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DNA binding of the transcription factor Ets-1 is nega-
tively regulated by three inhibitory helices that lie near
the ETS domain. The current model suggests that this
negative regulation, termed autoinhibition, is caused by
the energetic expense of a DNA-induced structural tran-
sition that includes the unfolding of one inhibitory he-
lix. This report investigates the role of helix H1 of the
ETS domain in the autoinhibition mechanism. Previous
structural studies modeled the inhibitory helices pack-
ing together and connecting with helix H1, suggesting a
role of this helix in the configuration of an inhibitory
module. Recently, high-resolution structures of the ETS
domain-DNA interface indicate that the N terminus of
helix H1 directly contacts DNA. The contact, which is
augmented by the macrodipole of helix H1, consists of a
hydrogen bond between the amide NH of leucine 337 in
helix H1 and the oxygen of a corresponding phosphate.
We propose that this hydrogen bond positions helix H1
to be a link between autoinhibition and DNA binding.
Four independent approaches tested this hypothesis.
First, the hydrogen bond was disrupted by removal of
the phosphate in a missing phosphate analysis. Second,
base pairs that surround the helix H1-contacting phos-
phate and appear to dictate DNA backbone conforma-
tion were mutated. Next, a hydrophobic residue in helix
H1 that is expected to position the N terminus of the
helix was altered. Finally, a residue on the surface of
helix H1 that may contact the inhibitory elements was
changed. In each case DNA binding and autoinhibition
was affected. Taken together, the results demonstrate
the role of the dipole-facilitated phosphate contact in
DNA binding. Furthermore, the findings support a
model in which helix H1 links the inhibitory elements to
the ETS domain. We speculate that this helix, which is
conserved in all Ets proteins, provides a common route
to regulation.

In eukaryotes, conserved families of DNA-binding proteins
regulate unique biological target genes despite binding to sim-
ilar DNA sequences. The ets family of transcription factors is
one such example in that all Ets proteins bind a core 5�-GGAA/
T-3� sequence through the conserved ETS domain (1, 2). The

ETS domain displays a winged helix-turn-helix motif (Fig. 1),
consisting of three � helices and four � strands (termed the
wing). High-resolution crystal structures of four ETS domains
(PU.1, GABP�, SAP-1, and Elk-1) in complex with DNA reveal
that most of the conserved residues in the ETS domain make
similar base-specific and phosphate contacts (3–7). Despite this
common mode of DNA binding, each Ets protein is expected to
regulate transcription of distinct genes. Multiple mechanisms
lend specificity to ETS domain DNA binding (1, 2, 8). In the
case of Ets-1, autoinhibition negatively regulates DNA binding
and provides a route to specificity (reviewed in Ref. 9).

Autoinhibition is characterized by the observation that dele-
tion or mutation of a region outside of a specific domain can
modulate the activity of that domain. For example, in Ets-1,
inhibitory elements that lie both N- and C-terminal to the ETS
domain form a structural module that cooperatively represses
the DNA binding activity of the ETS domain (10–13). Second-
ary structural studies by NMR spectroscopy demonstrate that
the inhibitory module is composed of three helices: HI-1, HI-2,
and H4 (Fig. 1, A and B) (14). Furthermore, the inhibitory
module undergoes a conformational change upon binding to
DNA. Our current model of autoinhibition hypothesizes that
the energetic expense of this conformational change accounts
for the relatively low DNA binding activity of the ETS domain
in the presence of the inhibitory helices. The most dramatic
feature of this conformational change is the unfolding of helix
HI-1, which is detected by both protease sensitivity and circu-
lar dichroism (Fig. 1B) (13, 15). Although the unfolding of this
helix is central to the autoinhibition mechanism, the existing
experimental data do not provide a cause for this conformation
change. For example, the inhibitory mechanism is not likely to
work by steric interference because the inhibitory module, as
modeled, does not directly occlude the contacts of the ETS
domain with DNA.

Structural studies of the ETS domain-DNA interface and the
inhibitory module provide molecular details that suggest helix
H1 is the keystone of the autoinhibition mechanism. Compar-
ing crystallographically determined models of the ETS domain-
DNA complex (3–7), we observed that in addition to the helix-
turn-helix motif the highly conserved helix H1 of the ETS
domain also plays a role in DNA binding. Specifically, the
amide NH of leucine 337 at the N terminus of helix H1 is within
hydrogen bonding distance of an oxygen atom of a specific
phosphate (Fig. 1B), yielding an interaction that is facilitated
electrostatically by the macrodipole of helix H1 (16). This
highly directional and distance dependent interaction is ex-
pected to be sensitive to the precise conformation of DNA and
the orientation of the N terminus of helix H1 with respect to
DNA. In addition, NMR studies of inhibited and activated
forms of Ets-1 in the absence of DNA suggest that the inhibi-
tory module packs against helix H1 (14, 17). Based on this
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collection of structural information, we speculated that helix
H1 could structurally and functionally couple the ETS domain
to the inhibitory module (9). In our model, helix H1 in the
unbound state contributes to the stability of the inhibitory
module by direct interactions with both the inhibitory helices and
the helix-turn-helix of the ETS domain. In the bound state, the N
terminus of helix H1 directly contacts the phosphate backbone.
We suggest that these two roles require alternative conforma-
tions of helix H1 with different packing interactions. Thus, DNA
binding is accompanied by a change in helix H1 that destabilizes
the inhibitory module. This potentially subtle change could in-
volve an alteration in helix H1 structure and/or an adjustment in
the orientation of the helix relative to other components.

