 DNA-binding domain is linked to the transcription
activation domains of MN1.4

Within its native context, ETV6 is a transcriptional repressor and putative tumor
suppressor.5–8 The repressive activity of ETV6 results from its recruitment of several
general co-repressors, including SMRT, mSin3A, and N-CoR, that are ultimately linked to
histone deacetylases.9–12 In addition, the PNT domains of ETV6 and its Drosophila ortholog
Yan form helical polymers, which are proposed to create extended repressive complexes at
target DNA sites.13,14 In support of this proposal, mutations that restrict Yan to a
monomeric state reduce its activity as a transcriptional repressor and impair its function
during embryonic and retinal development.15

As a member of the ETS family, ETV6 contains a conserved ETS domain that mediates
binding to ~9 bp DNA sequences with a core GGA(A/T) motif.16 Recently, we have
demonstrated that ETV6 DNA-binding is strongly inhibited by residues C-terminal to its
ETS domain (Fig. 1A).17 Intriguingly, the effect of this “CID” (C-terminal inhibitory
domain) is partially reduced in larger ETV6 fragments due to dampening effects of
sequences between the PNT and ETS domain. This currently undefined region is termed the
“LID” (linker inhibitory damper). Furthermore, self-association of ETV6 via its PNT
domain facilitates cooperative DNA-binding to tandem ETS sites, thereby compensating for
the low affinity caused by auto-inhibition.14, 17 These target DNA sites can occur in either
orientation and at variable spacing (up to 5 helical turns), suggesting that the linker region
provides a high degree of conformational flexibility for promoter recognition.

Auto-inhibition of DNA-binding has been reported for several ETS transcription factors, yet
the phenomenon has been dissected structurally only in the cases of ETS1 and ETV6.2 An
undocumented model of a human ETV6 fragment determined by the Riken Structural
Genomics Initiative suggested that the CID forms two inhibitory helices, which could
sterically block its DNA-binding interface. This stands in contrast to the allosteric
mechanism of ETS1 auto-inhibition18–20 and reveals both common and divergent features
underlying the regulation of DNA-binding by ETS transcription factors.

In this study, we investigated the mechanism of ETV6 auto-inhibition using NMR
spectroscopy. The tertiary structures of two auto-inhibited fragments of murine ETV6
confirm that the CID forms two helices abutted against the DNA-binding interface of the
winged helix-turn-helix ETS domain. In addition, using amide hydrogen exchange (HX)
and 15N relaxation measurements, we show that the CID inhibitory helices are only
marginally stable and thus poised to undergo a necessary conformational change to remove
the steric blockage of the DNA-binding interface. Furthermore, the CID dampens msec
timescale motions within the ETS domain that are likely required for both interacting with
non-specific DNA sequences and forming high affinity complexes with specific ETS target
sites.21,22 Collectively, these data lead to a model of ETV6 auto-inhibition in which the ETS
domain exists in a conformational equilibrium between a rigid, sterically blocked state that
is recalcitrant to DNA-binding and an unblocked flexible state that can associate with DNA.
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This model provides a structural and dynamic framework for understanding the regulation of
ETV6 in normal cellular context and the aberrant activities of the chimeric oncoproteins
resulting from its alteration by chromosomal translocations.

Results
DNA-binding affinity measurements

To investigate the mechanism of ETV6 auto-inhibition, we focused on three protein
fragments that start at Arg335, span the ETS domain (337–415), and extend to Arg426,
Gln436, or Arg458 (Fig. 1B; Supplemental Fig. S1). These fragments were based
approximately on a previously characterized set of murine ETV6 variants, which uncovered
the strong inhibitory function of residues C-terminal to the ETS domain.17 After an initial
analysis of ETV6Q436, it became apparent that structured regions of the CID might extend
beyond Gln436. Thus, we subsequently investigated ETV6R458, a fragment with 22
additional C-terminal residues that was identified by partial proteolysis as a stable species.
In parallel, we also studied an uninhibited variant, ETV6R426, lacking most of the CID. An
ETS domain-only fragment (ETV6T418) could not be characterized due to its poor
expression and/or stability.

To confirm that these three ETV6 fragments indeed recapitulated auto-inhibition,
equilibrium dissociation (KD) constants for DNA bearing an ETS consensus motif were
determined by electrophoretic mobility shift assays (EMSAs; Fig. 1B). The presence of the
additional C-terminal residues in ETV6Q436 and ETV6R458 led to 14- and 56-fold inhibition,
respectively, relative to the higher affinity ETV6R426 fragment. Parenthetically, the KD
values of ETV6R426 and ETV6R458 are both ~5-fold lower than those obtained under the
current experimental conditions for previously characterized ETV6 fragments spanning
residues 331–426 and 331–458.17 We speculate that this slightly higher affinity might
reflect altered electrostatic interactions with DNA due to the deletion of residues 331Ile-Ala-
Asp-Cys334 and/or the presence of the non-native N-terminal sequence Gly-Ser-His-Met
remaining after thrombin cleavage of the His6-tag used for affinity purification of ETV6R426

and ETV6R458. Nevertheless, we deemed these fragments suitable for further analysis of the
structural and mechanistic bases of ETV6 auto-inhibition.

Structural studies reveal a steric mechanism of ETV6 auto-inhibition
The well-dispersed 15N-HSQC spectra of the three ETV6 fragments confirmed that each
adopted a similar, stable fold in isolation (Supplemental Fig. S2). Signals from the
mainchain and sidechain 1H, 13C, and 15N nuclei of ETV6Q436 and ETV6R458 were assigned
by standard heteronuclear NMR methods, whereas those from the amides of ETV6R426 were
readily annotated by a direct comparison with the 15N-HSQC and 15N-relaxation spectra of
ETV6Q436.

The structural ensembles of ETV6Q436 and ETV6R458 were determined with ARIA/CNS
using NOE-derived distance and chemical shift-derived dihedral angle restraints (Table 1).
As illustrated in Fig. 2, each protein adopts a very similar globular fold composed of five α-
helices and four β-strands (ETV6R458 H1: residues 337–344; S1: 354–358; S2: 363–366;
H2: 369–379; H3: 387–399; S3: 403–405; S4: 412–415; H4: 419–422; H5: 427–440). A
small helical turn also links H1 and S1, but is not explicitly named to maintain consistency
with the previous descriptions of other ETS factors.23 As discussed below, the primary
difference between the two fragments is the shorter helix H5 (residues 430–433) in the
smaller ETV6Q436 construct. The ETV6Q436 and ETV6R458 ensembles also resemble the
undocumented NMR-derived structure of the ETS domain and partial CID of the human

Coyne et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2013 August 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ETV6 ortholog deposited in the Protein Data Bank (2DAO.pdb; compared in Supplemental
Fig. S3).

