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DNA binding by the eukaryotic transcription factor Ets-1 is negatively regulated by an intramolecular
mechanism. Quantitative binding assays compared the DNA-binding activities of native Ets-1, three deletion
mutants, and three tryptic fragments. Ets-1 and activated Ets-1 polypeptides differed in DNA-binding affinity
as much as 23-fold. Inhibition was mediated by two regions flanking the minimal DNA-binding domain. Both
regions regulated affinity by enhancing dissociation of the protein-DNA complex. Three lines of evidence
indicated that inhibition requires cooperative interaction between the two regions: first, the two inhibitory
regions acted through a common mechanism; second, neither region functioned independently of the other;
finally, mutation of the C-terminal inhibitory region altered the conformation of the N-terminal inhibitory
region. In addition, partial proteolysis detected an identical altered conformation in the N-terminal inhibitory
region of Ets-1 bound to DNA. This finding suggested that repression is transiently disrupted during DNA
binding. These results provide evidence that the two inhibitory regions of Ets-1 are structurally, as well as
functionally, coupled. In addition, conformational change is shown to be a critical component of the inhibition
mechanism. A cooperative, allosteric model of autoinhibition is described. Autoinhibition of Ets-1 could be
relieved by either protein partner(s) or posttranslational modifications.

Transcription factors are modular proteins with domains for
DNA binding, subunit association, and transcriptional activa-
tion. The relative independence of these functional domains
leads to the picture of transcription factors as composite mol-
ecules with discrete, autonomous units (11). The phenomenon
of intramolecular inhibition expands this view. In many cases,
functional domains are modulated by other regions of the
protein. For example, trimerization of Drosophila heat shock
factor is regulated by inhibitory sequences (40), and the acti-
vation domains of CRP2 (C/EBPb) (28, 52) and mammalian
heat shock factor (18, 42, 55) are negatively modulated by
flanking regions. In the case of NF-kB, an N-terminal region of
the p105 subunit inhibits DNA binding, and repression is re-
lieved in vivo by proteolytic processing (19). Intramolecular
inhibition of DNA binding also has been reported for p53 (25,
26) and TATA-binding protein (32). These examples demon-
strate that intact proteins, in addition to minimal functional
domains, must be analyzed to understand fully how transcrip-
tion factors regulate gene expression.
DNA binding activity of the eukaryotic transcription factor

Ets-1 is also negatively regulated by an intramolecular mech-
anism. The ets family of transcription factors is defined by a
highly conserved DNA-binding module, termed the ETS do-
main. Recently, nuclear magnetic resonance (NMR) structural
analyses have determined that the ETS domain displays a
winged helix-turn-helix motif (4, 5, 31, 51). These structural
studies demonstrate that the ETS domain is compact and well
folded in the presence and absence of DNA. Nevertheless, this
minimal DNA-binding domain is modulated by the remainder
of the protein. Studies of deletion mutants and natural variants
of Ets-1 indicate that flanking sequences negatively regulate
the ETS domain. In several cases, N-terminal deletion mutants
display higher binding activity than the full-length protein (22,

33, 36, 49). Alternative splicing of ets-1 mRNA, which removes
342 bp of internal coding sequence, also results in a protein
product with DNA-binding activity higher than that of full-
length Ets-1 (8, 49). Deletion of residues C-terminal to the
ETS domain also increases the binding activity (22, 23, 33).
This latter deletion mimics one of the alterations in the ets-1
gene transduced by the retrovirus E26 (30, 35). These studies
led to a model of two inhibitory regions working together to
sterically mask the DNA-binding surface (33).
This report extends previous studies of Ets-1 intramolecular

inhibition in four important ways. First, quantitative DNA
binding studies of full-length Ets-1 as well as N- and C-termi-
nal truncations provided strong evidence that the two inhibi-
tory regions function cooperatively. Second, kinetic experi-
ments demonstrated that the two inhibitory regions decrease
DNA binding by destabilizing protein-DNA complexes, not by
masking the DNA-binding surface. Third, partial proteolysis
indicated that the two inhibitory regions are structurally cou-
pled within the full-length protein. Fourth, proteolysis experi-
ments detected a structural rearrangement in Ets-1 bound to
DNA, as well as in a high-affinity DNA-binding species. These
findings led to a new mechanistic model of inhibition that
includes the following features: (i) inhibition is mediated by
coupling of the two inhibitory regions, (ii) intramolecular in-
teractions between the inhibitory regions destabilize protein-
DNA complexes by an allosteric mechanism, and (iii) uncou-
pling of the two inhibitory regions leads to a conformational
change in the inhibitory regions and altered binding properties
of the ETS domain. Thus, conformational change and intramo-
lecular interactions are critical to the mechanism of autoinhi-
bition.

MATERIALS AND METHODS

Protein expression and purification. The Ets-1 polypeptides were expressed in
Escherichia coli BL21(DE3):pLysS with the pET vector system and mouse ets-1
cDNA. For full-length Ets-1, the expression vector pET-ets-1 was used (36).
Bacterial cultures grown in rich medium were induced at mid-log phase for 3 h
with 1 mM isopropyl-b-D-thiogalactopyranoside. For purification, bacterial pel-
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lets were lysed by two freeze-thaw cycles and then resuspended in 25 ml of TNU
(10 mM Tris-Cl [pH 7.6 at 258C], 150 mM NaCl, 5 M urea) with 0.1% Triton
X-100 per liter of culture. Lysed bacterial suspension was sonified at 48C for 4
min (50% output; Heat Systems, Inc.). The lysate was then passed over a DEAE-
Sepharose (Pierce) column equilibrated in TNU. The unbound protein fraction
was dialyzed against TEK50 (25 mM Tris-Cl [pH 7.9], 0.1 mM EDTA, 50 mM
KCl; the subscript refers to millimolar concentration of KCl) with 10% glycerol,
1 mM dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl fluoride. Dialysates
were centrifuged at 85,000 3 g for 30 min at 48C, passed through a 0.2-mm-pore-
size syringe filter, and applied to a 22-ml S-Sepharose column (Pharmacia)
equilibrated in TEK50 with 10% glycerol. Bound proteins were eluted with a
linear KCl gradient (50 to 1,000 mM) developed over 10 column volumes. Ets-1
eluted between 100 and 200 mM KCl.
Details of vector construction, expression, and purification for DN331 are