To test this model we investigated the role of helix H1 in
DNA binding and autoinhibition using two well characterized
N-terminal deleted versions of murine Ets-1: �N280, which
spans the intact inhibitory module as well as the ETS domain
and displays full autoinhibition; and the further truncated
�N331, which lacks the two N-terminal inhibitory helices and
is fully de-repressed (Fig. 1A) (15). To probe the role of helix
H1-DNA contact, we disrupted the hydrogen bond between
helix H1 and phosphate oxygen directly by removing the phos-
phate or indirectly by changing the DNA sequence to alter its
backbone conformation. In a complementary manner, we mu-
tated amino acids in helix H1 that either pack against the
helix-turn-helix of the ETS domain or connect the helix to the
inhibitory module. Both classes of mutants affected autoinhi-
bition. These findings support the hypothesis that the helix
H1-phosphate contact contributes significantly to the ETS do-
main-DNA interaction. Furthermore, helix H1 connects to a
network of intramolecular and intermolecular interactions that
is essential for autoinhibition. This model suggests that helix
H1 can serve as an allosteric control switch for both positive
and negative regulation of ETS domain-DNA binding.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis and Construction of Bacterial Expression
Constructs—Mutagenesis was performed in high copy pET derivative
(pAED) vectors containing murine Ets-1 cDNA that encoded �N280 or
�N331 (15). Protein mutants L337I, L337V, L337A, Q339E were gen-
erated with PCR using the same C-terminal primer (5�-GCGGCTCAG-
CAGGATCCCTAGTCAGCATCCGGCTTTA-3�) and different N-termi-
nal primers for each mutant. A Bsp120I site was introduced between
nucleotides 999 and 1006 of the cDNA open reading frame of Ets-1 to
facilitate this strategy. A Bsp120I-BamHI fragment of the PCR product
that encoded Ets-1 residues 333–440 with each mutation was subcloned
into pAED-�N280 and pAED-�N331.

The N-terminal primer sequence for L337I, L337V, and L337A mu-
tants is: 5�-GCGGGCCCATCCAGXXXTGGCAGCTTTC-3�, with the
“XXX ” positions as “ATC” for L337I, “GTG” for L337V, and “GCG” for
L337A. The N-terminal primer sequence for Q339E mutant is: 5�-CG-
CGGGCCCATCCAGCTGTGGGAGTTTCTTCTGGAA-3�. Underlining
denotes altered codon.

Protein mutants R409A, R409K, K404A were generated by Quick-
Change™ site-directed mutagenesis kit (Stratagene). The top strand
primers for each mutant are as follows: 5�-GACGGCGGGCAAGGC-
CTACGTATACCGC-3� (R409A), 5�-CCACAAGACGGCGGGCAAGAA-
GTACGTATACCGCTTTG-3� (R409K), and 5�-GACAAAAATATCATC-
CACGCCACGGCGGGCAAGCGC-3� (K404A).

Protein Expression and Purification—All versions of �N280 and
�N331 were synthesized in Escherichia coli BL21� (DE3);pLysS. Cul-
tures of 500 ml were grown at 37 °C in L-broth, and protein expression
was induced at midlog phase for 1.5 h by the addition of 1 mM isopropyl
�-D-thiogalactopyranoside. Harvested cells were resuspended in 25 ml
of lysis buffer (25 mM Tris-HCl, pH 7.9, 1 mM EDTA, 1 M KCl) with 1 mM

phenylmethylsulfonyl fluoride and 10 mM dithiothreitol and lysed by
sonication (Heat Systems, Inc.). All proteins were purified as described
previously for wild type �N280 and �N331 (15). Purity was estimated
to be greater than 90% by Coomassie Blue staining of SDS polyacryl-
amide gels. Protein concentrations were determined by spectrophotom-
etry with calculated extinction coefficients (18) after denaturing in 6 M

guanidine-HCl (Pierce).

Proteolysis Assays—Partial proteolysis assays on protein-DNA com-
plexes were performed with trypsin in 20 �l of buffer (25 mM Tris, pH
8.5, 10 mM CaCl2, 1 mM dithiothreitol) with 10 �M of �N280, each DNA
duplex at 125 �M, and 0.05 �g of protease. The DNA duplex concentra-
tion was based on calculations that utilize affinity as well as total DNA
and protein concentration to predict occupancy. We chose a DNA con-
centration that is predicted to give �99% protein in complex with all
DNA duplexes tested. However, an experimental test with gel electro-
phoretic mobility shift assay (13) indicated that �20% of the protein
appeared to be unbound in two low-affinity nicked duplexes tested
(nicked �2 and nicked �5�). We do not have an explanation for this
phenomenon. Reaction mixtures were incubated at 25 °C for 0.5, 2, 5,
and 10 min and were then stopped by adding SDS-PAGE sample buffer
and incubated at 95 °C for 5 min. Digestion products were resolved on
18% SDS polyacrylamide gels and visualized by staining with Coomas-
sie Blue. The intensities of the protein bands on the gel were quantified
by Gel Doc 2000 (Bio-Rad).

Partial proteolysis assays on the �N280 mutants were performed as
described above with 2 �g of wild type or mutant protein and 0.2 �g of
protease. Reaction mixtures were incubated at 25 °C for 3 min and then
stopped by adding SDS-PAGE sample buffer and incubated at 95 °C for
5 min. Digestion products were resolved on 18% SDS polyacrylamide
gels and visualized by staining with Coomassie Blue.

Synthetic Oligonucleotides—Oligonucleotides were synthesized and
subjected to trityl-affinity chromatography on an automated DNA syn-
thesizer (Applied Biosystems 3948) followed by gel filtration on Bio-
spin-6 (Bio-Rad). Both strands for unnicked DNA duplexes were 5�
end-labeled with T4 polynucleotide kinase and [�-32P]ATP (4500 Ci/
mol) and annealed as described previously (13). For nicked DNA du-
plexes, the intact strand and one of the two complementary strands
were labeled such that the nick would have two free hydroxyls. After
labeling reactions were stopped, the second complementary strand was
added, and these strands were annealed to generate nicked DNA
duplexes.

The 9-bp high-affinity binding site, termed SC1 (11), was used as the
Ets-1 recognition site in all assays. A 27-bp duplex (SC1–27) was used
in DNA binding assays with protein mutants and served as the parental
duplex for mutated DNA duplexes. Nicked duplexes that are missing
right flank phosphates were based on SC1–27. A 35-bp duplex (SC1–35)
was used as the parental duplex for nicked duplexes that are missing
left flank phosphates. The sequences for the parental duplexes were:
5�-GCCAAGCCGGAAGTGTGTGGTAAGCAG-3� (top strand, SC1–27),
5�-CTGCTTACCACACACTTCCGGCTTGGC-3� (bottom strand, SC1–
27), 5�-GAATATGGGCCAAGCCGGAAGTGTGTGGTAAGCAG-3� (top
strand, SC1–35), and 5�-CTGCTTACCACACACTTCCGGCTTGGCCC-
ATATTC-3� (bottom strand, SC1–35).