As expected, residues 337–415 of both ETV6Q436 and ETV6R458 exhibited the well known
architecture of an ETS domain with a winged helix-turn-helix motif (H2-turn-H3) affixed to
a four-stranded anti-parallel β-sheet scaffold. Based on the structures of numerous ETS
factor-oligonucleotide complexes, helix H3 is expected to bind in the major groove of target
DNA sequences, with the invariant Arg392 and Arg395 hydrogen bonding to the guanines
of the core GGA recognition motif. Additional direct and water-mediated contacts are likely
provided by the “turn” between helices H2 and H3, the β-hairpin “wing” between strands S3
and S4, and the N-terminus of helix H1.23

The conformational analysis of the inhibited ETV6 fragments reveals that the structured
CID spans residues 419 through 440 and is composed of two amphipathic helices, H4 and
H5. The interface between the CID and the ETS domain is illustrated in Fig. 3. The short
helix H4 lies anti-parallel along a small N-terminal portion of helix H1, with the sidechains
of Pro419, Ile422, and Met423 in van der Waals contact with those of Trp338, and to a
lesser extent, Tyr342. More substantially, the longer helix H5 packs anti-parallel to the
DNA-recognition helix H3, making extensive interactions with residues along this helix, as
well as at the N-terminal end of helix H1 and the C-terminal end of helix H2. Key
hydrophobic contacts involve Leu430, Leu433, Val437, and Leu438 from helix H5 with
Leu336 and Trp338 of helix H1, Trp376 and Lys380 of helix H2 and the following “turn”,
respectively, and Arg392, Ala393, His396, Tyr397, and Leu400 of helix H3. Many of these
interactions were defined by unambiguous, manually assigned NOE restraints. In addition,
the juxtaposition of complementarily charged sidechains indicates that the docking of the
CID along the ETS domain is also established by electrostatic interactions. Most notably, the
buried carboxylate of Glu434 in the middle of helix H5 is adjacent to the amino group of
Lys380 at the end of helix H2 and within hydrogen bonding distance of the amide of Leu337
at the start of helix H1. This localizes the negatively-charged sidechains of Glu434, as well
as Glu431, near the positively-charged end of the H1 helical dipole, which is predicted to
contact the phosphodiester DNA backbone. Consistent with their key structural roles,
mutation of either of these two residues to an alanine relieves inhibition.17 Asp439 and
Glu440 in helix H5 are also near Arg382 and Arg392 in the “turn” and at the start of H3,
respectively.

Overall, the structural ensembles of ETV6Q436 and ETV6R458 are very similar (Fig. 2).
However, helix H5 is shorter in the smaller construct due to the absence of Val437 through
Glu440. These four residues complete the helix in the full length CID. Although it is
somewhat surprising that a truncated H5 folds and is partially inhibitory, this likely reflects
the importance of the above mentioned electrostatic and hydrophobic interactions involving
residues from helices H1 and H3 with the partial H5, combined with the conformational
dynamics of the CID, presented below. The different C-terminal sequences of ETV6Q436

and ETV6R458 also result in a few modest structural variations between the ETS domains of
the two proteins. Most notably, the indole ring of Trp376 is flipped by ~180° in ETV6R458

relative to ETV6Q436 due to a hydrophobic interaction with Leu438 in helix H5 that is only
possible in the larger fragment. Residues in the “turn,” including Asn384, also adopt
different conformations due to the proximity of the longer helix H5 in ETV6R458.

The docking of helix H5 against all three helices of the ETS domain provides an immediate
explanation for the inhibitory effect of the CID. Specifically, helix H5 sterically blocks the
DNA-binding interface of ETV6. This also requires that the CID be unfolded or otherwise
displaced to allow the well-characterized interactions of the ETS domain with target DNA
sequences. Given that the CID reduced the affinity of these ETV6 fragments for DNA by

Coyne et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2013 August 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



only ~10- to 50-fold, helices H5 and possibly H4 must be dynamic in order to undergo a
facile conformational transition. We tested this prediction using amide HX and 15N
relaxation experiments on the three isolated ETV6 variants.

Amide HX reveals a conformationally dynamic CID that stabilizes the ETS domain
Using complementary proton-deuterium and proton-proton HX experiments measured with
sample pH values ranging from 5.8 and 8.2, we determined the protection factors (PF) for
most amides in ETV6R458, ETV6Q436, and ETV6R426 (Fig. 4). A PF is the ratio kpred/kex,
where kex is the measured HX rate constant for a given amide and kpred is the predicated rate
constant for a corresponding random coil polymer under the same conditions of pH,
temperature, and solvent. According to the standard model of HX in the commonly observed
pH-dependent EX2 regime, the PF is the inverse of an equilibrium constant for fluctuations
between a closed state, where exchange is prevented by the structural (i.e., hydrogen
bonding) and electrostatic environment of an amide, and a transient open exchange-
competent state.24 Thus, PF’s provide a residue-specific measure of the free energy
landscape (ΔG°HX = RTln(PF)) of a protein governing global and local conformational
equilibria linked with exchange.

HX measurements for the ETV6 constructs reveal a wide range of dynamics. For each
protein, the most slowly exchanging amides (PF ~ 2.5 × 104) are located in helix H1 and
strands S1 and S2. These residues likely exchange via a global unfolding pathway and thus
form the stable core of the ETS domain.25 The corresponding ΔG°HX ~ 6 kcal/mol also
provides lower bounds on the unfolding free energy of the ETV6 constructs under native
conditions. In contrast, amides in loop regions, including the “turn” between helices H2 and
H3 and the “wing” between strands S3 and S4, show relatively low PF’s and hence must
exchange via more localized conformational fluctuations. This is consistent with their
generally higher solvent accessibilities and elevated rms deviations in the structural
ensembles of ETV6R458 and ETV6Q436 (Fig. 2). Finally, residues Gln441 through Arg458 in
the C-terminal tail of ETV6R458 show random coil behavior with PF ~ 1, indicating that they
are disordered.

HX measurements clearly demonstrate that the CID region is marginally stable relative to
the ETS domain core. In the case of ETV6R458, the PF’s for residues in helix H5 are ~ 2–30
with Leu430 exhibiting the highest value of only 780 (Fig. 4A). These correspond to an
average ΔG°HX ~ 1.3 kcal/mol for fluctuations leading to an open, exchange competent
state. Thus, in the absence of DNA, helix H5 is poised for a facile conformational change as
required to remove steric blockage and allow DNA-binding by ETS domain. Helix H4 also
shows low PF’s, indicative of limited stability. However, the first three amide nitrogens of a
regular α-helix are generally not involved in intrahelical hydrogen bonding and are not
expected to show protection from HX. Hence, it is difficult to draw conclusions on the
dynamic properties of this short helix in ETV6R458 from the exchange behavior of a limited
number of residues. Although helices H4 and H5 are well defined in the structural ensemble
of ETV6Q436, the entire truncated CID of this intermediate length fragment shows PF’s less
than 10 (Fig. 4B). This demonstrates that, while still partially inhibitory, the residues
forming these helices are in equilibrium with a substantially populated unfolded state.
Finally, in the case of ETV6R426, Asp420 through Arg426 show essentially random coil
exchange kinetics (Fig. 4C). Therefore, in the absence of further NMR data, it is uncertain if
helix H4 is formed at a measurable level in this uninhibited ETV6R426 fragment.