described elsewhere (37). In brief, the open reading frame contains a methionine
codon linked to the native murine ets-1 codons 331 to 440. The truncated
polypeptide was expressed in bacteria, and soluble protein was purified by
DEAE-cellulose and S-Sepharose chromatography.
The concentration of total protein for DN331 and Ets-1 was measured spec-

trophotometrically, using molar extinction coefficients that were determined
experimentally (15) (for Ets-1, 7.1 3 104 M21 cm21 at 278 nm; for DN331, 3.2 3
104 M21 cm21 at 280 nm). The concentration of active protein was assayed in
DNA titration experiments (see below). Purity, as judged by densitometry of
Coomassie blue-stained sodium dodecyl sulfate (SDS)-polyacrylamide gels, was
greater than 90% for DN331 and Ets-1.
The expression vector for the C-terminal deletion mutant DC428 was engi-

neered in three steps. A 378-bp DNA fragment containing codons 310 through
428 of the mouse ets-1 cDNA was generated by PCR, subcloned into pKS
Bluescript vector (Stratagene), and sequenced. The design of the PCR primers
placed an NdeI site at the 59 end of the fragment and a stop codon and BamHI
restriction site at the 39 end. A 198-bp HindIII-BamHI fragment that contained
codons 388 to 428 was then isolated from the subclone and used to replace
codons 388 to 440 of ets-1 cDNA in pET-ets-1. Finally, the engineered cDNA
with codons 1 to 428 was placed into pAED (3). Expression in bacteria and
purification were performed as described for Ets-1. DC428 eluted from the
S-Sepharose between 150 and 250 mM KCl. Active fractions were pooled, dia-
lyzed against TEK50 with 10% glycerol, and then loaded onto a 1-ml Mono Q
(Pharmacia) column. DC428 eluted between 200 and 300 mMKCl within a linear
elution gradient of KCl (50 to 1,000 mM). The concentration of total protein was
measured spectrophotometrically, using the molar extinction coefficient 7.9 3
104 M21 cm21 at 280 nm. The purity was approximately 90% as determined by
densitometry of Coomassie blue-stained SDS-polyacrylamide gels. Two non-
DNA-binding contaminants contributed to absorbance. The concentration of
active protein was determined in DNA titration experiments (see below).
ED(331-415) contains a methionine codon linked to the native murine Ets-1

residues 331 to 415 (37). The truncated polypeptide was expressed in bacteria,
and soluble protein was partially purified by DEAE-cellulose and S-Sepharose
chromatography to 50% purity. The concentration of ED(331-415) was esti-
mated from Coomassie blue-stained gels, using DN331 as a standard.
Oligomeric binding site DNA. All DNA binding assays were performed with

oligomeric DNA containing the high-affinity Ets-1 binding site SC1 (36). Com-
plementary oligonucleotides contained the sequence 59-CGGCCAAGCCGGAA
GTGAGTGCC-39 in duplex and overhanging 59 ends of the sequence 59-TCG
A-39. Oligonucleotides were purified on an 18% acrylamide–urea gel electro-
phoresed in 13 TBE buffer (90 mM Tris-borate [pH 8.3], 2 mMEDTA) and then
subjected to reverse-phase chromatography on Sep-Pak columns (Millipore) and
gel filtration on BioSpin 6 columns (Bio-Rad). Oligonucleotide concentrations
were obtained by A260, using calculated extinction coefficients (top, 2.59 3 105

M21 cm21; bottom, 2.39 3 105 M21 cm21) determined by Oligo (version 4.0;
National Biosciences, Inc.). Single-stranded oligonucleotides were radiolabeled
with [g-32P]ATP and T4 polynucleotide kinase and then fractionated from un-
incorporated [g-32P]ATP by gel filtration on BioSpin 6 columns. Duplex DNA
was obtained by mixing complementary oligonucleotides at a 1:1 molar ratio,
boiling in TEK60 for 3 min, and cooling to room temperature over 2 h.
Gel mobility shift assay. For mobility shift assays, DNA binding reactions and

electrophoresis were performed as previously described (36). Following electro-
phoresis, the gels were dried and exposed to either PhosphorImager screens
(Molecular Dynamics) or preflashed X-ray film (Cronex; Dupont) in the pres-
ence of an intensifying screen. Radioactivity was quantified by using volume
integration of individual bands on phosphor images.
Quantitative analyses of DNA binding. To determine the concentration of

active protein, reaction mixtures contained known concentrations of radiola-
beled SC1 duplex DNA ([Dt]; at indicated concentrations) and a fixed amount of
protein ([Pt]). The experiment was designed to measure the fraction of free
DNA, [D]/[Dt], which is the parameter most accurately measured in a mobility
shift assay (1). For each concentration of total DNA, [Dt], two reaction mixtures,
an experimental (with protein) and a control (without protein), were assayed.
First, [D]/[Dt] was determined by dividing the free DNA signal in the experi-
mental lane by the free DNA signal in the control lane. The fraction of DNA in
complex was then calculated from the equation [PD]/[Dt] 5 1 2 ([D]/[Dt]). The
concentration of protein bound at each DNA concentration [PD] 5 ([PD]/
[Dt])[Dt], was then calculated. For graphing, the fraction of protein active was

calculated by dividing [PD] by the concentration of total input protein, [Pt], as
determined from extinction coefficients.
To determine equilibrium dissociation constants (KDs), various concentrations

of Ets-1 polypeptides were incubated with a fixed amount of radiolabeled SC1
duplex DNA. Free and bound DNA fractions were resolved by mobility shift
assay. The DNA concentration was kept at least 10 times lower than the esti-
mated KD value, ensuring that [Pt] was an accurate estimate of free protein [P].
[D]/[Dt] was the ratio of the free DNA signal at each protein concentration to the
free DNA signal in a control lane containing no protein. The fraction of DNA in
complex, [PD]/[Dt], is equal to 1 2 ([D]/[Dt]). All datum points were fitted to the
rearranged mass action equation [PD]/[Dt] 5 1/(1 1 {KD/[Pt]}) by using nonlin-
ear least-squares analyses (Kaleidagraph; Synergy Software). The deviation of
the data from the curve fit at the higher protein concentrations could be ex-
plained by either a fraction of the DNA being inactive or a portion of complexes
dissociating during gel entry.
To determine dissociation rate constants, k21, protein and radiolabeled SC1

