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ABSTRACT: The current paradigm of ETS transcription
factors holds that their DNA-binding (ETS) domain binds to a
single sequence-specific site with strict 1:1 stoichiometry. PU.1
(Spi-1) is a lineage-restricted member of the ETS family that is
essential in normal hematopoietic development. Character-
ization of the binding properties of the ETS domain of PU.1 by isothermal titration calorimetry revealed that it binds a single
sequence-specific binding site with 1:1 and 2:1 stoichiometry in a discrete, sequential, and negatively cooperative manner. While
both high-affinity- and low-affinity-specific sites exhibit this behavior, the thermodynamics for each complex are highly
differentiated. In the unbound state, the PU.1 ETS domain exists as a weak noncovalent homodimer that dissociates and unfolds
cooperatively. Thus, the PU.1 ETS domain exists as a monomeric and dimeric species in both DNA-bound and free states.
Structural characterization of the protein−DNA interface by quantitative DNA footprinting revealed new minor groove contacts
and changes in the core consensus suggestive of increased DNA distortion in the 2:1 complex. Together, the structural and
thermodynamic data support a model in which DNA binding dissociates a PU.1 ETS dimer to a 1:1 protein−DNA complex
followed by, at higher concentrations, an asymmetric 2:1 complex. The implications of distinct monomeric and dimeric states on
the known structural biology of ETS domains as well as potential ETS−protein interactions are discussed.

ETS proteins comprise a functionally diverse family of tran-
scription factors distributed throughout the Metazoa. All

ETS proteins share a structurally conserved, eponymous DNA-
binding domain that recognizes a large repertoire of sites
harboring a central 5′-GGAA-3′ consensus.1,2 This core con-
sensus is contacted by an essential recognition helix in the ETS
domain that belongs to the winged helix−turn−helix family.3

Although combinatorial control is a major principle in the
biology of ETS proteins, the intrinsic sequence selectivity of the
ETS domain plays an at least equally important role in gene
transactivation. This is evidenced by the exact correspondence
between binding affinity and transactivational activity,4 as well
as the prevalence of high-affinity sequences identified in vitro
among ETS binding sites in vivo.1,2 There are at least two
mechanisms by which these two features are accommodated.
One mechanism is illustrated by the recruitment of IRF-4 by
the ETS domain of PU.1 (Spi-1) at the λB motif of the Igλ2−4
enhancer. In the PU.1−/IRF-4−DNA ternary complex,5 the λB
motif harbors overlapping high-affinity binding sequences for
the two proteins, thereby facilitating their colocalization on the
DNA.
A second mechanism by which combinatorial control and

intrinsic sequence selectivity play complementary roles is that
in which the ETS domain mediates interactions in addition
to DNA recognition. Although the ETS domain is primarily
known as a DNA-binding domain, protein−protein interactions
with other domains and binding partners are increasingly
coming to light. The allosteric regulation of DNA binding by
autoinhibitory domains in Ets-1 represents the best-studied
example.6 A variety of protein−protein contacts involving the
ETS domain have been observed in DNA-bound ternary

structures, including GABPα/β,7 SAP-1/SRF,8 Ets-1/Pax-5,9

and Ets-1/CBFα2.10,11 In the unbound state, the ETS domains
of full-length PU.1, Ets-1, Elk-1, and ERG mediate the
formation of homo- and heterotypic complexes.12−14 These
interactions are biologically relevant, as demonstrated in the
case of Elk-1, by the effects of ETS-mediated homodimerization
on cytoplasmic stability against proteosomal degradation and
localization to the nucleus.13 We are particularly intrigued by
the report that in live cells PU.1 homodimerizes in the nucleus
but appears to bind high-affinity sites only as monomers.13

Because the ETS domain of PU.1 binds a large number (>70)
of cognate DNA sites with a dispersion of affinities,2,15 the
question of whether sequence selectivity may be manifest in
terms of preferential protein−protein interactions arises. We
have conducted a detailed biophysical characterization of the
DNA binding properties of the PU.1 ETS domain in solution.
A combination of calorimetric, spectroscopic, biochemical, and
footprinting techniques indicates that the ETS PU.1 domain
exists as monomers and dimers in both free and DNA-bound
states at equilibrium. Unusually, the PU.1 ETS domain is
capable of forming a discrete 2:1 protein−DNA complex. To
date, binding of ETS oligomers to a single DNA binding site
has not been reported. Analyses of the thermodynamics of
binding and the protein−DNA interface reveal new interactions
in the 2:1 complex. The impact of the 2:1 complex on the
known structural biology of ETS domains and the implications
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of the interplay between DNA binding and self-association of
the PU.1 ETS domain in the full-length protein are discussed.

■ EXPERIMENTAL PROCEDURES
Protein Preparation. The PU.1 ETS domain (residues

167−262 from the murine sequence) was cloned into the pQE-
60 vector (Qiagen), overexpressed in Escherichia coli M15-
[pREP4], and purified as previously described.16 The final
purified protein was free of a purification tag. The concentration
was determined by UV spectrometry (ε280 = 22460 M−1 cm−1).
Isothermal Titration Calorimetry. Complementary oli-