In addition to demonstrating the conformational dynamics of the CID, HX experiments
provide a second key insight into the mechanism of ETV6 auto-inhibition. As summarized
in Fig. 4A, the PF’s of helices H2 and H3 in ETV6R458 are ~ 10 - 100 fold lower than those
of the stable core of the ETS domain. This indicates that the HX of these helices results from
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sub-global fluctuations (ΔG°HX ~ 3–4 kcal/mol) and that the DNA-binding interface of
ETV6 is conformationally flexible. Similar exchange behavior has been reported for the
ETS domains of FLI1,26 SPI1,27 and ETS1,19 and is consistent with the general theme that a
dynamic interface is required for sequence specific DNA-binding.21 More strikingly, the
PF’s of helix H3, and to a lesser extent, helix H2 and strand S4, decrease progressively with
truncation of the CID to form ETV6Q436 and then ETV6R426 (Figs. 4B,C and Supplemental
Fig. S4). As a result, amides throughout helix H3 exchange only ~ 100 fold slower in
ETV6R426 than expected for a random coil polymer. This is indicative of substantial
conformational fluctuations in the uninhibited ETV6 fragment, and demonstrates that the
full CID in ETV6R458 stabilizes the DNA-binding interface of the ETS domain. We
therefore hypothesize that the CID reduces the affinity of ETV6 for DNA via both steric
effects and by dampening necessary flexibility of the ETS domain. This idea is bolstered
by 15N relaxation measurements.

15N relaxation measurements reveal fast dynamics of the ETS domain and CID
To characterize the global hydrodynamic and local dynamic properties of the three ETV6
fragments, amide 15N T1, T2 and heteronuclear NOE relaxation data were also collected for
each protein at 30 °C using a 600 MHz NMR spectrometer. Based on the resulting T1/T2
ratios for well ordered amides, the fit isotropic tumbling correlation times τc for ETV6R458,
ETV6Q436, and ETV6R426 were 8.02 ± 0.1 ns, 6.75 ± 0.04 ns, and 6.17 ± 0.09 ns,
respectively. These global τc values are consistent with the molecular masses of the three
proteins, and confirm that each is indeed monomeric under these experimental conditions.28

Heteronuclear {1H}-15N NOE values decrease from approximately +0.8 to −4 with
increasing mobility of the amide 15N-1HN bond vector on the sub-nsec timescale and thus
provide a sensitive measure of the fast internal backbone dynamics of a protein.29 Focusing
first on the ETS domain, the heteronuclear NOE values of residues in helices and sheets are
uniformly high for all three ETV6 constructs (ETV6R458 average 0.78 ± 0.05),
demonstrating that they are well ordered on this fast timescale (Fig. 5). The lower PF’s for
helices H2 and H3 relative to helix H1 and strands S1 and S2 thus result from flexibility on
a slower timescale, not detectable by this 15N relaxation experiment. In contrast, loop
regions, including the “turn” and “wing” show NOE values as low as ~ 0.5, indicative of
enhanced fast backbone dynamics. This behavior is expected for these solvent exposed
residues of the ETS domain, which also exhibit limited HX protection (Fig. 4) and elevated
rms deviations in the structural ensembles of ETV6R458 and ETV6Q436 (Fig. 2).

Residues forming helices H4 and H5 in the CID of ETV6R458 have average NOE values of
0.64 ± 0.1, indicating that they are generally well ordered, yet exhibit a degree of enhanced
sub-nsec mobility relative the ETS domain (Fig. 5A). This provides further support for the
hypothesis that flexibility of the CID is a key mechanistic feature of the auto-inhibition of
ETV6 DNA-binding. In sharp contrast, residues following helix H5 have significantly
reduced NOE values, as well as elevated T2 lifetimes (Supplemental Fig. S5), random coil
chemical shifts,17 PF’s ~ 1 (Fig. 4A), and high rms deviations in the structure ensemble of
ETV6R458 (Fig. 2), thus confirming that they are conformationally disordered. These data
establish Glu440 as the C-terminal boundary of the structured CID, and indeed the 15N-
HSQC spectrum of ETV6D446′, with residues Glu447-Arg458 deleted, closely resembles
that of ETV6R458 (not shown). Parenthetically, the C-terminus of human ETV6 corresponds
to residue 448 in the murine ortholog, suggesting that the non-conserved extension (Thr449
to Glu485) of the latter may be dispensable. Truncation of the CID leads to greater fast-time
flexibility of the partial helix H5 in ETV6Q436, as evidenced by reduced amide NOE values
(average 0.32 ± 0.17) and longer T2 lifetimes (Fig. 5B and not shown). Helix H4 retains the
same backbone order detected with ETV6R458. The increased flexibility of the truncated
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CID in ETV6Q436 relative to the full CID in ETV6R458 is consistent with the relative levels
of auto-inhibition exhibited by these two proteins (Fig. 1B).

15N relaxation dispersion measurements detect conformational fluctuations of the
uninhibited ETS domain

Amide 15N T2 relaxation measurements also reveal msec-μsec timescale motions in the ETS
domain that are dampened by the CID. A comparison of the relaxation profiles presented in
Supplemental Fig. S5 shows a pattern of reduced T2 lifetimes for residues spanning the C-
terminal end of helix H3 to strand S3 in uninhibited ETV6R426, but not inhibited ETV6R458.
Such behavior is indicative of conformational dynamics that lead to NMR signal
broadening.29 This suggests that part of the DNA-binding interface of the ETV6 ETS
domain is also flexible on the msec-μsec timescale, and that the CID dampens this mobility.
To examine this further, we undertook relaxation dispersion experiments as a more robust
approach for detection of the contributions of conformational exchange on this timescale to
the effective decay of the transverse 15N signal.30

Numerous residues in the ETS domain of ETV6R426′ show exchange broadening, as
reflected by differences in effective relaxation rates, ΔR2eff, with slow versus fast
relaxation dispersion CPMG refocusing pulses. This confirms that the uninhibited ETS
domain indeed undergoes conformational fluctuations between states with different amide
chemical shifts. As summarized in Figure 6A, the effect is most pronounced for amides in
helix H1, the “turn”, and from the end of helix H3 through strand S3. When mapped onto a
model of the predicted ETV6R426′ structure (Fig. 6B), amides withΔR2eff > 5 s−1 are
distributed broadly throughout the ETS domain with some bias towards residues closest to
the DNA-interface. Global fitting the relaxation dispersion profiles for 32 amides in
ETV6R426′ to a two-state model yielded an exchange rate constant kex = 820 ± 10 s−1 and a
population of 4.0 ± 0.1% for the minor state involved in this conformational equilibrium
(Fig. 6C). Importantly, the same residues did not exhibit relaxation dispersion behavior in
the inhibited ETV6D446′ (Fig. 6C and Supplemental Fig. S6) or ETV6R458 (not shown).
Thus, amide T2 relaxation and relaxation dispersion, as well as HX measurements,
demonstrate that the ETV6 ETS domain is dynamic, and that the CID dampens its mobility.