DNA Binding Assays—Equilibrium dissociation constants (KD) were
measured by quantitative electrophoretic mobility shift assay. In brief,
binding reactions in a 20-�l volume containing of 25 mM Tris-HCl (pH
7.9), 10% glycerol, 1 mM EDTA, 50 mM KCl, 6 mM MgCl2, 0.1 mg/ml
bovine serum albumin, and 1 mM dithiothreitol were incubated for 20
min at 4 °C to reach equilibrium. Protein concentration was varied,
whereas the DNA concentrations were kept constant and below 10�11 M.
Electrophoresis was performed at 4 °C on 6% native polyacrylamide
gels as described previously (13). Gels were run at 30 V/cm for 1.5 h and
dried on filter paper. Radioactivity was quantified by PhosphorImager
(Molecular Dynamics). Equilibrium dissociation constants (KD) were
determined by plotting the fraction of bound DNA ([DP]/[Dt]) versus the
concentration of free protein ([P]) (13). KD values were obtained by
nonlinear least square fitting of the mean data points to the rearranged
equilibrium equation [PD]/[Dt] � 1/(1�(KD/[P])) (KaleidaGraph, ver-
sion 3.0, Synergy Software). The total concentration of DNA ([Dt]) was
kept at least 20-fold below the expected KD of the Ets-1 species, allowing
the assumption that [P] is equal to the total protein concentration ([Pt])
in the binding reaction. Data points are the mean values from two
experiments. Error bars represent the standard deviation of the mean
for each point.

RESULTS

Deletion of the Phosphate That Contacts Helix H1 Affected
DNA Binding and Autoinhibition—To evaluate the role of the
helix H1-phosphate contact, we undertook a biochemical ap-
proach to the study of the importance of all phosphate contacts
within the ETS domain-DNA interface. Phosphate contacts
were defined previously by structural analyses as well as bio-
chemical studies, such as ethylation interference and hydroxyl
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radical protection assays (11, 19–21). These approaches impli-
cated the phosphate contacted by helix H1 (�5�p; see Fig. 1C
legend for the numbering of phosphates) as well as five other
phosphates (left flank �2, �1; right flank �2�, �3�, �4�). We
measured the energetic contribution of five of these phos-
phates, as well as six other sites, by using nicked DNA du-
plexes that removed individual phosphates (Fig. 2A). In this
“missing phosphate” assay (22) DNA binding affinities, ex-
pressed as equilibrium dissociation constants (KD), were deter-
mined by quantitative electrophoretic mobility shift assays
(Fig. 2, B and C). The loss of a phosphate at positions that are
not predicted to contact the protein (�8�, �2�, �1�, and �6)

displayed no reduction in affinity for either �N331 or �N280
(Fig. 2D, Table I). These controls are consistent with structural
data indicating that a gap in the phosphodiester backbone
causes a local rather than a global conformation change of a
DNA duplex (23–28).

FIG. 1. Summary of ETS domain-DNA interaction and model of
autoinhibition. A, schematic representation of the secondary struc-
ture of ETS domain and inhibitory elements as determined by NMR
spectroscopy (14, 17, 46). Indicated Ets-1 species, �N280 and �N331,
include residues 280–440 and 331–440, respectively. B, model of Ets-1
autoinhibition. The shaded areas on both panels represent the modeled
structure of inhibitory module. The secondary helical structures are
firmly established, whereas the helical packing and interaction with the
ETS domain are modeled from changes in NMR chemical shifts (14).
The shape of the shaded area changes upon binding to DNA, reflecting
a conformation change that includes the unfolding of helix HI-1 as
determined by circular dichroism and partial proteolysis (15). The ETS
domain in complex with DNA (right panel) is based on crystal structure
coordinates of the GABP� ETS domain bound to DNA (4). GABP� and
Ets-1 display strong conservation within the ETS domain (2). The GGA
represents the invariant recognition sequence. The dipole-driven hy-
drogen bond between the amide NH of Leu-337 and �5�p oxygen is
highlighted. C, summary of the protein-DNA interactions shared by Ets
proteins. Top panel, The 9-bp SC1 binding site (11) containing the
invariant GGA sequence is presented with flanking base pairs (Ns) that
are necessary for sequence specific high affinity interaction but show no
sequence preference (47). A numbering system is provided, with the
phosphates designated as the 5� phosphate of a nucleotide. Contacted
bases are shown in red, and the colored asterisks indicate the contacted
phosphates. Bottom panel, positions of protein residues that are making
DNA contacts as determined by crystallographic studies. Red arrows
indicate residues that are making base-specific contacts. Asterisks mark
the residues making phosphate contacts and are color-coordinated with
the top panel.

FIG. 2. Missing phosphate assay identifies phosphate contacts
important for DNA binding and autoinhibition. A, a scheme of the
SC1 site duplex nicked at �5�p. B, phosphorimage of electrophoretic
mobility shift assay of �N331 (left two panels) and �N280 (right two
panels) for SC1 duplex unnicked and nicked at �5�p. The wedge indi-
cates increasing amounts of corresponding Ets-1 species in each binding
reaction (10�12-10�6 M). C, equilibrium DNA binding curves for �N331
and �N280 (data from B and two replicas). D, summary of “missing
phosphate” experiment data. Open and closed bars display the reduc-
tion in affinity of �N331 and �N280, respectively, for nicked duplexes
relative to unnicked duplex: KD(nicked)/KD(unnicked). Shaded bars
represent the level of inhibition for nicked duplexes: KD(�N280)/
KD(�N331). The dotted lines represent the level of inhibition (8-fold) for
unnicked duplex. See Table I for KD and error values.
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To evaluate the importance of phosphates within the DNA-
protein interface, we measured the binding activity of �N331
on nicked duplexes (Fig. 2D, Table I). Positions �3 and �6�
showed modest sensitivity to phosphate loss with only a 1.3-
fold reduction in affinity. These are positions at which Ets-1
contacts DNA; however, these contacts are observed in only a
subset of ETS domain-DNA structures. In contrast, positions
�2, �1, �3�, �4�, and �5�), at which phosphates are contacted
in all known ETS domain-DNA structures and that show eth-
ylation interference, displayed a larger reduction of affinity
(7.7–54-fold). The range of affinities represents a change in free
energy (��Go) of 1.1- 2.2 kcal/mol and is within the range
expected for the loss of one to several electrostatic interactions.
These results demonstrate that phosphate contacts play a sig-
nificant role in DNA binding of the ETS domain and that
contacts conserved among all Ets proteins are relatively more
important.