gonucleotides (23 bp) harboring a single ETS binding site were
mixed at equimolar ratios of ∼0.5 mM, heated in a boiling
water bath for 5 min, and annealed by being cooled overnight
to room temperature. DNA and purified PU.1 ETS domain
(concentrated to ∼1 mM) were extensively codialyzed against
the same buffer [50 mM NaH2PO4/Na2HPO4 (pH 7.4) and
150 mM total Na+] in separate dialysis units (D-Tubes Mini,
EMD Biochemicals). Dialysate from the final round was used in
all subsequent dilution, blanking, and rinsing procedures. ITC
was conducted using a NanoITC instrument (TA Instruments,
Logan, UT). Both forward (protein into DNA) and reverse
(DNA into protein) titrations were performed. Typically, 100 μL
of titrant (∼400 μM) was titrated in 5 μL increments every
300 s into a cell volume of 975 μL (∼10 μM titrate or buffer)
with stirring at 300 rpm. Exact concentrations were determined
by UV spectrometry prior to each experiment. The extinction
coefficient of dsDNA was calculated from nearest-neighbor
parameters.17 Thermograms were assigned baselines, and peaks
were integrated numerically and converted into heat per mole
of titrant. Model-free determination of calorimetric enthalpies
(ΔHcal) was conducted by computing recursive two-tailed
prediction intervals (PI) for j consecutive measurements (j > 3)
beginning with the first point after a nominal equivalence point:

= ̂ ± ̂ +α− −q t s
j

PI 1
1

j j k j j1 /2 , 1
(1)

where qĵ is the current estimate of the mean titration heat (per
mole of titrant), sĵ is the current estimate of the standard
deviation, and t1−α/2k,j−1 is the Student's t statistic at α = 0.05
and j − 1 degrees of freedom. If the next k = 2 measurements
lie outside PIj, the iteration is stopped and
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̂
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s

jj
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Model-dependent parameter estimation was performed by
nonlinear regression as described previously.18

Glutaraldehyde Cross-Linking. Samples were prepared in
phosphate buffer as used in ITC experiments and treated with
aqueous glutaraldehyde (Sigma-Aldrich) at 0.025% (w/v). At
various time points, aliquots were quenched in standard SDS
loading buffer, denatured at 90 °C for 3 min, and resolved by
sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE). Gels were stained with Coomassie Blue G-
250 and scanned with a LI-COR Odyssey Instrument at the
680 nm channel.
Size-Exclusion Chromatography. Samples were filtered

at the 0.45 μm level and loaded onto a Superdex 30/200 column
connected to an ÄKTA purifier instrument (GE Healthcare).
The mobile phase was 10 mM NaH2PO4/Na2HPO4 (pH 7.4)
flowing at a rate of 0.5 mL/min at ambient temperature.

Analytes were detected by UV absorption at 280 nm. The
column was calibrated using protein standards (Sigma-Aldrich).

Light Scattering Experiments. Static and dynamic
scattering by the unbound PU.1 ETS domain was performed
using a Zetasiser Nano ZS90 instrument (Malvern, Worcester-
shire, U.K.). Samples were irradiated with a 633 nm He−Ne
source, and scattering was detected at 90°. Attenuation of
source radiation and measurement position were controlled by
software. The purified PU.1 ETS domain was concentrated to
∼1 mM and extensively dialyzed against phosphate-buffered
saline. The concentration of the dialyzed protein was measured
by UV spectrometry after it had been filtered at the 0.45 μm
level. Each measurement was taken for 10 s following equilibra-
tion for 120 s. The molecular mass was determined from SLS
data by extrapolation of a Debye plot, or DLS via the Mark−
Houwink relation. The polydispersity was assessed in terms of
the polydispersity index as prescribed by ISO13321 (1996).
Technique and instrumental performance were verified using
commercially purified bovine serum albumin (EMD) and lysozyme
(Sigma-Aldrich).

Filter Binding Experiments. Experimental procedures
were as previously described15,19 with modifications.16 van’t Hoff
analysis was performed as described previously.20

Quantitative DNA Footprinting. An ∼130 bp fragment
harboring a single 23 bp ETS binding site was cloned into the
EcoRI and HindIII sites of pUC19. The fragment was
radiolabeled at a single 5′-end with [γ-32P]ATP by polymerase
chain reaction (PCR) and purified from an agarose gel as
described previously.16 ETS−DNA binding was performed in
50 μL of binding buffer [10 mM NaH2PO4/Na2HPO4 (pH 7.4)
and 150 mM total Na+] containing ∼1 nM singly labeled DNA
fragment, PU.1 ETS domain as indicated, acetylated bovine
serum albumin (100 ng/μL), and poly-d(AT)·poly-d(AT)
(10−5 M bp). At equilibrium, enzymatic or chemical foot-
printing was performed under conditions that introduced <30%
total cleavage to maximize the fraction of singly cleaved DNA.
Selected chemical sequencing reactions were performed for
base identification. DNase I, hydroxyl radical, and permanga-
nate footprinting were performed as described previously.21−23

Cleaved DNA was extracted with a phenol/chloroform/isoamyl
alcohol mixture, washed with diethyl ether, and precipitated
with ethanol. Purified DNA was separated by standard denatur-
ing electrophoresis. Gels were digitized by phosphorimagery
using a Storm 860 instrument (GE Healthcare), and lane traces
were fit to a superposition of Lorenztian functions without a
baseline.24