duplex DNA (8.5 3 10210 M) were incubated under standard conditions. The
active protein concentration was 5 3 1029 M except in the case of renatured
tryptic fragments and ED(331-415), for which no concentration estimate was
obtained. Note that these kinetic experiments do not require an accurate con-
centration of active protein since only disassociation of active complexes is
monitored. After at least a 15-min incubation period, one control aliquot was
removed and mixed with 1/10 volume of TEK60. To the remaining reaction
mixture, a 1,000-fold excess unlabeled SC1 DNA in 1/10 volume of TEK60 was
added. Following a brief vortexing (which allowed immediate mixing and in
controls showed no effect on binding activity), aliquots were removed at intervals
and immediately loaded on a running mobility shift gel. The ratio of the shifted
signal at each time point to the signal in the control lane was presented as
[PDt]/[PD0], the fraction of original complex remaining at time t. The dissociation
rate constant, k21, was determined by least-squares analyses (Kaleidagraph;
Synergy Software) of the equation ln[PDt]/[PD0] 5 2k21 t.
Protease studies. Lyophilized trypsin (Sigma catalog no. T8642) was resus-

pended in 25 mM Tris-Cl (pH 7.6)–10 mM CaCl2 at 48C. Protease was added to
10 mg of Ets-1 polypeptides in TEK50 with 10% glycerol and 1 mM DTT at a
ratio of 1:10 (enzyme/protein, vol/vol), with final concentrations as given in the
figure legends. Digestion proceeded at room temperature for 2 min and was
stopped by addition of 33 loading buffer (1.5% SDS, 7.5% glycerol, 0.0075%
bromophenol blue, 0.2 M Tris-Cl [pH 6.8], 50 mM DTT [freshly prepared]) and
immediate boiling at 958C for 5 min. Proteolytic fragments were fractionated on
SDS–10 to 22% linear gradient polyacrylamide gels (29) and visualized by stain-
ing with Coomassie blue. For digestion in the presence of DNA, 10 mg of Ets-1
or DC428 was incubated with ;5 mM duplex SC1 DNA for 20 min under
standard binding conditions prior to digestion. This concentration of DNA is
sufficient to achieve .95% protein occupancy.
For kinetic experiments on tryptic fragments, tryptic fragment T3, T4, or T5

was renatured from a 10 to 22% polyacrylamide–SDS gel (21). In brief, gel slices
were crushed and soaked in elution buffer (0.1% SDS, 50 mM Tris [pH 7.9], 150
mM KCl, 0.1 mM EDTA, 0.1 mg of bovine serum albumin [BSA] per ml, 5 mM
DTT) at room temperature for 12 h. Gel fragments were removed by filtering the
supernatant through cellulose acetate (Schleicher & Schuell), and then proteins
were precipitated with acetone, dried, and resuspended in 6 M guanidine-HCl in
dilution buffer (50 mM Tris-HCl [pH 7.9], 20% glycerol, 150 mM KCl, 1 mM
DTT, 0.1 mM EDTA, 0.18 mg of BSA per ml). Proteins were renatured by
20-fold dilution in TEK50 with 10% glycerol, 0.2 mg of BSA per ml, and 1 mM
DTT at 48C for 30 min. No estimate of Ets-1 polypeptide concentration or
fraction of molecules active was obtained.
Western blot (immunoblot) analysis was performed by standard procedures

(24). Primary antibodies, which were specific for the 11 amino acids at the C
terminus of Ets-1 (20), had been affinity purified and were added directly to the
blocking buffer at a dilution of 1:2,500. After an overnight incubation at 48C,
alkaline phosphatase-conjugated secondary antibody was used for visualization
of antigen-antibody complexes.
For N-terminal sequencing, tryptic fragments were separated on gradient

SDS-polyacrylamide gels, transferred to polyvinylidene difluoride membranes in
3-[cyclohexylamino]-1-propanesulfonic acid (CAPS) buffer (pH 11), and visual-
ized by Coomassie blue staining. After extensive washing in deionized H2O,
Edman sequencing was performed directly on the membrane with an automated
sequencer (model 477A; Applied Biosystems, Inc.).

RESULTS

Two inhibitory regions modulate Ets-1 DNA binding. Two
regions of Ets-1 that lie on either side of the ETS domain have
been reported to affect DNA binding. To further investigate
this autoinhibition, we compared DNA-binding characteristics
of Ets-1 and two deleted species, DN331, an N-terminal dele-
tion, and DC428, a C-terminal deletion (Fig. 1A). Proteins
were expressed in bacteria and purified, and then DNA-bind-
ing activity was analyzed by quantitative mobility shift assays.
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DNA titration experiments were performed to determine the
concentration of protein capable of binding DNA (Fig. 1B).
Active protein concentrations were then used in protein titra-
tions to determine the KD for a high-affinity binding site, SC1
(36). The DNA-binding affinity of full-length Ets-1 was lower
than those of the N- and C-truncated versions by 23- and
9-fold, respectively (Fig. 1C; Table 1). These studies establish
that removal of either region increases DNA-binding affinity to
a similar level. In addition, the independent determination of
active protein concentrations demonstrated that the lower af-

finity of full-length Ets-1 is not due to a difference in protein
activity. These two quantitative experiments are also consistent
with previous reports that Ets-1 binds the high-affinity binding
site SC1 as a monomer (36).
We next investigated the molecular basis for the difference