Discussion
ETV6 auto-inhibition: steric blockage and reduced flexibility of the ETS domain

In this study, we dissected the mechanism of ETV6 auto-inhibition by using NMR
spectroscopy to characterize the structural and dynamic properties of three ETV6 fragments
that recapitulated this phenomenon. The structural ensembles of the inhibited ETV6R458 and
ETV6Q436 fragments revealed that the CID contains two helices, H4 and H5, interfaced
closely with the ETS domain of this transcriptional repressor. Most notably, helix H5
contacts all three helices of the ETS domain and, thereby, sterically blocks its DNA-binding
interface. In contrast to the well characterized structures of the ETS proteins ETS1 and
GABP in complex with DNA (Fig. 7), the CID would prevent both base-specific major
groove interactions mediated by the recognition helix H3, as well as key phosphodiester
contacts involving residues in the H2-H3 “turn” and at the N-terminus of helix H1.23,31

Based on these structural data, DNA-binding by ETV6 must require displacement of helix
H5 from its inhibitory position on the ETS domain. Although this could result from a shift of
the intact CID to an alternative tertiary conformation, the simplest mechanism would
involve the transient unfolding of helix H5, and possibly H4, to expose the ETV6 DNA-
binding interface (Fig. 8). Strong support evidence for the latter scenario is provided by two
complementary experimental approaches that detect protein dynamics. First, amides within
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the CID undergo facile amide HX, with PF’s ranging from 2 to 780 for ETV6R458 and < 10
for ETV6Q436. Thus, the inhibitory helices are marginally stable relative to the ETS domain
and readily undergo local conformational fluctuations to unfolded, exchange-competent
states. Second, although well defined in the structural ensembles of ETV6R458, the CID
helices have lower average heteronuclear 15N NOE values than do the secondary structural
elements of the ETS domain. This is indicative of enhanced backbone mobility on the nsec-
psec timescale. These NOE values are reduced further for the truncated, yet still inhibitory,
CID in ETV6Q436. However, msec-μsec timescale conformational exchange was not
detected for the CID of ETV6R458 by relaxation dispersion methods, and thus the
interconversion rates to the unfolded, exchange-competent states were not determined. The
increased flexibility and decreased stability of the truncated helix H5 in the CID of
ETV6Q436 detected by 15N relaxation and HX measurements, respectively, are consistent
with the intermediate level of auto-inhibition of this fragment relative to ETV6R458. These
NMR-based data are also consistent with previous limited proteolysis studies that revealed a
similar inhibited ETV6 fragment (residues Cys334 - Gln436) is susceptible to cleavage at
Arg426 17. Furthermore, alanine substitution of Glu431 and Glu434 in helix H5 relieved
inhibition and increased the protease sensitivity of this site. Arg426 is located at the N-
terminus of helix H5 and, thus, a structural transition such as helical unfolding would likely
be required for access to the active site of the enzyme. Collectively, these dynamic
measurements indicate that unbound ETV6 exists in a conformational equilibrium between
an inhibited state with the folded CID sterically blocking the ETS domain and an
uninhibited state with the CID transiently unfolded.

Dynamic studies revealed that, in addition to sterically blocking ETV6, the CID also
stabilizes the ETS domain and reduces its flexibility. In the absence of the intact CID,
relaxation dispersion measurements uncovered conformational fluctuations for amides
throughout the ETS domain of ETV6R426′. The fluctuations occur with kex = 820 ± 10 s−1

and involve a minor, higher energy state of the protein with a population of 4.0 ± 0.1%.
Complementary amide HX experiments also demonstrated that the recognition helix H3 in
this uninhibited fragment has PF’s of only ~ 100 and thus undergoes substantial local
unfolding. These results are in accord with a general observation of functionally relevant
flexibility in the DNA-binding domains of transcription factors.21,22,32 In contrast,
ETV6R458 did not exhibit detectable exchange broadening and showed increased protection
of helix H3 against HX.

Based on our investigation of the structural and dynamic properties of the ETV6 fragments,
we propose a mechanistic model of auto-inhibition (Fig. 8). Specifically, ETV6 exists in a
conformational equilibrium between a rigid state that is sterically blocked by the folded CID
and a more flexible state with the CID unfolded. The latter state has both an exposed DNA-
binding interface and the necessary mobility to scan non-specific DNA and to form a high
affinity complex with specific target sequences. Aspects of this model will be tested by
investigating the structure and dynamics of the ETV6 fragments bound to DNA bearing
either ETS consensus motifs or non-specific sequences.

Diverse mechanisms of ETS factor auto-inhibition
Auto-inhibition of DNA-binding is a general phenomenon for ETS family members, yet
arises from a range of mechanisms with both common and distinct properties.2 Best
characterized in vitro and in vivo is ETS1, for which a dynamic inhibitory module is formed
by helices both N-terminal (HI-1 and HI-2) and C-terminal (H4 and H5) to the ETS domain
(Fig. 7). In contrast to ETV6, this flanking inhibitory module is distal to the DNA-binding
interface, and auto-inhibition results from the allosteric coupling of DNA-binding with a
conformational change highlighted by the unfolding of HI-1.19,33,34 Furthermore, a
predominantly unstructured serine rich region (SRR) preceding helix HI-1 transiently
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interacts with the inhibitory module to reinforce auto-inhibition. This reinforcement
increases in a graded fashion with progressive multi-site phosphorylation of the SRR by
CaMKII, thereby providing “rheostatic” control of ETS1 at the level of promoter
recognition.18,20

Although ETV6 and ETS1 differ structurally in terms of having steric versus allosteric
inhibitory elements, they also share common underlying dynamic features. In both cases, the
inhibitory helices are marginally stable, as evidenced by HX, NMR relaxation, and
proteolysis measurements, and thus poised to undergo a facile conformational change.18,19

By thermodynamic linkage, the energetic penalty of this conformational equilibrium reduces
the net affinity for DNA. Furthermore, relaxation dispersion and HX measurements revealed
that the DNA-binding interfaces of ETV6 and ETS1 are also flexible, and this flexibility is
dampened by the inhibitory helices.18, 20 In the case of ETS1, this provides a route for
regulation via alternative splicing, post-translational modifications, and protein
partnerships.2 As discussed below, we speculate that such regulatory mechanisms may also
exist for ETV6.

