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Abstract
Members of the ETS family of transcription factors regulate a functionally diverse array of genes.
All ETS proteins share a structurally-conserved but sequence-divergent DNA-binding domain,
known as the ETS domain. Although the structure and thermodynamics of the ETS-DNA
complexes are well known, little is known about the kinetics of sequence recognition, a facet that
offers potential insight into its molecular mechanism. We have characterized DNA binding by the
ETS domain of PU.1 by biosensor-surface plasmon resonance (SPR). SPR analysis revealed a
striking kinetic profile for DNA binding by the PU.1 ETS domain. At low salt concentrations, it
binds high-affinity cognate DNA with a very slow association rate constant (≤105 M−1 s−1),
compensated by a correspondingly small dissociation rate constant. The kinetics are strongly salt-
dependent but mutually balance to produce a relatively weak dependence in the equilibrium
constant. This profile contrasts sharply with reported data for other ETS domains (e.g., Ets-1,
TEL) for which high-affinity binding is driven by rapid association (>107 M−1 s−1). We interpret
this difference in terms of the hydration properties of ETS-DNA binding and propose that at least
two mechanisms of sequence recognition are employed by this family of DNA-binding domain.
Additionally, we use SPR to demonstrate the potential for pharmacological inhibition of sequence-
specific ETS-DNA binding, using the minor groove-binding distamycin as a model compound.
Our work establishes SPR as a valuable technique for extending our understanding of the
molecular mechanisms of ETS-DNA interactions as well as developing potential small-molecule
agents for biotechnological and therapeutic purposes.
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Introduction
ETS proteins comprise a major family of eukaryotic transcription factors. They are
conserved throughout the metazoan phyla1 and regulate the expression of a functionally
diverse array of genes.2 Despite their functional diversity and lack of extensive sequence
homology, all ETS proteins share a structurally conserved DNA-binding domain (known as
the ETS domain) which recognize the DNA sequence motif 5'-GGA(A/T)-3'. High-
resolution structures of the various ETS domains3–13 have confirmed a common binding
mode in which an essential recognition helix contacts bases of the core consensus (directly
or water-mediated) in the major groove while less ordered structures interact with flanking
bases primarily via backbone contacts at the minor groove. Although the flanking contacts
(so-called “indirect readout”14) appear to be structurally nonspecific, the selectivity of
flanking sequences among ETS proteins is non-degenerate and exhibit distinctive patterns
among ETS family members.15 To date, the biophysical basis of this selectivity has
remained elusive.

Recently, thermodynamic studies have begun to shed some light, and comprehensive data on
sequence recognition by the ETS-family member PU.1 (Spi-1) have enabled a coherent
physical description.16–20 Changes in the flanking bases elicit profound changes in the
thermodynamics of binding (enthalpy/entropy contributions, heat capacity changes, salt-
dependence) all of which are tightly correlated with overall site affinity. The recent
identification of specific hydration of the protein-DNA interface as the underlying molecular
event19 has further enabled a unified interpretation of the thermodynamics data.
Specifically, high-affinity PU.1 ETS-DNA binding requires the formation of a specific
hydration network that couples flanking and core protein-DNA contacts. This water network
appears to be highly cooperative, as binding to a suboptimal (but still cognate) sequence is
manifestly devoid of sensitivity to water activity. The thermodynamic data on ETS-DNA
interactions can be considerably enhanced with kinetic studies which, to our knowledge,
have been limited to studies on cognate vs. non-cognate sites.21