■ RESULTS
The ETS Domain of PU.1 Binds DNA at Multiple

Stoichiometries. Isothermal titration calorimetry (ITC) was
used to measure the binding of the ETS domain of PU.1 to
double-stranded oligonucleotides harboring a single copy of a
sequence-specific binding site (Figure 1). These sites are
related to the λB motif of the Ig2-4 enhancer and were chosen
to achieve a wide range of affinities (Table 1).25 When the reac-
tions were performed as “forward” titrations (protein into
DNA), the data revealed significant titration heats beyond the
1:1 equivalence point for all sites examined. In every case, the
signals returned to baseline after a second equivalence point at
a 2:1 protein:DNA ratio. The two “equivalents” of titration heats
are distinguishable in magnitude and, in the case of the [−]GC
and [+]TG site, opposite in sign. Not unexpectedly, model fitting
to a single class of sites required non-zero baselines and site
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parameters significantly above unity (Figure S1 of the Supporting
Information). These observations can be reproduced with

independent preparations of proteins and oligonucleotides. Similar
biphasic results were observed with an alternate buffer [10 mM

Figure 1. ETS domain of PU.1 that binds DNA at multiple stoichiometries. Sequence-specific binding by the PU.1 ETS domain was probed by
isothermal titration calorimetry. Details of the three specific sites are given in Table 1. (A−F) Representative thermograms of forward [protein as
titrant (A−C)] and reverse [DNA as titrant (D−F)] titrations recorded at 25 °C. Upward peaks represent exothermic reactions. The ratios are the
nominal titrant:titrate equivalence points as determined from the total concentrations of titrant and titrate, which were measured independently by
UV spectrometry before each experiment. The abscissa and ordinate for each panel are normalized to the same scale; the slight offset in the baselines
is due to the use of different injection syringes in the experiments. Fα, Fβ, Rα, and Rβ represent titration heats bracketed by the indicated
equivalence points. (G−L) Numerically integrated heats from the thermograms shown in panels A−F. The abscissa and ordinate are normalized
to the same scale. Titrant concentrations are shown in terms of molar titrant:titrate ratios from 0 to 2.0; absolute titrate concentrations range from
10 to 50 μM (PU.1 ETS domain in the forward titrations; DNA duplexes in the reverse titrations). The 1:1 and 1:2 equivalence points in the forward
(G−I) and reverse (J−L) titrations, respectively, are marked with dashed lines to aid visualization. Points beyond these equivalence points (dilution
heats) in some titrations are off this scale.
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sodium cacodylate (pH 6.8)]. SDS−PAGE and size-exclusion
chromatography revealed no detectable heterogeneity in the
purified protein (Figure 2A,B). Finally, we performed extensive
control experiments (e.g., buffer−buffer titrations and different
injection syringes) to ensure that the observations were not an
artifact of our technique.

If the apparent stoichiometries are intrinsic to the system,
they should also be manifest in reverse titrations (DNA into
protein). Indeed, two distinct equivalents of titration heats were
observed with equivalence points at protein:DNA ratios of 1:2
and 1:1. The magnitudes and signs of the titration heats are
different from those observed in the forward titrations. Thus,

Figure 2. Unbound ETS domain of PU.1 that self-associates in solution. (A) The PU.1 ETS domain, chicken egg white lysozyme, or RNase A (250
μM) was identically treated with glutaraldehyde and resolved by SDS−PAGE. Each sample lane represents 1.0 μg of total sample. Molecular mass
markers are as indicated. (B) SEC profiles for the PU.1 ETS domain at two different loading concentrations, scaled to the same peak height. (C)
Molecular mass estimation by SEC. The column was calibrated with globular protein standards as labeled. The interpolated apparent molecular
masses for the two samples shown in panel B are 13.4 and 10.4 kDa for the 130 and 18 μM samples (◆), respectively. (D) Representative Debye
plot of SLS measurements. C denotes the protein concentration in grams per milliliter. κ is an optical constant. Rθ is the Rayleigh ratio. The
instrumental imprecision at this level of signal is approximately 10−15%. The extrapolated intercept at the ordinate represents the reciprocal
apparent molecular mass in kilodaltons. (E) Representative MW distribution as measured by DLS. Hydrodynamic size data were converted to
apparent molecular mass via the Mark−Houwink relation assuming spherical geometry. Averaged data from all LS experiments are listed in Table 2.
(F) DLS-detected thermal denaturation of the PU.1 ETS domain at 0.9 mM monomer. The symbols represent data from two independent
experiments, each of which is an average (±SE) of duplicate measurements at each temperature step. The curve represents an empirical fit to a
sigmoidal function to aid visualization.

Table 1. Sequences of the Sequence-Specific PU.1 ETS Binding Sites Studieda

aThese sequences were used as shown in synthetic oligonucleotides in ITC and filter binding experiments. Terminal GCG trinucleotides were added
to minimize fraying at the ends. For footprinting experiments, each sequence was embedded in a PCR-amplified fragment (∼130 bp) as described in
Experimental Procedures. bThe notations [−] and [+] refer to positions 5′ and 3′, respectively, from the core in the GGAA strand; the letters refer to
base substitutions relative to the native λB motif. cRelative affinities were calculated from data reported by Poon and Macgregor.15
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multiple states of DNA binding are intrinsic to the PU.1 ETS
domain. Moreover, the clear separation of the two phases in the
forward (Fα and Fβ) and reverse (Rα and Rβ) titrations
implies that the two binding events are negatively cooperative
with respect to each other.
Taken in isolation, the reverse titration data suggest nega-

tively cooperative binding by a dimeric protein (Figure S1 of
the Supporting Information). However, the forward titrations
reveal no negative cooperativity (or any other detectable
heterogeneity) between the two presumptive sites in the Fα
phase. In addition, the 2:1 stoichiometry observed in the
forward titrations is incompatible with such a scheme. We
therefore propose Scheme 1 to account for the equilibrium

binding properties in both titrations: P and D represent the PU.1
ETS domain and a specific DNA binding site, respectively. Fα,
Fβ, Rα, and Rβ represent the four observed phases of titration
heats (Figures 1A−F). Thus, Scheme 1 proposes four possible
states for the PU.1 ETS domain at equilibrium: namely, mono-
mers and dimers in both DNA-bound and free states. In the
following sections, we report independent experiments aimed at
assessing the validity of Scheme 1.
The PU.1 ETS Domain Is a Noncovalent Dimer in