in affinity by measuring the dissociation rates of protein-DNA
complexes in quantitative mobility shift assays. Binding reac-
tion mixtures, containing radiolabeled SC1 duplex DNA and
Ets-1 proteins, were allowed to reach equilibrium, and then, a
1,000-fold molar excess of unlabeled SC1 duplex DNA was
added. At timed intervals, aliquots were loaded onto a mobility
shift gel to monitor decay of the radiolabeled complex (Fig.
2A). The half-life of each protein-DNA complex was deter-
mined by an exponential decay plot (Fig. 2C). The time axis
was adjusted by 15 s to account for the expected time delay
between mixing and entry of molecules into the gel matrix (1,
12). The dissociation rate constants were very similar for
DN331-DNA and DC428-DNA complexes, corresponding to
half-lives of 58 and 43 s, respectively (Fig. 2A and C; Table 1).
In contrast, a maximal estimate of the half-life of the Ets-1–
DNA complex was only ;6 s. These results demonstrate that
the dissociation rate constants of the high-affinity complexes
differ from that of the low-affinity Ets-1–DNA complex by at
least sevenfold. Thus, the majority of the difference in binding
affinities of Ets-1 species was due to the dissimilarity in disso-
ciation rates (Table 1). These findings indicate that both N-
and C-terminal inhibitory regions negatively regulate DNA
binding by enhancement of dissociation. Furthermore, the sim-
ilarity in the levels of activation upon removal of either inhib-
itory region, as measured by dissociation experiments, suggests
that these inhibitory regions act through a common pathway.
Equilibrium and kinetic binding studies indicated that both

inhibitory regions are required to mediate inhibition. Neither
region alone effectively represses the DNA-binding activity of
the ETS domain. Specifically, DN331 contains an intact C-
terminal inhibitory region yet displays high affinity. Likewise,
DC428 contains an intact N-terminal inhibitory region and also
displays high affinity. We performed a final test for cooperat-
ivity between the two regions by construction of a mutant,
ED(331-415), that lacks both inhibitory regions. Dissociation
measurements demonstrated that this minimal DNA-binding
polypeptide had a half-life of 43 s and, therefore, the same slow
dissociation rate displayed by the N- and C-terminal deletion
mutants (Fig. 2B and C; Table 1). Thus, removal of both
inhibitory regions did not increase the level of activation above
that displayed by either of the singly deleted species. This
result provided final evidence that the two regions mediate
inhibition through a common pathway.
Partial proteolysis of Ets-1 implicates structural coupling of

inhibitory regions. Functional cooperativity between the N-
and C-terminal inhibitory regions suggested that these two
parts of Ets-1 may be structurally coupled. To investigate this
possibility, we first performed partial proteolysis on Ets-1 to
identify structural elements involved in inhibition. Digestion of
Ets-1 with various amounts of trypsin generated five major
tryptic peptides, designated T1 through T5 (Fig. 3A, left). A
digestion time course with a single trypsin concentration gave
a similar pattern (data not shown). N-terminal sequencing
mapped the N termini of tryptic peptides (Fig. 3B). A native
Ets-1 C terminus was identified in T3, T4, and T5 by reactivity
with a C-terminus-specific antiserum (Fig. 3A, right). The total
mass of protein present in each lane was essentially equal to
the input protein, as determined by densitometry of the Coo-
massie blue-stained gels (Fig. 3A; compare lanes 2 through 7
with lane 1; densitometry data not shown). These results, in
agreement with DNA titration experiments, indicate that the

FIG. 1. Equilibrium DNA-binding studies of Ets-1 and deletion mutants
DC428 and DN331 demonstrate a difference in affinity. Data were obtained from
mobility shift assays and analyzed as described in Materials and Methods. (A)
Schematic representation of full-length Ets-1 (residues 1 to 440), the C-terminal
deletion polypeptide, DC428, and the N-terminal deletion polypeptide, DN331.
The ETS domain (open bar) corresponds to the highly conserved region (resi-
dues 331 to 415) present in all ets family members. Asterisks mark the boundaries
of exon VII, and the arrowhead indicates the last ets-1 codon transduced by the
E26 retrovirus. (B) Determination of active protein concentration of DN331,
DC428, and Ets-1. The fraction (log10) of total protein bound to DNA, [PD]/[Pt],
is presented as the mean (6 standard deviation) of two or three independent
experiments. (C) Determination of KD. Mobility shift assays were performed
with active DN331 (squares), DC428 (diamonds), or Ets-1 (circles) at the indi-
cated concentrations and a [Dt] of less than 8 3 10213 M. [PD]/[Dt] is presented
as the mean (6 standard deviation) of two or three independent experiments.
Data were fitted to the equation [PD]/[Dt]5 1/(11 {KD/[P]}) by using nonlinear
least squares.

TABLE 1. DNA-binding properties of full-length and
truncated Ets-1

Protein Mean KD
(pM) 6 SD

k21
(s21) t1/2

a k1
(M21 s21, 108)b

Ets-1 200 6 20 $0.12 #5.8 $6
DN331 8.5 6 0.7 0.012 58 14
DC428 22 6 2 0.016 43 7
ED(331-415) NDc 0.016 43

a Calculated from the equation t1/2 5 0.693/k21.
b Calculated from the equation, k1 5 k21/KD.
c ND, assay not done.
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majority of Ets-1 molecules are well folded, with discrete struc-
tural domains.
The three tryptic polypeptides that contain an intact ETS

domain facilitated mapping of the N-terminal inhibitory re-

gion. T3, T4, and T5 were purified from polyacrylamide gels,
renatured, and used in dissociation rate experiments (Fig. 3C).
The larger fragments, T3 (residues 244 to 440) and T4 (resi-
dues 280 to 440), formed DNA complexes with half-lives of less
than 6 s, similar to that of full-length Ets-1. The smallest tryptic
fragment, T5 (residues 310 to 440), formed a complex with a
half-life similar to that of DN331 (half-life, 46 s; k21, 1.5 3
1022 s21). A nondenatured mix of tryptic fragments showed
the same relative dissociation rates (T3 > T4 . T5; data not
shown). Equilibrium binding studies on the N-terminal dele-
tion mutant DN280 (residues 280 to 440) confirmed the low
affinity of the T4 species (37). These mapping experiments
demonstrate that the N-terminal inhibitory region can function
with only 51 residues flanking the ETS domain. Thus, a rela-
tively small fragment of Ets-1 retains inhibitory properties. T5,
which is truncated by only an additional 30 residues compared
with T4, displayed enhanced binding activity. Therefore, resi-
dues necessary for inhibition lie in a relatively small region
between the N termini of T4 (residue 280) and T5 (residue
310). This experiment did not address whether this small re-
gion is sufficient for N-terminal inhibitory function. Indeed, as
discussed below, the sequences between residues 310 and 331