As part of our effort to better understand ETS-DNA interactions and develop small molecule
inhibitors of the complexes as potential biotechnology and therapeutic agents, we have
characterized the sequence-specific interactions of the PU.1 ETS domain by biosensor-
surface plasmon resonance (SPR). Commercial biosensor-SPR instruments, such as Biacore,
are well-suited for the kinetic and thermodynamic analysis of many types of interactions but
evaluation of protein-DNA complexes with such instruments has been less extensive.
Potential difficulties with tightly bound protein-DNA complexes include i) mass transfer
limits on kinetics, where the rates of transfer of components from the injected solution to the
immobilized component is slower than the association reaction, ii) very slow dissociation
rates due to rebinding during the dissociation phase, and iii) limited time for the association
reaction due to volume limitations in the injection syringe, have restricted use of these
instruments. Myszka et al. showed that the latter problem can be resolved for equilibrium
analysis by immobilizing the DNA target sequence and placing the protein at different
concentrations in the running buffer.22 With this method they were able to inject protein for
hours and determine dissociation constants (KD) below 10−9 M by steady-state analysis,
which is not affected by mass transfer and rebinding. Blaesin et al. were able to determine
KD values down to below 10−9 M for the DnaA protein with a cognate site by using low
immobilization amounts of DNA and a high flow rate.23 No kinetics values were reported
but they did note that with the relatively rapid dissociation rates of this complex at higher
salt concentrations, the SPR method performed more reliably than electrophoretic mobility
shift (EMSA). He et al. presented a mathematical and very clever experimental approach to
deal with the mass transfer effect in very strong binding of proteins to DNA.22 They used
the lac repressor-operator interaction as a test system and compared their results to previous
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values from Bondeson et al.24 that did not agree with filter binding results.25 They clearly
showed that, with the lac DNA immobilized and lac repressor in the injection solution,
serious mass transfer effects and rebinding in dissociation were obtained at low flow rates.
The observed association rate constants increased markedly as the flow rate increased, in
agreement with the removal of mass transfer. In the dissociation phase of the sensorgram,
the true dissociation kinetics were masked by rebinding of the dissociated protein to the
immobilized DNA, instead of the protein being removed in buffer flow. To deal with
rebinding the authors included excess lac DNA in the injected buffer at the end of the
association phase. As the concentration of DNA in the injected buffer solution increased, the
dissociated protein bound to the DNA in the injected solution instead of the immobilized
DNA. In this way rebinding was relieved and at high DNA concentration and a limiting kd
value, which agreed well with filter binding results, was determined.22

In our DNA biosensor studies with the PU.1 ETS domain both mass transfer and rebinding
were carefully evaluated and minimized in the experimental protocol that we developed. The
incorporation of optimally designed flow cells in current instrumentation as well as
optimized experimental protocols and sensor chips, have moved biosensor-SPR into the
methods available for quantitative analysis of protein-DNA interactions. Here we show that
careful use of salt and non-specific DNA allows useful data collection over a broad range of
conditions without mass transfer or rebinding problems. Sequence-specific PU.1 ETS-DNA
interactions represent an excellent model system for evaluating protein-DNA complex
formation by SPR because extensive equilibrium data by electrophoretic mobility shift
assays (EMSA) and filter binding methods have been reported.16–20 These published values
provide an excellent reference set for comparison with SPR equilibrium results. At the same
time, SPR fills a gap in the study of ETS-DNA interactions with the kinetics of complex
formation. Both equilibrium and kinetics results for PU.1 binding to a set DNA sequences
(Figure 1) have been determined under various ionic conditions with and without
nonspecific DNA in the injection solution. This is one of the few reports on protein-DNA
interactions to report results both with and without nonspecific DNA, and the differences in
kinetics and equilibrium are very informative. The equilibrium results are in excellent
agreement with published results on the same system under essentially identical
conditions.17,18

The kinetics results reveal strong salt dependence with interesting differences with and
without non-specific DNA, and they provide new insight into the current model of
sequence-specific PU.1 ETS-DNA interactions. In addition, we show that an AT-specific
minor groove binding compound can bind at the 5' flanking side of the critical GGAA
recognition sequence and inhibit PU.1 binding in the major groove. Our results establish a
method to screen libraries of DNA-binding small molecules for compounds with inhibitory
properties on ETS-DNA binding. Such a library of inhibitors could significantly enhance our
understanding of flanking sequence effects in ETS-DNA complexes and yield potentially
selective candidates for investigation in vivo. Transcription factor-DNA complexes
represent an under-utilized therapeutic target26–29 and the results reported here will
hopefully encourage others to apply small molecules to this area.

Results
Cognate sites for ETS proteins encompass a large set of ~10-bp sequences harboring a core
5'-GGAA/T-3' consensus and variable flanking bases.15 The immobilized sequences used in
this study are based on the λB motif of the Ig2–4 enhancer,30 5'-AAAGGAAGTG-3'
(denoted GGAA-1, Figure 1), a native high-affinity cognate site for PU.1.16,17 We
embedded these sequences in 25-bp hairpin duplexes (Figure 1) to provide adequate
flanking sequences against potential end effects. Specifically, at the salt concentrations we
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employ (>250 mM NaCl), electrostatic end effects project into the duplex by five or fewer
bp.31 With respect to the protein, PU.1 ETS is known to self-associate at above 10 μM and
above 1 μM in the DNA-bound state.20 We therefore maintained PU.1 concentrations well
below this level (less than 400 nM) in the injection solution to enable treatment of the
protein as a monomer in both free and bound states.