Solution. Because Scheme 1 requires a dimeric PU.1 ETS
domain in the unbound state, we set out to determine the
unbound protein’s stoichiometry. Cross-linking experiments
using glutaraldehyde (Figure 2A), followed by denaturing
electrophoresis, revealed a new species at twice the formula
mass of the PU.1 ETS monomer (13.0 kDa). To distinguish
between a true equilibrium dimer and potential trapped pro-
ducts of nonspecific, transient collisions, we cross-linked two
other proteins of similar molecular mass at identical concen-
trations (250 μM). Chicken egg white lysozyme dimerizes
weakly under physiologic conditions (K ∼ 102),26,27 while
RNase A is not known to oligomerize. Comparison of the three
electrophoretic patterns clearly suggests a specific equilibrium
dimer for the PU.1 ETS domain. Under native conditions, size-
exclusion chromatography showed increasing peak lag and tail-
ing with a decreasing input concentration, indicative of a
noncovalent oligomer in exchange with dissociated subunits
(Figure 2B). Because elution volumes are reproducible to
±0.05 mL, the differences in the line shapes should be
considered significant. Although the protein eluted at volumes
close to that of the monomer (Figure 2C), this is likely due to
excess adsorption of the protein (pI = 10.6) to negative charges
(carboxylates, ∼1 μmol/mL) on the Superdex 200 medium.28

We therefore turned to light scattering for a solution state

characterization. At concentrations from 0.2 to 0.9 mM, both
static and dynamic light scattering measurements gave an
apparent molecular mass that was twice the formula mass
(Table 2). Neither probe revealed significant polydispersity at

the protein concentrations used. DLS-detected thermal melting
(at 0.9 mM protein) showed a monophasic, sigmoidal increase
in particle size from 4.5 ± 0.1 to 10.7 ± 0.1 nm with an
apparent melting temperature of 41.4 ± 0.3 °C (Figure 2F).
This value is significantly lower than that in experiments using
lower concentrations of the PU.1 ETS domain as detected
by circular dichroism and differential scanning calorimetry
(∼50 °C at up to 40 μM).29,30 The lack of an intermediate state
corresponding to a folded monomer in the DLS melts suggests
that dimer dissociation and unfolding are coupled at
equilibrium. This is consistent with an apparent loss of binding
and large dilution heats in ITC forward titrations (protein
concentrations of 10−4 M in the syringe) conducted at 45 °C
(data not shown), in contrast with noncalorimetric titrations
(protein concentrations of ≤10−5 M) that routinely tolerate
such temperatures (cf. Figure 3).

Scheme 1

Table 2. Molecularity of the Unbound ETS Domain of
PU.1a

probe apparent molecular mass (kDa) molecularityd

SLSb (N = 8) 28.9 ± 2.9 2.2 ± 0.2
DLSc (N = 9) 24.9 ± 1.3 1.9 ± 0.1

aStatic and dynamic light scattering measurements are reported as
means (±SE) of N replicate experiments as indicated. Representative
replicates are shown in panels D and E of Figure 2. bMeasurements at
monomer concentrations from 0.2 to 0.9 mM. cMeasurements at 0.9
mM monomer. The mean hydrodynamic diameter was 4.4 ± 0.1 nm.
The mean polydispersity index was 0.11 ± 0.1. dMolecularity was
computed on the basis of a formula mass of 13.0 kDa for the PU.1
ETS domain.

Figure 3. Thermodynamics of low-affinity sequence-specific binding
by the PU.1 ETS domain. Binding to the low-affinity [+]TG site was
measured at equilibrium by filter binding at the indicated temper-
atures. Values on the ordinate represent fitted estimates of binding
affinities (±SE) and converted to ln KB = ln(1/KD). The curve
represents an error-weighted fit of the data to the van’t Hoff equation
assuming a temperature-independent change in heat capacity.20 The
50 °C point (marked by an arrow) was excluded from the fit. Note
that the binding constant is increasing through 25 °C, indicating a
positive ΔH° at that temperature.
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In summary, the aggregate results of biochemical and
biophysical characterization of the unbound PU.1 ETS domain
are consistent with a reversible dimer dissociating in the 10−5−
10−4 M range.
Thermodynamic Analysis of PU.1 ETS Domain−DNA

Interactions. Scheme 1 constitutes a thermodynamic cycle. As
such, conservation of thermodynamic properties offers a test for
self-consistency, as well as insight into the molecular processes
involved. Following Scheme 1, the apparent enthalpy changes
for the two phases observed in the forward titrations (ΔHFα
and ΔHFβ) and the two phases for the reverse titrations (ΔHRα
and ΔHRβ) may be interpreted as follows:

Δ = Δ + Δα → + →H H HF P 2P P D PD2 (3)

Δ = Δβ + →H HF P PD P D2 (4)

Δ = Δ = Δ + Δα + → α βH H H HR P D P D F F2 2 (5)

Δ = −Δ + Δβ + → + →H H HR P PD P D P D PD2 (6)