FIG. 2. Kinetic studies demonstrate a difference in the dissociation rates
between Ets-1–DNA and deletion mutant-DNA complexes. (A) Dissociation of
protein-DNA complexes as monitored by mobility shift assay. Reaction mixtures
containing either Ets-1 (top), DN331 (middle), or DC428 (bottom) and radiola-
beled SC1 DNA were allowed to reach equilibrium and challenged with unla-
beled DNA, and aliquots were loaded on a mobility shift gel at timed intervals.
Lanes: 1, 11, and 21, control aliquots that contained no unlabeled DNA; 2 to 9,
12 to 19, and 22 to 28, aliquots loaded at 8-s intervals; 10, 20, and 29, aliquots
loaded at 120 s. For DN331 and DC428, only the portion of the autoradiogram
corresponding to the protein-DNA complex is shown. (B) Dissociation of
ED(331-415)-DNA complexes as monitored by mobility shift assay. Lanes: 1,
control aliquot that contained no unlabeled DNA; 2 to 9, aliquots loaded at 8-s
intervals; 10, aliquot loaded at 120 s. (C) Exponential decay of Ets-1–DNA (filled
circle), DN331-DNA (squares), DC428-DNA (diamonds), and ED(331-415)-
DNA (open circles) complexes. [PDt]/[PD0] was measured as described in Ma-
terials and Methods. The upper time axis includes an adjustment of 15 s (see
text). Data were means (6 standard deviation) from two or more trials, plotted
as log10[PDt]/[PD0] versus time. Curve fits were derived from least-squares anal-
ysis of the data fitted to the equation ln[PDt]/[PD0] 5 2k21 t.

FIG. 3. Partial proteolysis of Ets-1 maps structural domains involved in in-
hibition. (A) Ets-1 proteolytic fragments resolved on 10 to 22% linear gradient
polyacrylamide gels containing SDS. Proteins were visualized by Coomassie blue
staining (left) or Western blot analysis with antibodies to the Ets-1 C terminus
(right). Lanes: M, markers (molecular masses are indicated in kilodaltons); 1,
mock-digested Ets-1; 2 to 9 and 10 to 17, Ets-1 incubated with 0.66, 2.0, 6.6, 20,
66, 200, 660, or 2,000 ng of trypsin per 20 ml of reaction mixture. t, trypsin or
trypsin fragment. (B) Schematic representation of Ets-1 and proteolytic frag-
ments. Vertical lines are positions of arginine and lysine residues (potential
trypsin cleavage sites). Hatched areas indicate residues determined by mapping
with trypsin to be necessary for inhibition. Because the decrease in Ets-1 was
closely matched by the increase in T1 plus T3 (A, lanes 5 and 6), we concluded
that cleavage of Ets-1 after residue 243 gave rise to these two fragments. Aster-
isks mark these predicted C termini. Numbers in parentheses are molecular
masses in kilodaltons calculated from deduced amino acid content and agree well
with size predictions from relative mobility for T3, T4, and T5. The size discrep-
ancy for T1 and T2 may be due to aberrant mobility rather than an incorrect
placement of the C termini. (C) Dissociation of tryptic fragment-DNA com-
plexes monitored by mobility shift assay (see Fig. 2). Lanes: 1 to 6, T3-DNA; 7
to 12, T4-DNA; 13 to 18, T5-DNA; 1, 7, and 13, control aliquots that contained
no unlabeled DNA; 2 to 5, 8 to 11, and 14 to 17, aliquots loaded at 8-s intervals;
6, 12, and 18, aliquots loaded at 120 s.

2068 JONSEN ET AL. MOL. CELL. BIOL.



as well as portions of the ETS domain are likely to be involved
in inhibition.
Previous mapping studies suggest large regions of the N

terminus of Ets-1 as being necessary for inhibition (Fig. 1A) (8,
33, 49). Several studies implicate residues 244 through 328,
which span the entire exon VII and include sequences present
in T3, T4, and T5 (Fig. 1A). Our findings indicate that only a
small region of exon VII, at most residues 280 to 328, is critical
for inhibition.
Partial proteolysis provided important tools for further

structural investigations of the inhibition mechanism. The pro-
tease sites at residues 280 and 310 map within the N-terminal
inhibitory region and provide an assay for conformational
change in this region of Ets-1. Because these sites are present
in both the truncation mutant DC428 and full-length Ets-1,
partial proteolysis could be used to monitor the structure of
the N-terminal inhibitory region in high- and low-affinity forms
of Ets-1. These experiments provided the key finding that
structural changes in the N-terminal inhibitory region accom-
pany derepression. Figure 4 shows the protease digestion pat-
terns of DC428 and Ets-1. Tryptic fragments of DC428 that
differ in the C termini from those of Ets-1 are distinguished by
the prefix D. There was no difference in the patterns of ap-
pearance of tryptic fragments T1 and T2 upon digestion of
Ets-1 and DC428. In contrast, the pattern of appearance of
DC428 DNA-binding fragments, DT3 through DT5, differed
significantly from the pattern of Ets-1 fragments T3 through T5
(Fig. 4A). In the digestion of Ets-1, T3 and T4 were the pre-
dominant proteolytic products (Fig. 4A, left). On the other
hand, digestion of DC428 produced DT4 as a minor product
and DT5 as a major product (Fig. 4A, right). Importantly, these
differences mapped to the N-terminal inhibitory region. There-
fore, removal of the C-terminal inhibitory region affects the
protease sensitivity of the N-terminal inhibitory region. Thus,
the loss of inhibition in DC428 is accompanied by a structural
rearrangement in the N-terminal inhibitory region. We pro-
pose that this altered sensitivity is due to the loss of interaction
between the N- and C-terminal inhibitory regions. This inter-
pretation implies that the derepressed DC428 has lost struc-
tural, as well as functional, coupling of the two inhibitory
regions.
Previous studies of the viral form of Ets-1, v-Ets, suggest that

this protein is also in an altered conformation relative to the
cellular protein (50). v-Ets, which is transduced by the virus
E26, carries mutations in all 12 C-terminal residues (Fig. 1A)
as well as a point mutation in the ETS domain (17, 30, 35, 45).
We speculate that the conformational change reported for
v-Ets is the same as that identified in our protease studies of
DC428. Thus, mutation of the C terminus may be sufficient to
alter the conformation of v-Ets.
Partial proteolysis of Ets-1 in the presence of DNA impli-