Initial studies with GGAA-1 indicated very tight binding that was characterized by rapid
association kinetics as well as slow dissociation. At least 400 mM NaCl was required to
move the rates to a time régime that permits accurate kinetic measurements without
significant mass transfer and rebinding (Table 1). We have taken all possible steps to
minimize mass transfer, including working at low DNA immobilization levels, running at
high flow rates and using optimized flow cells in a Biacore T200 instrument.32–34

Nonetheless, mass transfer effects were observed at 300 mM NaCl (Figure S1, Supporting
Information) from the dependence of the sensorgram shapes and apparent kinetics on flow
rate. At 400 mM NaCl, flow rate dependence was observed at 25 μL/min but not at 50 and
100 μL/min (Figure S1, Supporting Information). All our kinetics data were therefore
collected at 50 μL/min or higher to minimize mass transfer. Excellent fits to the data were
obtained with a 1:1 global model incorporating a mass transfer correction (Equation 6) for
binding at 400 mM NaCl and higher (Figure 2a, Table 1). At 400 mM NaCl, with GGAA-1
we measured association and dissociation rate constants of (3.1 ± 0.1) × 107 M−1 s−1 and
(0.22 ± 0.01) s−1, respectively, giving an apparent equilibrium dissociation constant (KD) of
(7.1 ± 0.2) nM. In comparison, binding to the noncognate 5'-AAAAGAGGTG-3' sequence
(denoted AGAG, Figure 1) was very rapid and beyond instrumental resolution (Figure 2d).
By steady-state analysis, we obtained a dissociation constant of KD = (1.10 ± 0.04) μM,
~150 times weaker than GGAA-1. Above 500 mM NaCl binding to the AGAG site was
undetectable.

The apparent KD values for GGAA-1 are highly sensitive to salt concentrations.
Measurements at 400 to 700 mM NaCl gave a salt dependence slope (SKobs) of 11.0 ± 0.4,
indicating a strong electrostatic component to the interaction (Figure 3). To assess the
potential contribution by the sensor chip's surface charge, the original SA chip was
substituted with a CM4 chip, which has reduced carboxymethylation with lower
immobilization capacity and surface charge density (~30% of the SA chip). We reasoned
that the lower charge density could reduce any nonspecific binding of positively charged
protein to the chip surface. Instead, we observed similar kinetics on both sensor chips
(Figure S2, Supporting Information) and their ratios produced similar equilibrium constants
(Figure 3 and Table 1). Clearly, under our experimental conditions the chip surfaces did not
exert significant effect on the PU.1 ETS-DNA binding affinities or kinetics. The association
kinetics constant deceases while the dissociation constant increases with increasing salt
concentration as predicted by theory.35 For GGAA-1 the kinetics values are well within the
resolution of the Biacore T200 (ka from 103 to 109 M−1s−1 and kd from 10−5 to 1 s−1) while
the rates are too fast in general for the noncognate DNA and no kinetics results are reported
for that DNA.

Nonspecific DNA unmasks biophysically relevant PU.1 ETS-DNA interactions
Most studies of sequence-specific protein-DNA binding add a nonspecific (NS) DNA to
minimize nonspecific binding to the specific site and to better simulate biologically relevant
conditions. To evaluate the effects of NS DNA and compare our results with published
values, we repeated our experiments at 400 mM NaCl with added salmon sperm DNA (from
25 to 300 μM bp) in the injected protein samples (Figure 4). Salmon sperm DNA is a natural
mixed-sequence polymer; any adventitious ETS binding sites are expected to be negligible
relative to the immobilized DNA. Addition of 25 μM bp NS DNA significantly reduced the
apparent binding of the PU.1 ETS domain to GGAA-1. By 100 μM bp NS DNA, the effect
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on the apparent KD began to level out as free protein is depleted (Figure 4d). KD is reduced
about 20 times by the addition of 300 μM NS DNA.