According to eq 5, the summed enthalpy changes for the two
phases of the forward titration (Fα and Fβ) correspond to that
of the first phase of the reverse titration (Rα). We computed
calorimetric (model-free) enthalpies for the forward and reverse
titrations (Table 3) and found good agreement with eq 5. We
repeated the forward and reverse titrations for the [−]GC and
[+]TG sites at 250 mM Na+ and again found agreement with
eq 5. Because the forward and reverse titrations, as well as the
two Na+ concentrations studied, represent independent experi-
ments, random agreement with eq 5 is highly improbable. We
conclude therefore that Scheme 1 correctly describes the
binding properties of the PU.1 ETS domain.
With a viable model in hand, we proceed to manipulate eqs

3−6 to reveal thermodynamic properties of the various states of
the PU.1 ETS domain (Table 4). The enthalpy change for the
formation of the 1:1 complex is not directly given by any of the
four observed calorimetric enthalpies but can be inferred from
the following:

Δ + Δ = Δβ β + →H H HR F P D PD (7)

At both 150 and 250 mM Na+, high-affinity binding (to the
[−]GC and λB sites) is strongly enthalpy-driven, in agreement
with published van’t Hoff enthalpies for high-affinity binding
sites (dissociation constants of <10−7 M).19 A positive enthalpy
change for the [+]TG site is inferred at 25 °C, suggesting that
a low-affinity but sequence-specific complex can be entropy-
driven. As another independent test of Scheme 1, we mea-
sured the temperature dependence of the equilibrium con-
stant for the [+]TG site by filter binding under similar solution

conditions (Figure 3). The equilibrium binding constant is very
weakly dependent on temperature from 4 to 45 °C but is
clearly increasing at 25 °C, corresponding to a positive
enthalpy change. ΔH° reaches zero at ∼34 °C. The associated
change in heat capacity (ΔCp) is negative in sign
(approximately −1.6 kJ mol−1 K−1) and less than half the
magnitude reported for both high-affinity sites.19 Its
magnitude is within experimental uncertainty.
The change in enthalpy for the formation of the 2:1 com-

plex from the 1:1 complex is directly provided by ΔHFβ
(eq 4). The thermodynamics are also sequence-dependent
(Table 4) but altogether different from those of the 1:1
complex. Specifically, the 2:1 complex is strongly entropy-
driven for all sites throughout the experimental tempera-
ture range (Figure 4). Unlike the order observed for the
1:1 complex,19 ΔCp,β for the high-affinity [−]GC site is less
negative (smaller in magnitude) than for the low-affinity
[+]TG site, with the enthalpy changes crossing over at ∼20 °C
in 150 mM Na+. In addition, ΔHFβ is salt-sensitive for the
[−]GC site, but not the [+]TG site. Thus, the calorimetric
data demonstrate that the physical driving forces that stabi-
lize the 1:1 and 2:1 complexes are very different as well as
sequence-dependent.
Finally, to obtain the enthalpy change for dimerization of the

unbound PU.1 ETS dimer (−ΔHP2→2P), we note that

Δ + Δ − Δ = −Δβ β α →H H H HR F F P 2P2 (8)

Table 3. Calorimetric Enthalpies of Forward and Reverse Titrations of PU.1 ETS Domain−DNA Interactions at 25 °C

ΔHcal
a (kJ/mol)

site [Na+] (mM) Fα Fβ Fα + Fβb Rα Rβ

[−]GC 150 −29.7 ± 0.3 15.6 ± 0.7 −5.0 ± 0.9 −4.8 ± 0.2 −45.7 ± 1.4
250 −22.9 ± 0.1 8.3 ± 1.1 −13.1 ± 1.1 −13.7 ± 2.7 −25.1 ± 2.2

λB 150 −10.3 ± 0.1 15.5 ± 0.9 6.7 ± 0.9 8.6 ± 0.3 −29.9 ± 1.4
[+]TG 150 3.9 ± 0.3 10.2 ± 1.3 15.6 ± 1.3 14.9 ± 1.2 −8.4 ± 1.1

250 8.3 ± 0.2 10.9 ± 1.8 20.7 ± 0.5 21.1 ± 2.8 −0.5 ± 0.8
aCalorimetric enthalpies were extracted from observed heats of titration according to eq 2 as described in Experimental Procedures. Each value
includes a small contribution from the injection heat (−1.5 ± 0.2 kJ/mol titrant from dilution experiments) and is the mean (±SE) of up to three
independent experiments. Fα, Fβ, Rα, and Rβ are as labeled in Figure 1 and described in the text. bThe summed enthalpies of the two phases in the
forward titration, corresponding to ΔHRα according to Scheme 1 (eq 5). One equivalent of injection heat was subtracted for comparison with ΔHRα.