To investigate the role of phosphate contacts in the autoin-
hibition mechanism, we compared the DNA binding affinity of
�N280 to that of �N331 on each nicked duplex. In previous
studies performed on an unnicked duplex, �N280 and �N331
display a 10-fold difference in affinity (15). As expected, a
similar level of inhibition (8 to 12-fold) was observed with
duplexes nicked at sites not contacting protein (�6, �8�, �2�,
�1�, �6�; Fig. 2D, Table I). Duplexes nicked at sites that form
key contacts on the left flank (�1 and �2) caused a similar
reduction in affinity of both �N280 and �N331 and thus re-
tained nearly normal levels of autoinhibition (9- and 12-fold;
Fig. 2D, Table I). In contrast, the loss of the right flank phos-
phates (�3�, �4�, and �5�) caused a larger reduction of affinity
for �N280 than for �N331. For example, the loss of �5� phos-
phate reduced DNA binding affinity �100-fold for �N280 com-
pared with only 31-fold for �N331. This result suggested that
removal of this right flank phosphate contact leads to a 3-fold
increase in the level of autoinhibition. We will discuss this
result after additional data are presented.

We were surprised that removal of phosphates �3� and �4�
affected autoinhibition to the same degree as removal of the
helix H1-contacting �5� phosphate. However, a more careful
analysis of the ETS domain-DNA interface of the highly related
GABP�, which has been described by crystallography, sug-
gested that these phosphates are within a network of intermo-
lecular and intramolecular interactions involving the helix H1-
�5� phosphate contact (4). Thus, removal of any phosphate
contact within this network could affect the helix H1-DNA

interaction. In contrast, removal of a phosphate contact that is
distant from this network (e.g. left flank phosphates �3, �2,
�1) reduced DNA binding to various degrees but minimally
affected the level of autoinhibition.

Altered DNA Backbone Conformation Affected DNA Binding
and Autoinhibition—To further investigate the importance of
the helix H1-phosphate contact, we focused our attention on
the nucleotide sequences around �5�p. We observed a 5� pu-
rine-pyrimidine (RY) 3� preference around the �5� phosphate
in binding site selection experiments for several Ets proteins.
This preference, which recapitulates that found in many pro-
moter sequences (Table II and references therein), exists de-
spite the lack of hydrogen bonding to base pairs in this part of
the DNA-protein interface (3–5, 7). We suggest that protein
binding to this region recognizes the sequence-dependent con-
formation of the DNA backbone. This phenomenon of indirect
read-out has been reported in a variety of DNA-protein com-
plexes including MetJ, EcoRI, EcoRV, SAP-1, and a variety of
helix-turn-helix proteins (5, 29–32). Considering the require-
ment for proper distance and direction to form the hydrogen
bond between the amide NH of leucine 337 and �5�p, we
predicted that the DNA conformation around this phosphate
would be important to precisely present the oxygen of this
phosphate to the amide NH.

To test this hypothesis, base substitutions were introduced
into nucleotide positions 5 and 6 in the DNA binding site, and
the effects on DNA binding of �N331 were measured (Table III
and Fig. 3). Single purine or pyrimidine transitions (from GT to
AT or GC) showed no change in binding affinity. Single trans-
version at either one of the two positions (GT to CT, GA, or GG)
reduced the binding affinity 2.5 to 4-fold. Double transversions
(GT to CA or TG) reduced the binding affinity 5- and 16-fold,
respectively. These results are consistent with the RY sequence
preference dictating the DNA backbone conformation that in
turn precisely positions the phosphate oxygen for hydrogen
bonding with the amide NH of leucine 337.

Next, to investigate the importance of �5� phosphate posi-
tioning for the autoinhibition mechanism, these variant du-
plexes were tested for binding to �N280. A single transition or
transversion only modestly reduced DNA binding (1.4-, 4-, and
6-fold, respectively) in �N280 and had no effect on the level of
autoinhibition (8- and 13-fold, respectively). However, the dou-
ble transversions caused a 3–5-fold increase in autoinhibition.
This effect was similar to that caused by the removal of right
flank phosphates in the missing phosphate assay. We suggest

TABLE I
DNA binding affinities from “missing phosphate assay” indicate that right flank phosphates play a role in autoinhibition

Nicked
position

�N331 �N280
Inhibitionc

KD
a Reduction

in affinityb KD
a Reduction

in affinityb

0.1 nM -fold 0.1 nM -fold

SC1–27d 0.30 � 0.03 1 2.4 � 0.2 1 8 � 1
�6 0.40 � 0.03 1.3 3.2 � 0.3 1.3 8 � 1
�6� 0.40 � 0.04 1.3 4.8 � 0.5 2.0 12 � 2
�5� 9.3 � 0.7 31 240 � 24 100 26 � 3
�4� 8.2 � 0.9 27 214 � 20 89 26 � 4
�3� 2.3 � 0.2 7.7 57 � 6 24 25 � 3
SC1–35d 0.41 � 0.04 1 3.3 � 0.3 1 8 � 1
�3 0.92 � 0.1 2.2 5.0 � 0.4 1.5 5.4 � 0.7
�2 11 � 1 27 129 � 10 39 12 � 1
�1 22 � 3 54 191 � 18 58 9 � 1
�3� 0.38 � 0.04 0.9 4.3 � 0.4 1.3 11 � 2
�2� 0.45 � 0.06 1.1 4.3 � 0.5 1.3 10 � 2
�8� 0.45 � 0.05 1.1 5.6 � 0.6 1.7 12 � 2

a KD was derived from binding isotherm as in Fig. 2. Values are means (�S.D.) of two to three independent experiments.
b Reduction in affinity was determined by dividing the KD for each nicked duplex by that of the parental unnicked duplex.
c Inhibition is KD�N280/KD�N331. Errors are calculated based on the propagation of errors from KD�N331 and KD�N280.
d Two different parental unnicked duplexes were used in these experiments. See “Experimental Procedures” for details.
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that the reversal of the preferred RY motif sufficiently changed
the DNA backbone conformation to affect the �5� phosphate-
helix H1 contact. Importantly, mutations of other regions of the
binding site that also reduce DNA binding affinity have no
effect on the level of autoinhibition (33).