Importantly, the addition of NS DNA enabled us to significantly expand the accessible salt
range for PU.1 with the cognate DNA. In the presence of 100 μM bp NS DNA, we obtained
steady-state KD values from (18 ± 2) nM to (329 ± 11) nM over the extended range of 250
to 600 mM NaCl (Table 2). The plot of log KD versus log [Na+] is linear and the KD values
are in quantitative agreement with published filter binding experiments which used a
comparable concentration of nonspecific DNA (~180 μM bp poly (dA-dT)).18 Although we
were unable to directly determine equilibrium values below 250 mM NaCl, linear
extrapolation of our measured log KD values gives excellent agreement with the filter
binding values (Table 2).

Kinetics of ETS PU.1-DNA interactions in the presence of nonspecific DNA
We measured the kinetics of PU.1 ETS binding to the cognate GGAA-1 site at NaCl
concentrations from 250 to 400 mM in the presence of 300 μM NS DNA (Figure 5). As in
Figure 2, the experimental results are shown as black lines while the fits to a global 1:1
model with a mass transfer correction (Equation 6) are in red. The agreement between the
experiment and the fitted lines is excellent. The association rate differences over this
relatively small change in salt concentration are quite striking. We have used a limited salt
concentration range because below 250 mM NaCl mass transfer in association and rebinding
in dissociation limit kinetics measurements. At over 400 mM NaCl the rates become too fast
for SPR methods and a significant part of the reaction occurs in the mixing phase. As
described above, all possible methods to minimize mass transfer were used in these
experiments: a T200 instrument that is optimized for kinetics studies, a high flow rate (100
μL/min, the instrument limit), a low DNA immobilization level, a limited salt concentration
range to keep the rate constant in the allowed range for the T200 and a fitting function with
a mass transfer for correction term. As shown in Figure S1, we always test for mass transfer
by doing experiments at different flow rates to establish the usable salt concentration range.

At 250 mM NaCl, complex formation with the cognate GGAA-1 site is quite slow (ka = (3.2
± 0.1) × 104 M−1 s−1) and the reaction does not reach steady-state within the experimental
period (Figure 5). Once formed, the specific complex is very long lived (kd = (5.9 ± 0.2) ×
10−4 s−1, corresponding to a half-life of >19 min.) The kinetics are also highly salt-
dependent (Table 2). The association and rate constant increases ~75-fold from 250 to 400
mM NaCl. Over the same range, the dissociation rate constant increases ~300-fold, reducing
the half-life of the complex to 4 s at 400 mM. Thus, the relatively modest change in
equilibrium constant is the compensated result of large changes in kinetic behavior. Above
400 mM salt concentrations, the rates of complex formation become too fast to be directly
analyzed by SPR kinetics and steady-state fits were used to determine the KD values (Table
2). In contrast, the kinetics for nonspecific binding to the AGAG sequence are very rapid
(beyond instrumental resolution) at all salt concentrations, as in the case without added NS
DNA.

Competitive displacement of PU.1 ETS binding: SPR analysis
In addition to probing protein-DNA interactions in direct binding experiments, we
investigated the utility of SPR in displacement experiments. This experimental mode is
valuable for SPR studies because multiple sequences can be characterized using only a
single immobilized species. PU.1 is again a good model system for this study because
variation in the bases flanking the core GGAA consensus gives rise to a wide dispersion of
affinities while maintaining sequence specificity.14,17 In each experiment constant 100 nM
protein solutions were injected over immobilized GGAA-2 (Figure 1) with other sequences
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in Figure 1 added at graded concentrations. GGAA-2 was used on the SPR surface in this
experiment because it has shown the highest binding affinity for PU.1.17 When PU.1 is
injected with other DNA sequences the SPR signal decreases with increasing injected DNA
concentration (Figure 6a–d). The GGAA-1 hairpin duplex (Figure 1) showed decreased
protein affinity compare to GGAA-2. The mutations in GGAA-3 (3'GTG→GAG) and
GGAA-4 (3'GTG→TGG) at the 3' of the core sequence, however, have a strong negative
effect on binding affinity (Figure 6e). These observations are in agreement with filter
binding experiments17 and further demonstrate SPR as an analytical technique for protein-
DNA interactions.