Table 4. Enthalpy Changes for the Formation of
Homotypic and DNA Complexes of the PU.1 ETS
Domain at 25 °Ca

site
[Na+]
(mM) 1:1 complexb 1:2 complexc

DNA-free
dimerd,e

[−]GC 150 −27.1 ± 1.6 17.1 ± 0.7 1.1 ± 1.6
250 −13.8 ± 2.5 9.8 ± 1.1 7.6 ± 2.5

λB 150 −11.4 ± 1.7 17.0 ± 0.9 −2.6 ± 1.7
[+]TG 150 4.8 ± 1.7 11.7 ± 1.3 −0.6 ± 1.8

250 13.4 ± 2.0 12.4 ± 1.8 3.7 ± 1.0
aEnthalpy changes (in kilojoules per mole) were derived from
calorimetric enthalpies according to eqs 4, 7, and 8. A correction for
the injection heat (−1.5 ± 0.2 kJ/mol titrant from dilution
experiments) was applied in each case. The uncertainties shown
were calculated by standard procedures of error propagation. bFrom
eq 7: ΔHRβ + ΔHFβ.

cAddition of the second equivalent of protein to
the 1:1 complex, i.e., ΔHFβ (eq 4). dFrom eq 8: ΔHRβ + ΔHFβ −
ΔHFα.

eMean value and standard deviation calculated from data for the
three sites (−0.7 ± 1.8 kJ/mol at 150 mM Na+). At 250 mM Na+, the
value from the [−]GC site should be considered more accurate
because ΔHRβ is near zero for the [+]TG site.
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ΔHP2 → 2P should depend on solution conditions but not the
binding site considered. Application of eq 8 gave a mean value
of ∼0 (within experimental uncertainty) at 150 mM Na+ for the
three sites. Via characterization of the unbound PU.1 ETS
domain, the small enthalpies are unlikely to be due to the
absence of unbound dimers at the protein concentrations in the
ITC experiments (>200 μM in the syringe). Rather, they reflect
the entropic nature of the interactions stabilizing the unbound
PU.1 ETS dimer.
Quantitative DNA Footprinting Titrations. The highly

differentiated thermodynamics that underlie the sequential
binding of PU.1 ETS domains to a single DNA site imply
correspondingly differentiated structural transitions. To char-
acterize the concentration-dependent structures of the PU.1
ETS domain−DNA complexes, we conducted DNA foot-
printing titrations for the high-affinity ([−]GC) and low-affinity
sequence-specific sites ([+]TG). When cleaved by DNase I, a
minor groove probe, both sites yielded footprints characteristic
of sequence-specific ETS domain−DNA complexes. Specifi-
cally, the TTCC strand reveals a strong hypersensitive position
at 5′-TpTpCpCpNα↓pNβpT-3′ just 3′ to the core consensus
(marked with an asterisk in Figure 5A), corresponding to the
core consensus in the GGAA strand and caused by widening
of the minor groove at the core consensus. As protein
concentrations increase to ≥10−6 M, the magnitude of this
hypersensitive band begins to diminish (Figure 5B). There are
two possible reasons for the loss of DNase I hypersensitivity.
Binding of the second equivalent of the PU.1 ETS domain may
be blocking the minor groove at the core consensus in the 2:1
complex. Alternatively, the second equivalent may be blocking
the minor groove 5′ or major groove 3′ to the hypersensitive
position (on one side of the double helix), the access to both of
which is also required by DNase I.31 To distinguish between
these possibilities, we probed the system under identical
conditions with hydroxyl radicals (•OH), a hydration probe
that attacks deoxyribose atoms in the minor groove (Figure
5C,D).32 For both sites, •OH footprints were observed adjacent

to the core consensus, consistent with protein contacts at the
minor groove at those positions. The core consensus, which is
solvent-exposed in the cocrystal structure in the 1:1 complex,3

remains sensitive to •OH. At protein concentrations corre-
sponding to the loss of hypersensitivity in the DNase I
footprint, the •OH footprints show increased reactivity at the
core consensus as well as additional protected positions
immediately away from the core consensus (Figure 5E).
Thus, accessibility to the minor groove at the core consensus is
not the reason for reduced DNase I hypersensitivity. Rather,
through direct occupancy or a change in conformation, the
minor groove 5′ to the core consensus is occluded to DNase I
in the 2:1 complex.
To assess additional sequence-specific changes in the

protein−DNA interface induced by the 2:1 complex, we
probed the major groove by permanganate (MnO4

−) foot-
printing to take advantage of the abundant thymine residues in
the TTCC strand (Figure 6). The two specific sites show clear
differences in the reactivities of their T residues to KMnO4

−

oxidation. Specifically, both T residues in the core consensus
are substantially protected in the high-affinity [−]GC site but
unprotected in the low-affinity [+]TG site. In the flanking
segments, T residues exhibit variable protection and, in some
cases, hypersensitivity that is clearly site-dependent. The most
substantial differences (>0.3 in relative cleavage) are observed
at the two core T residues (T+1 and T+2) as well as flanking
positions T−9, T−7, T−5, T+7, and T+8. Finally, we note that
positions immediately 3′ to the core consensus (N+3−N+6
positions) are not strongly protected from KMnO4

−, implying
that the second equivalent of the PU.1 ETS domain is not
binding in the 3′ major groove.

■ DISCUSSION
Various dimeric configurations involving ETS domains bound
to DNA have been reported in the literature. These complexes
involve either additional domains or binding partners for
oligomerization [e.g., GABPα/β,7 SRF in the case of SAP-1,8 or
the PNT domain in the case of TEL 33] and/or composite
binding sites harboring tandem consensus motifs.34−36 These
data demonstrate that the minimal ETS domain of PU.1 exists
as a stable dimer not only in the free state but also when bound
to a single specific DNA site. The dimer is not the preferred
DNA-bound state but is induced in the presence of excess
protein at relatively high concentrations (≥10−6 M). Such
concentrations were encountered in our ITC and footprinting
experiments. Dimeric PU.1 ETS domains had not been
detected in most reported investigations of this system because
noncalorimetric techniques (e.g., filter binding, electrophoretic
mobility shift, fluorescence anisotropy, surface plasmon
resonance, and far-UV circular dichroism) typically employ
lower protein concentrations.2,15,19,29,30,37−39 In the DNA-free
state, our DLS data show that dissociation and unfolding in the
DNA-free state couple thermodynamically to give an apparently
two-state denaturation. Thus, oligomeric effects would not be
apparent in melting experiments performed at a single protein
concentration.29,30 Finally, the apparent negative cooperativity
between DNA binding and protein dimerization is an
important feature in interpreting these data with respect to
known structural data for this system. As observed consistently
in the ITC forward titrations (the Fα phase), at up to
stoichiometric proportions of the ETS domain, even at high
protein concentrations, the 1:1 complex is the exclusive DNA-
bound state. Thus, the oligomeric properties of the ETS