DNA-binding auto-inhibition has been reported for other ETS factors. For example,
members of the PEA3 subfamily have inhibitory sequences flanking their ETS domains.35

However, these appended regulatory elements do not appear to be helical as judged by
proline-scanning mutagenesis.36 In the cases of the ESE and TCF subfamilies, inhibition of
DNA-binding is mediated in complex manners by sequences distant from their ETS
domains.1,37,38 Although the detailed auto-inhibitory mechanisms remain to be elucidated
for these ETS factors, we hypothesize each shares a common underlying feature of dynamic
inhibitory elements quenching motions of the ETS domain that are necessary for specific
DNA-binding.

Appended helices provide biological specificity
All ETS family members are characterized by a conserved ETS domain that mediates
binding to very similar target DNA sequences with a core GGA(A/T) motif. This
exemplifies a conundrum, often seen with transcription factors, for understanding how such
similar proteins can still exhibit diverse biological roles. As reviewed recently, specificity
can arise from numerous avenues including structural variations, post-translational
modifications, and protein partnerships.2 For example, it has been proposed that the
preference of ETV6 for DNA sequences with an adenine following the GGA core arises
from the unusual presence of a histidine (His396), rather than a highly conserved tyrosine,
along its recognition helix H3.16

One intriguing source for ETS factor specificity is the occurrence of appended dynamic
helices on the highly conserved ETS and PNT domains.2 For example, unlike many
characterized ETS family members (including FLI1, SPI1, SPDEF, ELF3, ELF5, and
ELK1), ETV6 and GAPBA have two C-terminal helices affixed to their ETS domains (Fig.
7). Furthermore, ETS1 has two N-terminal helices and two C-terminal helices that fold as a
helical bundle closely interfaced with intervening ETS domain. As discussed above, the
appended helices of ETV6 and ETS1 serve to auto-inhibit DNA-binding, yet by distinct
steric and allosteric mechanisms, respectively. In contrast to ETV6, helices H4 and H5 of
ETS1 are not directly inhibitory, but rather form a scaffold upon which the allosterically-
coupled helices HI-1 and HI-2 fold. In the absence of these N-terminal inhibitory helices,
ETS1 binds DNA with high affinity and structural studies confirm that helices H4 and H5
remain intact.39 However, deletion of the latter impairs the expression and/or solubility of
both ETV6 and ETS1 fragments,40,41 indicating that the C-terminal helices also contribute
to the overall folding and stability of their ETS domains. In the case of GAPBA, helices H4
and H5 have not been reported to have an inhibitory role, but rather serve as a docking site
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for the ankryin repeats of GABPB.42 Unlike other ETS factors, GABP is a heterotetramer
with the α-subunit providing the ETS domain and the β-subunit contributing the
transactivation domain. GABPB also indirectly slows the dissociation of GABP from DNA
by stabilizing GABPA in a high affinity conformation.

In accord with their functional differences, the appended C-terminal helices adopt very
different tertiary positions on the ETS domain of ETV6 relative to those of ETS1 and
GABPA (Fig. 7). Isolated GABPA has not been characterized structurally and thus it is
plausible that helices H4 and H5 are positioned primarily because of their extensive
intermolecular interactions with the ankyrin repeats of GABPB.42 However, this is not the
case for ETS1, as deletion of helices HI-1 and HI-2 does not perturb the helices H4 and H5,
despite their many intramolecular interactions.34, 39 Based on sequence alignments
(Supplemental Fig. S1) and modeling studies (Supplemental Fig. S7), we hypothesize that
the conformational variation between the three ETS factors arise from several non-
conserved amino acid differences in both their ETS domains and appended C-terminal
regions. For example, the packing of helix H5 against helices H1, H2, and H3 of ETV6 to
sterically block DNA-binding involves Leu336 (preceding H1), Leu400 (following H3), and
Leu438 (end of H5). The corresponding residues in ETS1 (Gln336, Lys399, and Pro437)
and GABPA (Gln320, Gly384, and Glu422) would likely disfavor such a hydrophobic
interface involving a long helix. Also, the buried Glu434 from helix H5 appears to play an
important electrostatic or hydrogen bonding role in positioning the CID against the N-
terminus of helix H1 in ETV6. The corresponding Leu433 of ETS1 and Val418 of GABPA
could not serve such a function. Conversely, the sequence of ETV6 would not likely adopt
the fold of ETS1 or GABPA for several reasons. In the case of ETS1, Trp361 (between
strands S1 and S2) and Leu433 (following H5) play important roles in forming the appended
helical bundle. The corresponding charged residues from ETV6, Lys362 and Glu434, would
most certainly disfavor the packing of helix H5 in any comparable position. Similarly, in the
case of GABPA, Val418 and Glu422 help dock helix H5 against the ETS domain. The
corresponding Glu434 and Leu438 of ETV6 have the reversed charge and hydrophobic
properties, and again would disfavor helix H5 from adopting a similar position. In summary,
although sharing many conserved ETS domain features, sequence variations between ETV6,
ETS1, and GABPA can account for the structural and functional differences between their
appended helices, and thus help establish biological diversity.

Auto-inhibition and the regulation of ETV6
Auto-inhibition provides several potential routes for the control of ETV6 function in vivo.
Previously, we demonstrated that dimerization of ETV6 via its PNT domain enables
cooperative binding to tandem consensus DNA sites with variable spacing and orientation.17

This compensates for the low affinity of the auto-inhibited ETS domain towards a single site
and should direct ETV6 to promoters with multiple ETS target sequences, such as those
found for the stromelysin-143 and BcL-XL genes.8 We also discovered that the sequences
linking the PNT and ETS domains of ETV6 partially relieve the auto-inhibitory effect of the
CID (Fig. 1)17. The mechanism by which these presumably flexible LID (“linker inhibitory
damper”) sequences mediate this effect remains to be established through further DNA-
binding and NMR spectroscopic studies of systematic ETV6 deletion fragments. However,
the structural ensembles of ETV6Q436 and ETV6R458 revealed that the N-terminus of helix
H1 abuts the inhibitory helix H5. Thus, its is plausible that the LID is spatially adjacent to
the CID and could alter its structure, stability, or dynamics, and thereby shift the
conformational equilibrium of ETV6 towards a less inhibited state.