Inhibition of ETS binding by a small molecule minor groove binder: Proof of concept
A key goal of our binding studies is to identify strong and specific inhibitors for this
complex and to establish a method for use with PU.1 as well as other ETS proteins. More
specifically, we are interested in whether relatively simple AT-specific minor groove
binders can specifically inhibit ETS transcription factors that bind in the major groove at
cognate sites near AT sequences. We chose distamycin, a well-characterized AT-specific
minor groove binder, as an initial test system. PU.1 inhibition experiments are similar to
those described for mutant DNAs as described above. At a protein concentration of 100 nM,
increasing concentrations of distamycin suppressed the SPR signal and abolished it by >
95% at 1 μM distamycin (Figure 7). The residual signal is primarily due to distamycin
binding in the minor groove of DNA as well as some nonspecific protein binding. This is a
clear demonstration that minor grove binders, such as distamycin, are able to block the
ability of the PU.1 protein to bind site specifically in the DNA major groove.

Discussion
The transcriptional activity of PU.1 is directly correlated to its DNA-binding affinity and
specificity.22 Our goals in using SPR to probe ETS-DNA binding are to gain insight into the
mechanism of complex formation through their kinetics, and to establish an efficient, high-
sensitivity experimental platform for identifying small molecules as tools to modify protein-
DNA interfaces. These molecules may be developed into agents for regulating the
transcriptional activity of ETS proteins with potential use in biotechnology and therapeutic
applications. We have obtained binding kinetics of PU.1 with DNA sites derived from the
λB Igλ2–4 enhancer, a natural PU.1 cognate binding site, using SPR techniques. Several
studies have reported equilibrium binding constants from EMSA, filter binding, and
fluorescence anisotropy experiments using radioactively or fluorescently labeled DNA
sequences.16–20,36,37 SPR offers an alternative, label-free approach for the measurement of
the thermodynamic as well as kinetic parameters of protein-DNA binding processes. There
are limited SPR binding and kinetic studies on protein-DNA interactions since the binding
strength and ionic effects involved in sequence-specific protein-DNA complexes present a
challenge for biosensor-SPR methods. Indeed, an earlier study on kinetics of ETS-DNA
using SPR was limited by sensitivity and mass transfer.21 Here we have mitigated mass
transfer effects by the use of (i) low DNA immobilization levels, (ii) high injection flow
rates, (iii) use of a T200 instrument that is optimized to minimize mass transfer and (iv)
working in salt concentration ranges where mass transfer is minimized.32–34,38

The role of nonspecific DNA in SPR analysis of TF-DNA interactions
The kinetics of PU.1 ETS binding to the cognate site GGAA sites are dependent on salt
concentration, and are modulated by the addition of a nonspecific (NS) competitor DNA. In
the absence of NS DNA, very tight association of PU.1 with cognate DNA with slow
dissociation kinetics and mass transfer effects prevented quantitative analysis of the kinetics
at NaCl concentrations below 400 mM (Figure 2). The need for high salt concentrations in
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the absence of NS DNA has also been reported in a previous study of PU.1 ETS-DNA
binding by SPR.21 At the single concentration of 650 mM NaCl examined, the on- and off-
rate constants to another high-affinity site were (4.9 ± 1.2) × 105 M−1 s−1 and (0.085 ± 0.02)
s−1, in close agreement with our data without NS DNA (Table 1).

Addition of NS DNA to the injection solution enabled experiments at lower salt
concentration (down to 250 mM) and produced a more biologically relevant solution
environment. It also gave results in excellent agreement with published thermodynamics in
the presence of comparable concentrations of nonspecific DNA. Specifically, in the presence
of NS DNA, the salt-dependence in the kinetically-determined KD for GGAA-1 (slope of
3.5 in Equation 7) agrees with the value obtained by filter binding studies under essentially
identical solution conditions (Figure 3).18 Extrapolation down to 100 and 150 mM Na+ gave
KD estimates of 0.9 and 3.33 nM, respectively, again in agreement with reported values.18

Finally, our competition experiments recapitulated the same rank order for a known series of
PU.1 cognate variants.17 Thus, in the presence of NS DNA, the thermodynamics of
interactions on the biosensor surface are experimentally indistinguishable from those in
solution.