Removal of �5� Phosphate Affected Conformational Change
of the Inhibitory Module—In both of the DNA analyses above,
the loss of the helix H1-phosphate interaction caused a more
severe reduction in the binding of �N280 than �N331 and thus
an apparent enhancement of autoinhibition. One possible ex-
planation is that the DNA-induced conformational change in
the inhibitory module is not efficiently induced upon binding to
altered DNA duplexes. This would lead to retention of a struc-
tured inhibitory module in the bound protein and result in
reduced affinity.

To test this hypothesis we investigated the structural status
of the inhibitory helix HI-1 in binding complexes with unnicked
and nicked duplexes by partial proteolysis (Fig. 4). Previous
studies established that the conformation change accompany-
ing DNA binding generates a 16-kDa tryptic fragment due to
cleavage immediately C-terminal to helix HI-1. The enhanced
sensitivity of this site in the presence of DNA corresponds to
the unfolding of helix HI-1 (15). As expected, generation of the
16-kDa fragment was enhanced in the presence of unnicked
DNA duplex (3.4-fold increase in proteolysis efficiency at 10
min; Fig. 4). In contrast, a duplex nicked at �5�p caused only
1.8-fold increase, indicative of a more structured inhibitory
module. A control experiment with a duplex nicked at �6p
confirmed that this reduction (from 3.4 to 1.8-fold) was not due
to the presence of a nick. However, a control duplex nicked at
�2p, which displays the same relatively low affinity (KD�10�8

M) but a normal level of autoinhibition (Table I; Fig. 2D),
showed only a 2.6-fold increase in proteolysis efficiency. This
suggested that the protease susceptibility measured for the
nicked �5�p duplex was due in part to its low affinity. We noted
in an electrophoretic mobility shift assay that only �80% of
�N280 was in complex with the low affinity �2p and �5�p
nicked duplexes even with the large excess of DNA (data not
shown). The presence of unbound protein would contribute to a
reduced level of proteolysis. Despite this limitation of the assay
system, these results suggest that binding with nicked �5�p
duplex reduced the protease susceptibility of helix HI-1 more
than the nicked �2p control. We conclude that DNA binding to
nicked �5�p duplex was less efficient in causing the conforma-
tional change in the inhibitory module than an intact duplex.

These findings indicated that the helix H1-phosphate contact is
critical for the DNA-induced conformational change.

In summary, both the missing phosphate assay and DNA
mutational analysis altered the helix H1-phosphate contact
and reduced affinities for both �N331 and �N280. Further-
more, the effects were more severe on �N280, resulting in an
apparent enhancement in autoinhibition. Partial proteolysis
studies indicated that the inhibitory module appears to be more
structured in �N280 bound to nicked �5�p duplex. We propose
that retention of some structure causes a severe reduction in
affinity and the apparent enhancement of inhibition. The re-
sults of these DNA alteration experiments indicated that helix
H1 is an important part of a network of intermolecular and
intramolecular interactions that provides a connection between
DNA binding and autoinhibition. In the next set of experi-
ments, mutagenesis of the protein is used to identify other
parts of this network.

Altered Position of the N Terminus of helix H1 Uncoupled the
Inhibitory Module from ETS Domain DNA Binding—Our
model for the role of helix H1 in autoinhibition predicts that
mutation of residues in this helix would affect autoinhibition,
whereas those within other structural elements would have no
effect. We designed three classes of mutant proteins to test this
prediction (Fig. 5). The first class of mutants tested the hypoth-
esis that the phosphate contact made by the peptide backbone
amide of helix H1 plays a key role in DNA binding and auto-
inhibition. The goal was to alter the precise orientation of the N
terminus of helix H1 by disruption of the hydrophobic contacts
between the helix and the core of ETS domain. We predicted
that such a disruption would disconnect DNA binding from the
inhibitory mechanism. Based on structural data showing that
leucine 337, located at the N terminus of helix H1, interacts
with the hydrophobic core of the ETS domain (Figs. 1B and 5,
A and B), we reasoned that mutations in the side chain of this
residue would perturb the helix H1 packing to other parts of
the ETS domain.

The �N331 mutations L337I, L337V, and L337A caused a
graded reduction of DNA binding affinity (22 to 200-fold) as the
hydrophobic side chain is progressively changed in the order of
isoleucine, valine, and alanine (Table IV, Class I). These results
suggest that the disruption of the hydrophobic packing of helix
H1 alters the structure, perhaps simply by increasing the flex-
ibility of the N terminus, such that the amide NH is not
precisely positioned to form the optimal hydrogen bond with
�5�p. The large effect on DNA binding for �N331L337V (170-
fold) and �N331L337A (200-fold), which represent ��Go of 2.8
and 2.9 kcal/mol, respectively, may not be due to the loss of only
one hydrogen bond. Potentially, the loss of one critical hydro-
gen bond and/or the hydrophobic packing involving leucine 337
affects a network of intermolecular and intramolecular inter-
actions within the DNA-protein complex. For example, it could
indirectly affect the helix-turn-helix (H2 and H3), thereby al-
tering contacts to bases in the major groove.