cates a conformational change. We next used partial proteol-
ysis to test for conditions in which the altered conformation of
the mutant DC428 could be identified in full-length Ets-1. In
these experiments, the conformation of Ets-1 was probed in
the presence and absence of DNA. No difference was detected
in tryptic fragments T1 and T2; however, T3 through T5 ap-
peared in an altered pattern (compare Fig. 4A, left, and 4B,
left). In the digestion of Ets-1 without DNA, T3 and T4 were
major products, while T5 was a minor product. In contrast,
digestion of Ets-1 in the presence of DNA produced T4 as a
minor species and T5 as a major product. This difference in
protease sensitivity suggests that a structural change in the
N-terminal inhibitory region of Ets-1 occurs upon DNA bind-
ing. Importantly, the digestion pattern of Ets-1 in complex with
DNA was similar to that of derepressed DC428 (compare Fig.
4A, right, and 4B, left). The altered conformation of DC428
was due to the loss of the C-terminal inhibitory region. How-
ever, both inhibitory regions are present in the full-length
protein. Thus, in the case of Ets-1, conformational change of
the N-terminal inhibitory region must be due to uncoupling of
the interacting regions. We conclude that the N-terminal in-
hibitory region displays a derepressed conformation upon
DNA binding. However, because Ets-1–DNA complexes dis-
sociate rapidly and have low affinity, this uncoupled, dere-
pressed state must be transient. In contrast, the protease sen-
sitivity of DC428 was unaltered by the addition of DNA (Fig.
4B, right). Thus, the N-terminal inhibitory region of this acti-
vated mutant is always uncoupled, and DC428 constitutively
displays the derepressed conformation.
Three important features of Ets-1 autoinhibition were de-

tected by our protease experiments. First, the two inhibitory
regions are structurally, as well as functionally, coupled. Sec-
ond, derepression, caused by deletion of the C-terminal inhib-

FIG. 4. Trypsin cleavage of DC428 and Ets-1 in the presence of DNA detects an altered conformation of the N-terminal inhibitory region. Trypsin cleavage was
performed as described for Fig. 3. For trypsin cleavage in the presence of DNA, proteins were incubated with SC1 DNA (;5 mM) under standard conditions for 15
min prior to trypsin addition. Under these conditions, greater than 95% of the protein is bound to DNA. Lanes: 1 and 6, mock-digested protein; 2 to 5 and 7 to 10,
Ets-1 protein incubated with 20, 66, 200, and 660 ng of trypsin per 20 ml of reaction mixture. t, trypsin band; F, a non-DNA-binding contaminant in the DC428
preparation. Tryptic fragments T1 to T5 and DT3 to DT5 are labeled to the right of each gel; sizes of molecular mass standards in kilodaltons are indicated at the left.
(A) Tryptic pattern produced by digestion of Ets-1 (left) and DC428 (right); (B) tryptic pattern produced by digestion of Ets-1 (left) and DC428 (right) in the presence
of DNA; (C) schematic of full-length Ets-1 showing the positions of trypsin sites at codons 244 (T3), 280 (T4), and 310 (T5).
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itory region, is accompanied by an altered conformation in the
N-terminal inhibitory region. Finally, an identical conforma-
tional change takes place in the N-terminal inhibitory region of
Ets-1 bound to DNA. In sum, these results demonstrate that
conformational change plays a critical role in the mechanism of
inhibition.

DISCUSSION

A mechanistic model of Ets-1 autoinhibition. Figure 5 pre-
sents our mechanistic model for autoinhibition of Ets-1 DNA
binding. Full-length Ets-1, with two intact inhibitory regions,
provides the most complete picture (Fig. 5A). In the first step
of the model, the two inhibitory regions interact and maintain
the ETS domain in a stressed conformation (triangular ETS
domain). In the second step of the model, DNA binding dis-
rupts the interaction between the two inhibitory regions. Loss
of structural coupling between the two inhibitory regions leads
to an altered conformation within the N-terminal inhibitory
region (rectangle to oval) and allows the ETS domain to relax.
A relaxed ETS domain (depicted as a semicircle) makes more
stable contact with DNA. However, this relaxed conformation
is transient. Reestablishment of the interaction between inhib-
itory regions returns the ETS domain to the stressed confor-
mation and causes rapid dissociation from DNA. Deletion of
either inhibitory region prevents the intramolecular interac-
tions between the two inhibitory regions, thus allowing a con-
stitutively relaxed, derepressed state (Fig. 5B). This model is
supported by the functional and structural data discussed be-
low.
Interaction between inhibitory regions is cooperative. A co-

operative interaction between the two inhibitory regions is
supported by several pieces of data. Kinetic experiments dem-

onstrated that both regions function by enhancing dissociation
of the protein-DNA complex. In addition, neither region acted
independently of the other; the presence of a single inhibitory
region did not mediate inhibition. Furthermore, a mutant lack-
ing both inhibitory regions showed no greater activation than
either singly deleted form. Taken together, these observations
establish that the two inhibitory regions act cooperatively
through a common pathway.
A cooperative model of Ets-1 inhibition has been previously

proposed on the basis of studies of N- and C-terminal deletion
mutants and a v-Ets construct that is mutated in the C-terminal
inhibitory region (22, 33, 49). However, none of the previous
studies analyzed both N- and C-terminal deletion mutants to
obtain accurate binding affinities. Importantly, the DNA-bind-
ing activity of the minimal ETS domain, from which both
inhibitory regions are deleted, has not been previously re-
ported. Thus, the data presented here are the first conclusive
biochemical evidence for cooperative coupling between two
separate inhibitory regions.
Our analyses also provide unique structural data that sup-

port a cooperative model. Partial proteolysis of DC428 de-
tected altered protease sensitivity within the N-terminal inhib-
itory region. This result demonstrated that removal of the
C-terminal inhibitory region affected the structure of the N-
terminal inhibitory region. Thus, we propose that loss of inhi-
bition is due to loss of coupling between the two inhibitory
regions.
An allosteric mechanism regulates DNA-binding affinity. In