Figure 4. Thermodynamics of the 2:1 PU.1 ETS domain−DNA
complex. Model-free calorimetric enthalpies for the Fβ phase were
computed from forward titration heats as described in Experimental
Procedures. ΔHFβ represents the enthalpy change for binding the
second equivalent of the PU.1 ETS domain to form the 2:1 complex
(eq 4). The temperature dependence of ΔHFβ (ΔCp) for the high-
affinity [−]GC (squares and solid lines) and low-affinity [+]TG
(circles and dashed lines) sites at 150 mM Na+ (filled symbols) and
250 mM Na+ (empty symbols).
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Figure 5. Quantitative DNA footprinting titrations resolve the topology of PU.1 ETS domain−DNA complexes. Radiolabeled DNA fragments
harboring the high-affinity [−]GC or low-affinity [+]TG sequence-specific sites were titrated with the PU.1 ETS domain and probed by DNase I or
hydroxyl radicals. (A) DNase I titrations of the TTCC strands of [−]GC and [+]TG sites. Uncut but ETS-saturated (−) and cut but ETS-free (ø)
DNA were included as controls. Bands were identified by a C+T chemical sequencing reaction. Footprints of the 1:1 complex are marked with
brackets. CC denotes the position of the core consensus. DNase I hypersensitive positions are marked with asterisks. (B) Titration profiles of the
DNase I-hypersensitive positions (∗) for the [−]GC (■) and [+]TG (●) sites. Profiles for a nonhypersensitive, protected position (marked with
arrowheads in panel A) are shown for comparison. (C and D) Hydroxyl radical footprints of the [−]GC and [+]TG sites. (E) Contour plot
generated from the fitted integrated intensity at each of the indicated positions, normalized to intensities of an unprotected region outside the
footprint. Contour lines represent 0.125 unit increments; selected contour lines were drawn solid only to highlight protected (blue) and
hypersensitive (red) regions. Protected positions in the 1:1 complex are marked with black arrowheads, and additional protected positions in the 2:1
complex are marked with white arrowheads. Hypersensitive core positions are marked by double asterisks.
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domain reported here are not in conflict with the 1:1
stoichiometry observed in the cocrystal structure of the PU.1
ETS domain−DNA complex.3 On the other hand, at
concentrations comparable to those used in our ITC and LS
experiments, NMR characterization of the unbound PU.1 ETS
domain revealed perturbations in relaxation parameters
consistent with self-association in solution.40 These data are
therefore consistent with, and substantially extend, known
biophysical observations of the PU.1 ETS domain.
Nature of the PU.1 ETS Dimer. Limited details about ETS

dimers exist. Our ITC data suggest that the DNA-bound PU.1
ETS dimer is a structurally asymmetric species. If it is a
symmetric dimer in the DNA-bound state, apparent negative
cooperativity observed in the reverse titrations (DNA into
ETS) should be manifest in the forward titrations. However,
the 2:1 protein:DNA stoichiometry observed in the forward
titrations and a lack of heterogeneity in the titration heats in
the Fα phase are incompatible with such a proposal. In the
unbound state, analysis of NMR relaxation parameters as a
function of protein sequence has identified 29 N-terminal
residues that likely participate in self-association.29,40 These
residues are conformationally flexible and located opposite the
DNA-binding surface. If dimerization is mediated by these
residues in each subunit, the PU.1 ETS dimer is likely sym-
metric in the DNA-free state. We may therefore infer that
the dimeric structures in the DNA-bound and free states are
distinct.
Expansion of the site-specific •OH footprints suggests that

part of the DNA binding surface of the second equivalent is
diverted to new contacts not present in the 1:1 complex. This
would account for the apparent failure of the second equivalent
to bind another sequence-specific oligo in the forward ITC
titrations. For both sequences, induced sensitivity to •OH at
the core consensus is substantially increased in the 2:1 complex

relative to that in the 1:1 complex. This observation is
consistent with further distortion of the minor groove, a feature
that is consistent with increased local curvature in the bound
DNA.41 Sequence dependence appears to operate as •OH
cleavage is enhanced for the [+]TG site relative to the [−]GC
site. Additional support for sequence dependence is afforded by
differences in reactivity to MnO4

− for the two sites. Both T
residues in the core consensus of the high-affinity [−]GC site
are >50% protected but unprotected in the low-affinity [+]TG
site, a feature that mirrors a corresponding reactivity of the
core G residues to DMS.16 Reactivities among the flanking T
residues are more variable but also sequence-dependent.
The majority of these residues become less reactive in the
2:1 complex than in unbound DNA. Because they are also
protected from •OH in the minor groove, it seems unlikely that
a concurrent blockade of the major groove is occluding access
for the oxidant. Oxidation of thymine’s C5C6 bond by
MnO4

− requires access from above or below the plane of the
base.42 Therefore, the reduced reactivity among flanking T
residues likely indicates an increased level of stacking of the
bases in the protein−DNA complex.43