By analogy with ETS1, we speculate that the LID and CID integrate regulatory pathways for
ETV6. For example, the repressive activity of human ETV6 is reduced in response to
cellular stress because phosphorylation of Ser257 by the p38 MAP kinase leads to its
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nuclear export.44 However, it has also been reported that phosphorylation of Ser213 and
Ser257 by the ERK MAP kinase reduces the affinity of ETV6 for DNA.45 Although the
mechanism underlying this effect is currently unknown, it is plausible that the modification
of these potential LID residues impairs their dampening effect on the CID to enhance auto-
inhibition. Adding layers of complexity, sumoylation of Lys11 has also been reported to
inhibit the repressive function of ETV6, possibly by impeding DNA-binding.46 Consistent
with this observation, an ETV6 isoform formed using Met43 as the initiation codon is
strongly repressive. Alternatively, the interactions of ETV6 with several co-repressor
complexes including mSin3A, SMRT,9 N-CoR,10,12 and Tip6047,48 have been mapped to
the residues between the PNT and ETS domains. These partnerships could conceivably
relieve or enhance auto-inhibition by modulating the dampening effect of the LID.
Precedence for this regulation of auto-inhibition is seen by the relief of ETS1 auto-inhibition
through cooperative interactions with transcription factors including RUNX149 and PAX550

and re-enforcement auto-inhibition by calcium-dependent phosphorylation.18 The structural
and dynamic analyses of ETV6 presented herein provide a foundation for investigating these
and other potential regulatory pathways mediated through the auto-inhibition of DNA-
binding.

Materials and Methods
Protein expression and purification

All murine ETV6 fragments were expressed with an N-terminal His6-affinity tag and
thrombin proteolysis site from pET28b+ vectors in E. coli BL21 (λDE3) cells. The samples
were purified by conventional Ni+2-affinity chromatography, followed by thrombin cleavage
of the affinity tag, and gel filtration chromatography. Gel filtration chromatography was
used as a polishing step to remove thrombin and the cleaved histidine tag, and to buffer
exchange the NMR sample. Proteins used in EMSA were subjected additionally to anion
and cation exchange chromatography prior to gel filtration to ensure purity necessary for
accurate protein concentration determination. Detailed procedures are provided as
Supplementary Methods. The final proteins are denoted as ETV6R426 (residues Arg335-
Arg426), ETV6Q436 (Arg335-Gln436), and ETV6R458 (Arg335-Arg458). At the end of this
study, two additional constructs were generated for relaxation dispersion measurements,
namely ETV6R426′ (Gly329-Arg426) and ETV6D446′ (Gly329-Asp446) with six additional
N-terminal residues included before the start of helix H1. Both have the sole cysteine
(Cys334) mutated to serine, and the latter also lacks the disordered C-terminal residues after
helix H5. All proteins contain four non-native N-terminal residues (Gly-Ser-His-Met)
remaining from the cleavage site.

Electrophoretic mobility shift assays
The equilibrium dissociation constants (KD) of the ETV6 fragments for a 23-bp double
stranded duplex containing a consensus ETS binding site (underlined), 5′-
TCGACGGCCAAGCCGGAAGTGAGTGCC-3′ (top strand), were measured with EMSAs,
as described previously17 except for following details. Binding equilibria and gel
electrophoresis were performed at 4 °C and the use of a Biorad mini-gel system enabled
loading and running to be executed in 45 min. All protein concentrations were determined
by use of calculated molar absorptivities.

NMR experiments
Unless stated otherwise, NMR experiments were performed using Varian Unity 500 MHz
and Inova 600 MHz spectrometers and proteins were 0.4–0.6 mM in 90% sample buffer (50
mM phosphate, 200 mM NaCl, pH 5.8) with 10% D2O lock solvent at 30 °C. Spectra were
processed and analyzed using NMRPipe51 and Sparky.52 Initial HSQC spectra, 15N
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relaxation measurements, and hydrogen exchange (HX) experiments were recorded using
uniformly 15N labeled samples. Standard multidimensional NMR spectra53 for resonance
assignments and NOE distance restraints were obtained using uniformly 13C/15N labeled
samples. A long range 15N-HSQC experiment was used to determine the chemical shifts and
protonation/tautomeric states of the histidine residues.54 The signals from aromatic nuclei
were assigned with 2D 1H-13C correlation experiments.55,56 Simultaneous
3D 1H-15N/13C-1H NOESY-HSQC (aliphatic/aromatic; τmix = 100 ms), and constant time
methyl-methyl and amide-methyl 15N/13C-13C-1H NOESY spectra (τmix = 140 ms) were
collected for NOE distance restraints.57,58 The chemical shift assignments of ETV6Q436 and
ETV6R458 have been deposited in the BioMagResBank under accession codes 17741 and
17742, respectively.

Structure calculations
The structural ensembles of ETV6Q436 and ETV6R458 were determined using the automated
iterative ARIA v2.3 assignment protocol59 with the program CNS60 with chemical shift
assignments, dihedral angle restraints, and NOESY crosspeaks and distance restraints as
input data (Table 1). The dihedral angles were predicted from the 13Cα, 13Cβ, 13C′, 1Hα,
and 1HN chemical shifts with TALOS+.61 Interproton NOESY crosspeaks were picked
manually and initially assigned either manually or automatically. Additional manual
assignments were added throughout the refinement stages. Automated assignments were
obtained with chemical shift tolerances set as Proton1 0.03 ppm, Hetero1 0.04 ppm, Proton2
0.03 ppm, and Hetero2 0.04 ppm. For iterations it0–it3 and i4-it8, 60 and 30 structures,
respectively, were calculated per cycle, with the 20 lowest energy structures carried over to
each subsequent iteration, as well as to a final water refinement step. Default ARIA
parameters were used from it0 to it5. The tolerance threshold, violation threshold, and
maximum contributions were then adjusted to tighten the criteria for including an assigned
peak in the calculations. The parameters were lowered from it6 to it8 as follows: violation
tolerance 0.09, 0.07, 0.05 Å; violation threshold 0.5, 0.4, 0.3 Å; maximum contributions 15,
10, 5.62 The refinement steps involved manual inspection of distance violations over 0.5 Å,
restraints not used in the calculations, and ambiguous restraints with three or more
contributions. Secondary structure boundaries were determined using Promotif63 and
Procheck-NMR,64 and figures rendered with PyMol.65 The final structural ensembles for
ETV6Q436 and ETV6R458 have been deposited in the Protein Data Bank under accession
codes 2LF7.pdb and 2LF8.pdb, respectively.