contrast to previous models of Ets-1 DNA binding in which the
inhibitory region sterically masks the DNA-binding surface
(33), our data suggest that an allosteric mechanism regulates
Ets-1 DNA binding. If inhibition of Ets-1 were due to a mask-
ing of the ETS domain that required a kinetically slow opening
step, association rates of repressed and activated forms would
differ greatly. The calculated association rate constants of re-
pressed Ets-1 and activated DC428 were very similar; however,
the dissociation rates differed by as much as 10-fold. Thus, our
results demonstrate that the majority of difference in DNA-
binding affinity is due to a difference in dissociation rates
rather than association rates. These results strongly suggest
that Ets-1 DNA binding is not regulated through a steric mask-
ing of the ETS domain. These findings have led to a new
mechanistic model of Ets-1 autoinhibition. We propose that
the inhibitory regions allosterically stress the ETS domain and
destabilize DNA contacts.
An altered conformation accompanies derepression and

DNA binding. The altered conformation of Ets-1 is key to
understanding the mechanism of inhibition. Two partial pro-
teolysis experiments detected conformational changes in Ets-1
polypeptides. First, the high-affinity mutant DC428 displayed
an altered protease sensitivity in the N-terminal inhibitory re-
gion. These findings indicated that deletion of the C-terminal
inhibitory region not only derepressed DNA-binding activity
but also caused a change in conformation of the N-terminal
inhibitory region. Next, partial proteolysis detected this iden-
tical conformation in full-length Ets-1 bound to DNA; the
derepressed conformation observed with high-affinity DC428 is
revealed during Ets-1 DNA binding. This result suggested that
the inhibitory regions of Ets-1 uncouple upon DNA binding.
However, because both inhibitory regions are intact, reestab-
lishment of the interaction leads to dissociation from DNA. In
sum, the structural uncoupling of the inhibitory regions is crit-
ical for modulating DNA binding of both high- and low-affinity
Ets-1 polypeptides.
Structural studies support an allosteric, cooperative model.

Recent NMR studies of ETS domain proteins support the

FIG. 5. Model of Ets-1 intramolecular inhibition. (A) Full-length Ets-1 with
two alternative conformation states. Step I, the two inhibitory regions interact
and allosterically stress the ETS domain (triangle); step II, DNA binding is
accompanied by uncoupling of the two inhibitory regions. Disruption of the
intramolecular interaction is characterized by a structural rearrangement (solid
rectangle to oval) in the N-terminal inhibitory region. This altered conformation
allosterically relaxes the ETS domain (semicircle) and transiently relieves inhi-
bition. Reestablishment of the interaction between the two inhibitory regions
causes rapid dissociation of the protein-DNA complex. (B) Ets-1 deletion mu-
tants with one of the two inhibitory regions missing. No cooperative interactions
occur between the N- and C-terminal regions of these truncations. Thus, these
deletion mutants constitutively display a relaxed ETS domain and high-affinity
DNA binding.
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model proposed here (summarized in Fig. 6). NMR-based
structures of Ets-1 and Fli-1 show that the ETS domain con-
tains three a-helices and a four-stranded b-sheet (4, 5, 31, 51).
The second and third a-helices form a helix-turn-helix DNA-
binding motif that binds in the major groove of the DNA. The
amino terminus of the first a-helix binds the minor groove by
a novel mechanism that involves intercalation of a single tryp-
tophan residue (51). Although the three-dimensional struc-
tural study of Ets-1–DNA complexes was performed on only a
high-affinity ets-1 fragment (51), biochemical and genetic stud-
ies indicate that low-affinity fragments will display this same
DNA-protein interface. DNase I protection, alkylation inter-
ference patterns, and binding-site selection data are similar
between the full-length and truncated Ets-1 polypeptides (9,
36, 53). A DNase I-hypersensitive site that accompanies ETS
domain DNA binding is particularly informative. This hyper-
sensitive site is likely due to the altered DNA conformation
that accompanies the tryptophan intercalation and minor
groove binding. The invariant appearance of this site in both
low- and high-affinity Ets-1–DNA complexes strongly suggests
that low-affinity species will mediate the combination of major
and minor groove interactions reported for the high-affinity
species.
NMR studies of the high-affinity species DN331 identified an

additional a-helix in the C-terminal inhibitory region and dem-
onstrated by nuclear Overhauser effect spectroscopy experi-
ments a direct structural connection between this helix and the
first helix of the ETS domain (4, 5). NMR analyses of the
low-affinity species DN280 identified two a-helices within the
N-terminal inhibitory region. The presence of these two a-he-
lices significantly alters the chemical shifts within the first a-he-
lix of the ETS domain and the C-terminal a-helix (43). These

NMR data indicate that the N-terminal inhibitory region is
structurally coupled to the C-terminal inhibitory region and
the ETS domain. These findings provide strong support for our
cooperative model in which the two inhibitory regions are both
structurally and functionally linked. The results are in good
agreement with our protease studies which indicated that the
two inhibitory regions are structurally coupled. Additionally,
the NMR experiments demonstrated that the C-terminal in-
hibitory region, and possibly the N-terminal inhibitory region,
directly contacts the ETS domain. The direct interaction of the
inhibitory regions with the ETS domain provides a structural
connection that is consistent with the allosteric feature of our
model.
DNA binding studies of DN331 and DN280 support our

analyses of full-length Ets-1. The difference in binding affinity,
KD, between DN280 and DN331 is ;15-fold (37), while the
difference between Ets-1 and DN331 is ;23-fold. This com-
parison suggests that DN280 and full-length Ets-1 display ap-
proximately the same inhibitory potentials. Thus, the autoin-
hibition mechanism is fully functional within the DN280
fragment, and the structural elements contained in DN280 can
be used to model inhibition of full-length Ets-1.
Biophysical studies of DN331 and DN280 indicate that the

first a-helix in the amino-terminal inhibitory region unfolds
upon DNA binding (Fig. 6) (37). The protease and kinetics
experiments reported here integrate this finding into our pro-
posed mechanism of Ets-1 DNA binding. This structural rear-
rangement was detected in part by protease probing. The pro-
tease susceptibility of residues between 304 and 312 in DN280
is consistent with the hypersensitivity of residue 310 in Ets-1. In
both proteins, cleavage is enhanced in the presence of DNA.
These results strongly suggest that the a-helix in the amino-