Dramatically, Class I mutants displayed almost the same
affinity within the �N280 and �N331 contexts (Table IV).
Thus, autoinhibition was partially or completely abrogated.
This finding suggests that the inhibitory module in these mu-
tants has lost the ability to regulate DNA binding of Ets-1. We
speculate that this loss of autoinhibition is due to the increased
flexibility of the N terminus of helix H1 relative to other struc-
tural elements in these mutants. We propose that the lack of a
rigid structural connection between helix H1 and the hydro-
phobic core of ETS domain severely weakens the functional
link between DNA binding and the folded inhibitory module.
These findings suggest that the interactions between helix H1
and the rest of the ETS domain are important parts of the

TABLE II
Conservation of purine-pyrimidine around �5� phosphate in selected

consensus of binding sites for ets proteins

Proteinsa Selected consensusb References
RYc

Ets-1 ACCGGAAGT (11)
g a TaC

GABP� GCCGGAAGT (48)
aga tac

PU.1 AAAAAGAGGAAGTAG (49)
tcC c GC

Elk-1 AACCGGAAGTG (50)
A

SAP-1 ACCGGAAGT (50)
tac

a The Ets proteins with high-resolution structures plus Ets-1. For
additional comparisons, see Ref. 2.

b Consensus sequences were selected using DNA duplexes with either
randomized sequences or fixed GA (GABP�), GGA (Ets-1) in the middle
of the sequences. Nucleotides in lowercase letters were less frequently
selected.

c Positions of nucleotides that display preference for purine (R) and
pyrimidine (Y), respectively.
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network that mediates autoinhibition.
In the second class of mutants, which served as controls for

Class I mutants, we changed residues that contact DNA but are
distant from helix H1. These “wing” mutations (K404A, R409A,
and R409K; Fig. 5) were expected to reduce DNA binding
affinity but not to affect the position of the N terminus of helix
H1. As predicted, the phenotypes of this class of mutants dis-
played moderate to severe reduction on DNA binding affinity in
the �N331 context (6-fold for R409A, 460-fold for K404A; Table
IV). Side chains emanating from the wing interact only with
phosphates. Thus, these data confirmed the importance of DNA
backbone interactions as detected in previous analyses. Auto-
inhibition was observed close to the normal level with the
exception of K404A mutants. The apparent 3-fold enhancement
of autoinhibition may be due to the low affinity of the �N280
version of this mutant (KD � 10�7 M), which is in the range of
less accurately measured nonspecific binding. The results from
this class of mutants demonstrated that autoinhibition in the
8–12-fold range is retained in proteins with a wide range of
DNA binding affinity. In addition, mutations that are unlikely
to affect helix H1 structure or its alignment do not significantly
impact the level of inhibition.

To control for the potential effects of mutagenesis on overall
protein folding and stability, �N280 Class I and Class II mu-
tants were subjected to partial trypsin proteolysis (Fig. 6, A and
B). Four of these mutants displayed a resistance to cleavage
that was similar to wild type �N280, indicating no effect on the

overall protein structure. �N280L337A was more easily de-
graded, suggesting that some protein molecules were not folded
properly and that the measurements for this mutant might
underestimate the affinity.

Disruption of the Helix H1-Inhibitory Module Interface Re-
lieved Autoinhibition—In the third class of mutants we inves-
tigated the structural connection between helix H1 and the
inhibitory helices. According to our model, disruption of the
inhibitory helix packing or the connection between helix H1
and the inhibitory helices could relieve inhibition. Indeed, mu-
tation of leucine 429 to alanine, which alters a residue on the
surface of helix H4 (Fig. 5A), results in the predicted enhanced
DNA binding affinity in the context of both the full-length Ets-1
and �N280 (34–36). Ets-1L429A and �N280L429A display consti-
tutive unfolding of inhibitory helix HI-1 as shown by the en-

TABLE III
DNA binding affinities for mutant duplexes indicate that indirect read-out at right flank phosphate �5� plays a role in autoinhibition

DNA
�N331 �N280

Inhibitionc

KD
a Reduction

in affinityb KD
a Reduction

in affinityb

0.1 nM -fold 0.1 nM -fold

RY (GT) 0.30 � 0.03 1 2.4 � 0.2 1 8 � 1
RY (GC, AT) 0.42 � 0.05 1.4 3.4 � 0.5 1.4 8.1 � 1.5
RR (GA, GG) 0.75 � 0.07 2.5 9.6 � 2 4.0 13 � 3
YY (CT) 1.2 � 0.2 4.0 15 � 3 6.0 13 � 3
YR (CA) 1.5 � 0.2 5.0 60 � 10 25 40 � 9
YR (TG) 4.8 � 0.8 16 130 � 8 55 27 � 5

a KD was derived from binding isotherm as in Fig. 2. Values are means (�S.D.) of two to three independent experiments.
b Reduction in affinity was determined by dividing the KD for the indicated duplex by that of the wild type RY (GT) duplex.
c Inhibition is KD�N280/KD�N331. Errors are calculated based on the propagation of errors from KD�N331 and KD�N280.

FIG. 3. Mutagenesis of right flank nucleotides demonstrates
indirect read-out and its role in autoinhibition. Open and closed
bars represent the relative affinity of �N331 and �N280, respectively,
for mutant duplex relative to parental duplex: KD(mutant)/KD(paren-
tal). Shaded bars represent the fold of inhibition: KD(�N280)/
KD(�N331). See Table III for KD and error values.

FIG. 4. Partial proteolysis analyses of �N280 in complex with
DNA duplexes detect changes in inhibitory module conforma-
tion. A, SDS-PAGE images of partial trypsin proteolysis of preformed
protein-DNA complexes with either unnicked or nicked DNA duplexes.
B, proteolysis efficiency for each DNA duplex plotted against time.
Proteolysis efficiency was defined by the intensity of the 16-kDa band
divided by the total intensity of the 16-kDa band and the �N280 band
at each time point. The proteolysis efficiency at 10 min was used to
obtain the fold enhancement of proteolysis efficiency reported in the
text for each DNA duplex. Experiments have been repeated at least
once, and the same relative effects on proteolysis efficiency were ob-
served for each DNA duplex.
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hanced protease cleavage near HI-1 to generate the 16-kDa
tryptic fragment (Figs. 1B and 6C) (13, 34). This conforma-
tional change was previously thought to be an inherent part of
the autoinhibition mechanism due to the correlation between
the constitutively unfolded helix HI-1 and enhanced binding
activity. On the other hand �N331L429A, which is missing in-
hibitory helices HI-1 and HI-2, had normal levels of DNA
binding (Table IV, Class III). These data indicate that leucine
429 plays no role in DNA binding but rather assists in the
intramolecular packing of the inhibitory module and/or con-
nects the module to helix H1 (Fig. 5C). Higher resolution struc-
tural data are necessary to understand the exact role of leucine
429 in inhibitory module packing.