Enhanced base stacking can be accomplished by overwinding
the DNA (increased helical twist) with an attendant decrease in
groove widths. In the 1:1 complex,3 insertion of the recognition
helix of the ETS domain at the core consensus leads to
curvature into the major groove and expansion of the opposite
minor groove (Figure S3 of the Supporting Information). For
the 2:1 complex, our footprinting data support a model in
which the core consensus is additionally curved into the major
groove, leading to further expansion of the minor groove that
is relieved by groove compression in the flanking segments
(Figure 7). This model is compatible with the observed
sequence-dependent differences in the footprints for the two
sites. Thus, relative to the high-affinity [−]GC site, the low-
affinity [+]TG site exhibits both stronger •OH cleavage in
the core consensus (consistent with increased local curvature)
and reduced reactivity with respect to MnO4

− in the flanking
sequences in all flanking T residues from T−7 to T+8 (consistent
with an increased level of base stacking caused by local
overwinding or groove compression). In light of the model, the
strong protection of the flanking A4 tract in the [−] segment of
the [+]TG site (T−2 to T−5) is particularly striking because A
tracts are typically less susceptible to attack by MnO4

− relative
to random-sequence DNA in the first place.43

Thermodynamic analysis according to Scheme 1 indicates
that PU.1 ETS dimerization is entropy-driven at 25 °C and
150 mM Na+ in both the DNA-bound and -free states. This is
consistent with dehydration of surfaces accompanying van
der Waals or hydrophobic interactions by the N-terminal
residues identified by NMR.29,40 The entropic contributions to
dimerization are even higher in the DNA-bound state (the
Fβ phase) and may reflect additional contributions from
new contacts with the DNA backbone in the 2:1 complex.
Importantly, the thermodynamics for forming this complex are
strongly dependent on the DNA site examined (Figure 4). Not
only are the enthalpic and entropic contributions correlated
with binding affinity, the associated changes in heat capacity
vary significantly for the two sites. Moreover, the effect of salt is
also sequence-dependent. Whereas ΔHFβ for the low-affinity
[+]TG site is essentially insensitive to Na+ from 150 to 250 mM,
the high-affinity [−]GC site is highly sensitive in terms of both
enthalpy and ΔCp. These thermodynamic differences imply that
the structure of the 2:1 ternary complex is sequence-dependent,

Figure 6. Probing the major groove of the 2:1 PU.1 ETS domain−
DNA complex by quantitative permanganate (MnO4

−) footprinting.
Radiolabeled DNA fragments harboring the high-affinity [−]GC or
low-affinity [+]TG sites alone or complexed with 10−5 M PU.1 ETS
domain were probed with KMnO4. The gel images and lane traces are
provided as Figure S2 of the Supporting Information. For each
position, the fitted integrated intensity corresponding to MnO4

−

reactivity in the complex was expressed as a ratio (±SE) relative to
the unbound site. Subscripts denote the position of the base relative to
the center of the core consensus. The two T residues in the core
consensus (T+1 and T+2) are shown as hatched bars. Flanking T
residues are shown as solid bars. Non-T residues are shown as dashed
outlines for reference.
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and that sequence identity of a DNA site can dictate distal
protein−protein interactions.
Biological Implications of Self-Association of the ETS

Domain. Homodimerization by full-length ERG, Elk-1 Ets-1,
PU.1, and the obligate involvement of their ETS domains have
been documented.12−14,44 Homodimerization by ETS proteins
has been implicated in their cytoplasmic stability against pro-
teosomal degradation, nuclear localization, and gene trans-
activation.12,13 A general theme of ETS-mediated self-associa-
tion as a negative regulator of nuclear targeting and tran-
sactivation is emerging. Because ETS domains share strong
structural conservation despite limited sequence homology,41

heterotypic dimers of different ETS proteins and their isoforms
have also been observed.14,44 While not all combinations of
ETS proteins are apparently possible, the biophysical basis of
this “selectivity” is as yet unclear.
Mutual exclusivity between self-association and binding to a

single sequence-specific site is part of the current paradigm in

ETS domain−DNA interactions. These data clearly demon-
strate that two minimal ETS domains can “co-occupy” a single
specific site. While the 2:1 complex is not preferred versus the
1:1 complex, it has reasonable affinity in solution (KD ∼ 10−6 M)
as judged by the DNase I and •OH footprints at this protein
concentration. Because the crowded cellular milieu (102 g/L in
solute) strongly promotes self-association and formation of the
complex,45,46 the potential biological relevance of this
phenomenon merits further investigation.
Self-association of the PU.1 ETS domain is also relevant in

terms of interactions with non-ETS binding partners. The
tendency of the PU.1 ETS domain for self-association predicts
interactions with binding partners.40 Conformationally flexible
residues that are implicated in self-association also participate
in recruiting IRF-4 to a composite DNA binding site.29 In
addition to the ETS domain, contacts emanating from
elsewhere in PU.1 (the PEST domain) are involved.29,39,47

Nonetheless, as with several other examples,14 the ETS domain
is the keystone protein−protein interaction domain. These data
clearly demonstrate an intrinsic ability to bind DNA to regulate
self-association by an ETS domain and to do so in a sequence-
dependent manner. In view of the emerging relevance of
homodimerization and PU.1−binding partner interactions,48

the data described herein suggest a previously unrecognized
role for the intrinsic sequence selectivity by PU.1, and possibly
other ETS transcription factors.
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