Amide hydrogen exchange
Slow (minutes-days timescale) amide proton-deuterium exchange rates for ETV6R426,
ETV6Q436, and ETV6R458 were measured at 30 °C from a series of sensitivity-
enhanced 15N-HSQC spectra66 recorded following rapid transfer of the 15N-labeled proteins
through a Sephadex G-25 spin column equilibrated with sample buffer (uncorrected pH*

5.8) prepared in 99% D2O.67 After a deadtime of ~ 8 min, six 15N-HSQC experiments were
collected in succession with acquisition times of ~ 8 min per spectra. Subsequent spectra
were recorded over the period of 8 days with increasing numbers of transients per t1
increment for improved signal-to-noise ratios. Pseudo-first order rate constants for
exchange, kex, were obtained by non-linear least squares fitting (Matlab) of peak intensity, It
(scaled according to the number of transients), versus the mid-point time of each spectrum to
the equation It = Ioexp(−kext) + I∞, where I∞ accounts for residual protons from the initial
H2O buffer.

Rapid (seconds timescale) amide proton-proton exchange rates for 15N-labeled ETV6R426,
ETV6Q436, and ETV6R458 in sample buffer adjusted pH 6.4, 7.4 or 8.2 were measured at 30
°C by the CLEANEX-PM method.68,69 For each sample, a series of six spectra with transfer
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periods ranging from 10 to 60 msec were recorded in 4 hr per spectrum using recycle delays
of 1.5 s. Reference spectra were recorded in 2.5 hr using a recycle delay of 12.0 s to ensure
complete water relaxation. Pseudo-first order rate constants for chemical exchange, kex,
were obtained by non-linear least squares fitting of peak intensities versus transfer time to
using a Matlab module provided by W.-Y. Choy (University of Western Ontario). A scaling
factor of 0.7 was applied to account for the steady-state water magnetization.

The protection factor (PF) for each amide was determined as the ratio kpred/kex where kpred
is the predicted exchange rate constant for an unstructured polypeptide with the sequence of
the ETV6 fragment. The kpred values were calculated with the program Sphere70 using poly-
DL-alanine reference data corrected for amino acid type, temperature, pH, and isotope
effects.71,72 The reported PF of a given amide corresponds to the kex measured most reliably
by the proton-deuterium or proton-proton exchange protocols. The comparison of PF values
thus assumes an EX2 mechanism with first-order dependence of exchange rate constants on
sample pH over the conditions utilized for these studies.24

Amide 15N relaxation
Amide 15N T1, T2, and steady-state heteronuclear NOE experiments were collected for 15N-
labeled ETV6R426, ETV6Q436, and ETV6R458 at 30 °C on a Varian Inova 600 MHz
spectrometer73. Spectra for the T1 (10, 30, 50, 100, 151, 301, 452, 602, 853 and 1254 msec)
and T2 (17, 34, 51, 68, 84, 101, 118, 135, 152 and 169 msec) time series were recorded in a
random order. Each set of peak intensities was fit to a single exponential decay with
associated errors using the “relaxation peak heights” function of Sparky with the “heights at
assigned peak positions only” option.52 The heteronuclear {1H}-15N NOE values were
determined by taking the ratios of corresponding peak heights, acquired with and without 3
sec of 1H saturation and a total recycle delay of 5 sec. Global correlation times τc were
extracted from these relaxation data using Tensor2.74

Amide 15N relaxation dispersion
Amide relaxation-compensated 15N-CPMG-HSQC spectra were recorded with Bruker
Avance III 500 and 850 MHz spectrometers for 15N-labeled ETV6R426′ and ETV6D446′ in
20 mM phosphate, 50 mM NaCl, pH 6.5 at 25 °C.75 Interleaved spectra corresponding to the
effective B1 fields, νCPMG (50, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, and 1000
Hz with repeat points at 100 and 700 Hz for error analysis), were collected in random order
with a constant time delay T = 40 msec. The effective field νCPMG = 1/(4τCPMG) with
2τCPMG being the time between the centers of successive refocusing pulses. The spectra
were analyzed using the autoFit.tcl script of NMRpipe to obtain values of R2eff = (−1/
T)ln(ICPMG/Io) as a function of νCPMG, where ICPMG and Io are peak intensities with and
without the CPMG pulse train, respectively. The resulting dispersion curves for 32 residues
(Met(−1), Tyr340, Gln343, Ser346, Ser348, Glu357, Ile363, Phe364, Arg365, Asn370,
Gly371, Trp376, Asn378, Arg382, Thr386, Lys389, Met390, Ser391, Arg392, Ala393,
Arg395, Tyr398, Lys405, Glu406, Gln409, Leu412, Phe413, Lys417, Thr418, Ile422,
Met423 and Ser424) were fit globally to obtain populations and the conformational
exchange rate constant kex using the Matlab program GUARDD.76

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Conserved DNA-binding ETS domain of ETV6 is auto-inhibited

• Two C-terminal inhibitory helices sterically block the DNA-binding interface

• Inhibitory helices are dynamic, marginally stable, and poised to unfold

• Inhibitory helices also dampen ETS domain motions

• Protein dynamics control DNA-binding and differentiate ETV6 from other ETS
factors
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Fig. 1. ETV6 modular structure and DNA-binding affinity
(A) Cartoon of murine ETV6 showing the PNT (green) and ETS (red) domains, along with
the LID and the inhibitory CID composed of helices H4 and H5 (cyan) (adapted from 17).
(B) The primary truncation fragments used in this study span from Arg335 to the indicated
C-terminal residue. Affinities for a DNA duplex displaying a consensus ETS-binding site
were determined by EMSA from three or two (in the case of ETV6R426) independent
binding isotherms. The KD values and errors reflect the precision of a single curve fit of all
data points for each fragment to the equation for a binary interaction. Fold inhibition
represents decreased affinity relative to ETV6R426.
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Fig. 2. Structural ensembles of ETV6Q436 and ETV6R458