Our model predicts that residues on helix H1 also play a role
in the packing of the inhibitory module. Strong candidates for
this interaction would be residues on the surface of helix H1
that faces away from the hydrophobic core of ETS domain.
According to high-resolution structural data, glutamine 339 is
on this surface (Fig. 5, A and B). Unexpectedly, mutation of
glutamine 339 to glutamic acid reduced DNA binding 16-fold in
the context of �N331 (Table IV, Class III). In the crystallo-
graphically derived structure of the GABP�/�-DNA complex,
the side chain of glutamine 324 (corresponding to glutamine
339 in Ets-1) interacts with glutamine 321 (corresponding to
glutamine 336 in Ets-1), which in turn makes direct phosphate
contact (4). This linkage potentially explains the reduction of
DNA binding for �N331Q339E (Fig. 5C). More relevant to our
prediction, the affinity of �N280Q339E and �N331Q339E differed
by only 3.5-fold (Table IV, Class III), representing a 2.3-fold
reduction of autoinhibition. Furthermore, �N280Q339E displays
enhanced protease sensitivity at the cleavage site near helix
HI-1 (Fig. 6C) indicating that the inhibitory module in this
mutant is disrupted in a manner similar to �N280L429A. This
result is consistent with the reduced level of inhibition for this
mutation. Taken together, the mutagenesis study on glutamine
339 indicates that this residue plays a role in connecting the

inhibitory module to helix H1 of the ETS domain. Furthermore,
this and other possible connections between helix H1 and the
inhibitory module are essential parts of the network of inter-
actions that allosterically regulates DNA binding of Ets-1.

DISCUSSION

Helix H1 Links Inhibitory Module to DNA Binding—Previ-
ous studies of autoinhibition in Ets-1 discovered an order-to-
disorder conformational change in the inhibitory module upon
binding to DNA. This report identifies a network of interactions
centered on helix H1 that could mediate this structural tran-
sition (Fig. 5C). We speculate that DNA binding by helix H1
changes this network, thereby allosterically inducing the con-
formational change in the inhibitory module. Three lines of
evidence support this proposal. First, disruption of the hydro-
gen bond between �5� phosphate and leucine 337 by removal of
the phosphate or by a change in DNA conformation enhanced
the apparent level of autoinhibition. This was due in part to the
partial uncoupling of DNA binding and the conformational
change of the inhibitory module, as evidenced by partial pro-
teolysis. Second, disruption of this phosphate contact by affect-
ing the precise position of the N terminus of helix H1 (Class I
protein mutants) lowered DNA binding affinity and signifi-
cantly reduced autoinhibition. Third, disruption of the connec-
tion between the inhibitory module and helix H1 (Class III
protein mutants) resulted in partial or complete loss of autoin-
hibition. As important controls, disruption of phosphates in
other parts of the binding site or mutation of residues that are
not structurally connected to the inhibitory module (Class II
mutants) strongly reduced DNA binding affinity but retained
autoinhibition.

Interestingly, alterations of the DNA binding site retained
and even enhanced the difference in affinity between �N280
and �N331, whereas protein mutations in helix H1 almost
completely eliminated the differential between these two spe-
cies. In the two DNA analyses reported here, the alterations
caused the �5� phosphate to be missing or in a suboptimal
position. We suggest that these changes result in a loss or
weakening of hydrogen bonding between leucine 337 and DNA
and thus lowered affinity of both �N331 and �N280. In �N280,
the DNA alteration weakens the connection between DNA
binding and the inhibitory module and results in a more struc-
tured inhibitory module, as reflected in its protease sensitivity.
We suggest that the structured inhibitory module severely
compromises DNA binding by affecting parts of the DNA-pro-
tein interface in addition to the �5� phosphate contact. In
contrast, mutation of protein elements altered the packing
between helix H1 and the helix-turn-helix core (Class I mu-
tants) or between helix H1 and the inhibitory module (Class III
mutants). These alterations likely disrupt intramolecular in-
teractions and provide more flexibility for positioning the N
terminus of helix H1. Thus, the inhibitory module in these
mutants is structurally or dynamically uncoupled from the
ETS domain, leading to a partial or complete loss of the ability
to regulate DNA binding.

These findings provide a structural and mechanistic model of
Ets-1 autoinhibition that focuses on a molecular network sur-
rounding helix H1 (Figs. 5C and 7). Helix H1 participates in a
hydrogen bond (between amide NH of Leu-337 and �5�p) that
is augmented by the macrodipole of helix H1 and is highly
dependent on the conformation of both the DNA and protein.
The DNA backbone conformation is tightly controlled by the
purine-pyrimidine sequence preference in the region. The pre-
cise presentation of the amide NH of Leu-337 is established by
the position of the N terminus of helix H1. This conformation of
helix H1 is regulated by a network of interactions, including
the electrostatic contacts to DNA involving the macrodipole of

FIG. 5. Protein mutations that affect DNA binding affinity and
autoinhibition demonstrate the role of helix H1. A, sequence
alignment of helix H1, S3, S4, and H4 residues of four Ets proteins.
Each mutated residue is indicated by an asterisk, with Class I mutants
highlighted in red, Class II mutants in cyan, and Class III mutants in
purple. B, crystal structure of ETS domain-DNA complex (4) (see Fig. 1
legend for comments) with the mutated residues and the contacting
phosphates highlighted. C, schematic representation of the protein-
DNA interaction network. The solid lines between each structural unit
represent interactions. The double-headed arrow between helix H1 and
DNA represents the dipole-driven phosphate contact. The curved ar-
rows indicate the indirect effects of Q339E and Leu-337 mutants on
DNA binding.
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the helix H1, the hydrophobic interactions with the core of the
ETS domain, and potentially polar and hydrophobic interac-
tions with the inhibitory module. In the model of the unbound
state, helix H1 packs with the rest of the ETS domain as well
as with the inhibitory module, and helix HI-1 in this module is
folded. Upon binding to DNA, the conformation change in the
inhibitory module is caused by the DNA-induced repositioning
of helix H1 and the ability of the interacting network surround-
ing helix H1 to undergo dynamic changes. Thus, the precise
position of the N terminus of helix H1 serves as a regulatory
point of Ets-1 DNA binding.