FIG. 6. Structural data and modeling of the Ets-1 inhibitory module. (A) Summary of structural studies of the ETS domain and inhibitory module of Ets-1.
Coordinates refer to residue numbers in full-length Ets-1. Positions 331 to 415 are within the ETS domain. The secondary structure of the ETS domain is based on
NMR experiments (4, 5, 43, 51). Rectangles and arrows on gene structure represent a-helices and b-strands, respectively. Bold line connections represent NMR data,
including nuclear Overhauser effect-based connectivity from the solution structure of the high-affinity species DN331 (5). Light line connections represent NMR
connectivity derived from changes in chemical shifts of specific residues between 331 to 440 in the presence and absence of the N-terminal inhibitory region (43).
Asterisks mark protease-sensitive sites mapped in either DN280 (37) (above the line) or Ets-1 (below the line). (B) Proposed three-dimensional model of the inhibitory
module in the presence and absence of DNA. This schematic picture accommodates all known secondary structure elements within the DN280 fragment and the
established three-dimensional structure of the ETS domain with the C-terminal inhibitory helix (4, 5, 51). The unstructured region amino terminal to the first inhibitory
helix has not been included. The positioning of the two helices of the N-terminal inhibitory region is based on NMR chemical shift data (43) and the structural coupling
data presented in this report. The first a-helix in the N-terminal inhibitory region is induced to unfold in the presence of DNA (37). Asterisks mark the locations of
protease cleavage sites exposed upon DNA binding. As discussed in the text, the structure of the ETS domain in the presence of DNA is derived from the studies of
high-affinity species (51). The difference in position of the first helix of the ETS domain in the left and right panels reflects one possible structural change that could
accompany the proposed (stressed to relaxed) transition of the DNA-binding motif upon DNA binding.
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terminal inhibitory region in full-length Ets-1 also unfolds
upon DNA binding. We have proposed that unfolding of this
helix disrupts the cooperative interactions of the inhibitory
regions and thus allows the ETS domain to bind DNA. Kinetic
studies describe short half-lives for both Ets-1- and DN280-
DNA complexes. Taken together, these data indicate that the
reestablishment of the inhibitory interactions leads to rapid
dissociation of Ets-1 from DNA. Furthermore, this event is
likely to involve refolding of the inhibitory a-helix.
The findings of these structural studies combined with the

data presented here lead to a more detailed version of our
cooperative, allosteric model of autoinhibition (Fig. 6B). In the
absence of DNA, an intact inhibitory module contains three
inhibitory helices and the first helix of the ETS domain packed
into a bundle-like structure (Fig. 6B, left). In this three-dimen-
sional arrangement, direct structural coupling of the N- and
C-inhibitory regions explains the functional cooperation of
these two regions. This picture also accommodates the alloste-
ric mechanism of inhibition. The first helix of the ETS domain
packs against helices of both inhibitory regions as well as the
helix-turn-helix motif. Thus, this helix couples the N- and C-
inhibitory regions to the DNA binding domain of Ets-1. In the
presence of DNA, the inhibitory module is disrupted, which
leads to a loss in the cooperative interactions between the two
inhibitory regions (Fig. 6B, right). This structural rearrange-
ment is most dramatically evidenced by the unfolding of the
N-terminal inhibitory helix. As indicated by the kinetic studies,
the reestablishment of the inhibitory module, including the
refolding of the inhibitory helix, leads to rapid dissociation of
Ets-1 from DNA.
Proposed biological modulation of inhibition. These data

demonstrate that the ETS domain within the full-length Ets-1
polypeptide has the potential to bind DNA with high affinity. A
variety of regulatory events could uncover the full DNA-bind-
ing potential of the ETS domain: proteolysis, association with
other proteins, or posttranslational modifications. In our struc-
tural model of Ets-1 DNA binding, a partner protein could
relieve inhibition by stabilizing the relaxed conformation. In
support of this hypothesis, Ets-1 functions in collaboration with
a variety of other transcription factors. Ets-1 synergizes with
Sp1 in activating transcription from the human T-cell lympho-
tropic virus type 1 enhancer (13). Myb, which is transduced
along with Ets by the virus E26, has also been shown to coop-
erate with Ets-1 at the mim promoter and a myeloid cell-
specific promoter (6, 41). Ets-1 works with a Jun-Fos het-
erodimer on the polyomavirus enhancer (48), while it
cooperates with PU.1 on the immunoglobulin m-chain en-
hancer (34). Most recently, Ets-1 has been shown to work with
the core-binding factor (CBF/PEBP2) on several viral and cel-
lular enhancers, including those of the T-cell receptor a and b
subunit genes (14, 46, 54). Furthermore, DNA binding coop-
erativity has been demonstrated in the case of the core-binding
factor and Ets-1 (14, 36a, 54).
Partner proteins also have been shown to regulate DNA

binding of other ets family members. In the case of Ets proteins
that interact with the serum response factor, sequences outside
the ETS domain mediate the cooperative interaction (2, 16).
The a subunit of the ETS domain protein GA-binding protein
(GABP) provides another relevant example. Addition of the
GABP b subunit to the a subunit increases the half-life of the
DNA-GABP complex (47). Thus, modulating dissociation may
be a general method of regulating the DNA binding of Ets
proteins.
Inhibition also could be modulated by phosphorylation since

Ets-1 is a phosphoprotein (10, 38, 39). An analysis of the in
vivo phosphorylation of Ets-1 indicates that four sites lie within

the T3 fragment, while two are retained in the T4 fragment
(39). Phosphorylation could favor either the stressed or relaxed
conformation.
Our findings support a model in which an inhibitory module,

composed of two separate regions, allosterically modulates the
DNA-binding activity of Ets-1. Autoinhibition has been ob-
served in a variety of other proteins, including kinases and
phosphatases (7, 27, 44). As in the case of Ets-1, activation of
these enzymes requires conformational rearrangements. On a
more general level, allosteric effects and conformational
change are well-characterized ways to regulate protein func-
tion. Our work contributes to the growing appreciation that
these processes are utilized by transcription factors to execute
a variety of functions.
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