Shown are Cα-ribbon diagrams of the refined twenty member ensembles of ETV6R458

(upper) and ETV6Q436 (lower), along with a cartoon diagram of one low energy structure of
each protein (left). The ribbon diagrams are rotated by ~180° about the vertical axis. The
secondary structural elements of the ETS domain and CID are highlighted in red and cyan,
respectively. The disordered N-terminal Gly-Ser-His-Met and C-terminal residues 446–458
have been removed for clarity.
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Fig. 3. Helices H4 and H5 of the CID dock along helices H1, H2, and H3 of the ETS domain via
hydrophobic and electrostatic interactions
Shown are the sidechains of all CID residues and selected ETS domain residues in one
member of the ETV6R458 structural ensemble (carbon, green; oxygen, red; nitrogen, blue;
hydrogens removed for clarity). In this position, the CID sterically blocks the DNA-binding
interface of the ETS domain, which is centered around the recognition helix H3 (see Fig. 7)
and includes the N-terminus of helix H1 and residues in the turn between helices H2 and H3.
Cartoons of the helices and strands are colored as in Fig. 2. The two views are rotated by
~180° about the vertical axis.
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Fig. 4. Amide HX studies demonstrate that the CID is flexible and stabilizes the ETS domain
HX protection factors (PF’s) for the ETS domain (red) and CID (cyan) of (A) ETV6R458,
(B) ETV6Q436, and (C) ETV6R426 measured at 30 °C via either slow proton-deuterium or
fast proton-proton exchange experiments. The relatively low PF’s for helix H5 demonstrate
that the CID is only marginally stable and poised to unfold. Furthermore, inclusion of the
partial (ETV6Q436) or full CID (ETV6R458) progressively stabilizes helix H3 against HX.
Missing data points correspond to prolines, amides with overlapping signals, or amides for
which HX rates could not be determined reliably by either exchange method (i.e., exchange
lifetimes between several seconds and a few minutes). The indicated magnitude of the
estimated PF error, on a logarithic scale, is based on assumed worse case errors of ± 20% in
both measured and predicted exchange rates. The PF’s less than 1 reported for a few
residues undergoing rapid HX are attributed to exchange outside the EX2 regime, inaccurate
kpred values (particularly for ionizable sidechains), and errors associated with the
CLEANEX-PM technique.77 The cartoon in the upper region of the plot defines the
secondary structure regions of ETV6R458 with coloring as described in Fig. 2. Plots showing
the relative PF’s of ETV6Q436 and ETV6R426 versus ETV6R458 are presented in
Supplemental Fig. S3.
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Fig. 5. Fast nsec-psec timescale mobility of amides in ETS domain and CID are revealed by
reduced steady-state heteronuclear {1H}-15N NOE values
Shown are the relaxation data for (A) ETV6R458, (B) ETV6Q436, and (C) ETV6R426.
Decreasing NOE values correspond to increasing mobility of the 15N-1HN bond on a sub-
nsec timescale. Missing data points correspond to prolines and amides with weak or
overlapping signals. Average errors are ± 5% (magnitude indicated in panel A). The cartoon
representation of the secondary structure of ETV6R458 is also given with coloring as in Fig.
2.
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Fig. 6. Amide 15N relaxation dispersion experiments reveal msec-μsec conformational exchange
in the ETS domain that is dampened by the CID
(A) ΔR2eff values for ETV6R426′ from relaxation dispersion experiments with νCPMG of 50
Hz versus 1000 Hz, recorded using an 850 MHz NMR spectrometer. The cartoon
representation of the secondary structure of ETV6R426 is also given with coloring as in
Figure 2; however, it is unknown if helix H4 remains stably folded in this variant. (B) When
mapped on the predicted structure of ETV6R426′, residues with an arbitrary cut-off of
ΔR2eff > 5 s−1 (orange) or ΔR2eff > 10 s−1 (green) are broadly distributed through the ETS
domain with some bias towards to the DNA-binding interface (centered around helix H3;
see Fig. 7). In contrast, such exchange broadening is not seen for ETV6D446′ (Supplemental
Fig. S6) or ETV6R458 (not shown) with an intact CID. (C) Complete relaxation dispersion
profiles recorded with 500 MHz (blue boxes) and 850 MHz (green circles) spectrometers for
uninhibited ETV6R426′ (left) and inhibited ETV6D446′ (right). Both Ala393 (helix H3) and
Thr418 (between strand S4 and helix H4) show exchange broadening in ETV6R426′ but not
ETV6D446′. Also presented is a control amide in Trp356 (strand S1) showing no dispersion
in either protein. Error bars are smaller than the symbols, and the lines are best fits to a two-
state exchange model.
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Fig. 7. Appended helices provide specificity to ETS factors
Shown are the ETS domains (red) and appended helices (cyan) present in free ETV6, the
complex of GABPA with GABPB (yellow) and DNA (1AWC.pdb), and ETS1 in its free
(1R36.pdb) and DNA-bound (1MDM.pdb) forms. A comparison of these structures shows
that the CID helix H5 sterically blocks the DNA-binding interface of ETV6. In contrast,
ETS1 contains a distal inhibitory module formed by helices flanking the ETS domain, and
helix HI-1 unfolds in an allosteric response to DNA-binding. Multi-site phosphorylation of
an unstructured Serine Rich Region (SRR) stabilizes the inhibitory module and thereby
increases auto-inhibition.18 In the case of GABP, helix H5 contributes to an interface with
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the ankyrin repeats of GABPB, and the presence of GABPB indirectly enhances the affinity
of GABPA for DNA.42
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Fig. 8. A dynamic model of ETV6 auto-inhibition
The CID both sterically blocks the DNA-binding interface of the ETS domain and shifts a
conformational equilibrium towards a more rigid, inactive state. Helix H5 (and possibly H4)
is either displaced or more likely unfolded (as shown) upon DNA binding. Not included is
the LID region, which attenuates the inhibitory effect of the CID by an unknown
mechanism, as depicted in Fig. 1A.17
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Table 1

NMR Restraints and Statistics for the ETV6R458andETV6Q436 Ensembles

ETV6R458 ETV6Q436

Number of restraints

 NOEsa

  Intraresidue 1302 (146) 1182 (215)

  Sequential 450 (75) 555 (167)

  Medium Range (|i−j| = 2–4) 316 (72) 475 (190)

  Long Range (|i−j| ≥ 5) 485 (146) 692 (311)

  Total 2553 (439) 2904 (883)

 Dihedral angles

  (ψ,φ) 95, 95 84,84

Deviation from restraints

 NOE (Å) 0.0470 ± 0.0214 0.0390 ± 0.0018

 Dihedral angles (degrees) 0.62 ± 0.026 0.64 ± 0.013

Deviation from idealized geometry

 Bonds (Å) 0.0049 ± 0.0002 0.0058 ± 0.0002

 Angles (degrees) 0.6238 ± 0.0261 0.6419 ± 0.0127

 Improper angles (degrees) 1.570 ± 0.1051 1.588 ± 0.084

Residues located within the generously allowed regions of the Ramachandran plot 99.6 % 99.7 %

rmsd from the average structures (Å) b

 Backbone 0.48 ± 0.07 0.40 ± 0.03

 Backbone and sidechains 1.05 ± 0.09 1.07 ± 0.05

a
Number of unambiguous and, in parentheses,ambiguous restraints.

b
rmsd valuesfor the 20 member ensembles calculated for non-hydrogen atoms over all residues inthe range of Leu336 to Gln441 for ETV6R458

and Leu336 to Glu434 for ETV6Q436.
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