This model provides a clear direction for further structural
studies. The structure and position of helix H1 in the bound
state is known from several ETS domain-DNA complexes. The
exact positioning and packing of helix H1 in the unbound state
would define the connection to the structured inhibitory mod-
ule. Furthermore, the comparison of helix H1-inhibitory mod-

ule connections in the bound state versus the unbound state
would establish the details of the proposed change in helix H1
that allosterically induces the unfolding of helix HI-1 upon
DNA binding.

Biological Significance of Helix H1 as the Keystone of Auto-
inhibition—Autoinhibition is a common feature of the ets fam-
ily of transcription factors. Our current structural and mecha-
nistic model of Ets-1 autoinhibition provides new insight into
how other ets family members could use this mechanism to
modulate ETS domain DNA binding. Inhibitory sequences for
DNA binding have been identified outside the ETS domains of
ERM, Elk-1, SAP-1, NET, and PEA3 (37–43) as well as Ets-1
and Ets-2 (12, 44). However, except for Ets-1 and Ets-2, these
Ets proteins share little sequence similarity outside of the ETS
domain. On the other hand, sequences of helix H1 are highly
conserved among all ets family members, and the helix H1-
phosphate contact is observed in the high resolution structures
of four different Ets proteins in complex with DNA (3–7).
Therefore, the inhibitory sequences in other Ets proteins could
form structural modules, albeit different from the one in Ets-1,
and interact with helix H1 to regulate DNA binding.

Our model of Ets-1 autoinhibition suggests that a partner
protein could regulate ETS domain DNA binding directly by
interacting with helix H1 or indirectly through interactions

TABLE IV
DNA binding affinities for protein mutants indicate helix H1 is linked to both the helix-turn-helix and inhibitory elements

Class Mutant Region
�N331 �N280

Inhibitionc

KD
a Reduction

in affinityb KD
a Reduction

in affinityb

0.1 nM -fold 0.1 nM -fold

WT 0.30 � 0.03 1 2.4 � 0.2 1 8 � 1
I L337I H1 6.6 � 0.4 22 20 � 5 8.3 3.0 � 0.8

L337V H1 51 � 5 170 120 � 32 50 2.4 � 0.7
L337Ad H1 60 � 6 200 101 � 16 42 1.7 � 0.3

II R409A Wing 1.9 � 0.1 6.3 36 � 8 15 19 � 4
R409K Wing 3.3 � 0.7 11 23 � 3 9.6 7 � 2
K404A Wing 140 � 16 470 4000 � 400 1700 28 � 4

III Q339E H1 4.9 � 0.8 16 17 � 2 7.1 3.5 � 0.7
L429Ae H4 0.37 � 0.05 1.2 0.51 � 0.04 0.21 1.4 � 0.2

a KD was derived from binding isotherm as in Fig. 2. Values are means (�S.D.) of two to three independent experiments.
b Reduction in affinity was determined by dividing the KD for each mutant by that of the wild type (WT) protein.
c Inhibition is KD�N280/KD�N331. Errors are calculated based onthe propagation of errors from KD�N331 and KD�N280.
d This mutant has been described previously in both the �N331 and �N280 forms (47).
e This mutant has been described previously in the �N280 form (35).

FIG. 6. Partial trypsin proteolysis analyses of mutant �N280
proteins. Wild type (WT) or mutant �N280 (2 �g) was mixed with 0.2
�g of trypsin (�) or mock-treated (�). A, Class I mutants; B, Class II
mutants; C, Class III mutant.

FIG. 7. Model of helix H1 as a regulatory point for autoinhibi-
tion mechanism. A, schematic representation of the unbound state of
the ETS domain and inhibitory module. The lines between each struc-
tural module represent intramolecular interactions. The direction of the
macrodipole of helix H1 is indicated by �� and ��. B, schematic rep-
resentation of the bound state of the ETS domain and inhibitory mod-
ule. The arrows between helix H1 and �5�p represent intermolecular
interactions between protein and DNA. The thicker arrow between
Leu-337 and one oxygen atom on �5�p represents the hydrogen bond
that is augmented by the macrodipole of helix H1. The lines between
structural modules have been replaced by dashed lines in the bound
state to indicate the altered intramolecular interactions in the presence
of DNA. The conformation change in inhibitory module is indicated by
the altered symbol of the inhibitory module.
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with inhibitory elements. Indeed, DNA binding cooperativity
between Ets-1 and its protein partner CBF�2 (RUNX1) re-
quires the inhibitory elements of Ets-1, suggesting that the
partnership counteracts autoinhibition (35, 45). The Ets pro-
tein GABP� provides an alternative example. A crystallo-
graphic study of the GABP�/� complex (4) shows that GABP�,
although not binding DNA itself, interacts directly with the
helix H1 of GABP� and enhances the DNA binding affinity.
Interestingly, a glutamine in helix H1 of GABP� that interacts
with the � subunit is analogous to glutamine 339 in Ets-1,
which we proposed would contact the inhibitory elements. This
glutamine is highly conserved in Ets proteins, including those
that have inhibitory sequences. We speculate that this residue,
which lies on a conserved surface of helix H1, can interact with
either inhibitory elements or a partner protein and that this
type of interaction might provide a common method for regu-
lation of ETS domain DNA binding.

On a more global level, these observations provide new in-
sight into the general phenomenon of allosteric regulation. The
intermolecular and intramolecular networks of interactions
that propagate the allosteric regulation of DNA binding in
Ets-1 include a protein-DNA interaction. This contact is not in
the core of the ETS domain-DNA interface, which displays
direct contact between base pairs and amino acids, but rather
in a region that displays only phosphodiester backbone inter-
action. We speculate that a phosphate-protein interaction, es-
pecially one networked to structural elements within the pro-
tein, would display the versatility suitable for playing a role in
finely tuned regulation. In addition, this DNA contact is dis-
tinctive, being facilitated by the macrodipole of an � helix. We
suggest that this type of bond, which could be responsive to the
positioning of an entire helix, is a highly effective transmitter
of allosteric signals.
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