It is interesting that the results with NS DNA can still be fit within experimental error with
1:1 binding model under our experimental conditions. The effect of NS DNA in the injection
solution on observed kinetics depends on many interacting factors but under our conditions
the results may be interpreted as follows. Given the high flow rate (100 μl/min) used in our
kinetics experiments and the short time the injected solution takes to move through the flow
cells (the T200 SPR flow cell volume is 0.06 μl and the time to renew the solution inside
flow cell is 0.036 s), the presence of excess NS DNA perturbs the observed binding to
immobilized DNA primarily through the distribution of free and bound PU.1 ETS in a pre-
equilibrium in the injection solution:

(1)

where [NS DNA] denotes the concentration of binding sites. Since, k−1/k1 = KD,NS,
Equation (1) becomes:

(1)

Although our treatment neglects site depletion according to the McGhee-von Hippel
model,39 this is a is reasonable approximation given the excess of NS binding sites and it
predicts the parameters primarily affected by the presence of NS DNA. If the presence of
NS DNA under our conditions is only to reduce the free protein concentration, as in
Equation (2), ka and KD would predictably be the two parameters most affected for PU.1
binding to cognate DNA, while kd would not be changed. This is our observation at 400 mM
NaCl where kinetic data with and without NS DNA are available (c.f. Tables 1 and 2). Our
interpretation is also consistent with the observation that the effect of NS DNA on the
apparent KD flattens out (Figure 4d), as the free protein concentration is reduced to a low
level with increasing lattice sites.40 Since the primary effect of NS DNA under these
experimental conditions is to decrease the free protein concentration, the 1:1 binding model
still holds but with increased KD for PU.1 binding.
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From Equation (1) we may also estimate the quantitative effect on ka and KD by the
presence of NS DNA in the injection solution. The ratio of free-to-bound PU.1 (Φ) in the
injection solution is approximated from the nonspecific dissociation constant and the
concentration of NS DNA present. Although KD,NS for PU.1 and the mixed-polymeric
salmon sperm DNA is not known, we may use the value for the noncognate AGAG site at
400 μM NaCl (1.1 μM, Table 1) as a low-end estimate. The concentration of effective
lattice sites is also not known exactly, but is predictably lower than calculated simply based
on site size alone (300 μM bp/10 bp site−1 ≈30 μM sites). We must therefore consider the
resultant value of Φ ~ 0.04 to be a very low-end estimate. As expected, these assumptions
over-estimate the effect of NS DNA on ka and KD (~10-fold only) at 400 mM NaCl. On the
other hand, the dissociation rate constant (kd) is hardly altered, thus supporting our
assignment of a pre-equilibrium effect to NS DNA. Obviously the effects of NS DNA will
depend on the experimental conditions as well as the target DNA length and related factors.
Clearly, additional kinetics studies under a wide array of conditions as well as with other
proteins will be required for a full understanding of these important interactions.

Divergent kinetic properties of site recognition among ETS proteins
Previous studies have noted the modest salt dependence of equilibrium for high-affinity
binding by PU.1.18,19 Our direct kinetic measurements reveal that this modest dependence
is, in fact, the compensated result of much more pronounced changes in association and
dissociation rate constants. Specifically, a relatively small increase from 250 to 400 mM
NaCl increased the on- and off-rates by approximately 75- and 300-fold, respectively. At
250 mM NaCl, the lowest salt concentration used, the on-rate is strikingly low ((3.2 ± 0.1) ×
104 M−1 s−1) and accompanied by a low off-rate ((5.9 ± 0.2) × 10−4 s−1) to give a half-life of
~20 min. These kinetics for PU.1 are in stark contrast with reported kinetics of minimal ETS
domains from other ETS family members, namely Ets-1 and TEL (ETV6).41,42 The high-
affinity binding of minimal ETS domains of both Ets-1 and TEL to cognate sites is driven
by rapid association (>108 M−1 s−1 Ets-1; >107 M−1 s−1 for TEL) (Table 3). Such a
profound difference cannot be attributed only to the different techniques or solution
conditions used (which also contained comparable concentrations of nonspecific DNA), and
suggest intrinsic differences in the biophysical mechanism of sequence recognition
employed by these structurally conserved proteins.

A recent study employing osmotic stress as a hydration probe of PU.1-DNA binding
demonstrates that a net, cooperative uptake of water is a characteristic feature of sequence-
specific binding that tracks with overall affinity.19 Moreover; high-affinity binding is
associated with a water-sequestering cavity at the core consensus, but not in a low-affinity
complex with a suboptimal cognate site. The formation of this cavity and the attendant
arrangement of ordered water molecules within it as PU.1 binds to its cognate site would be
expected to limit the rate in specific complex formation. The unusually slow on-rates at the
lowest salt concentrations tested are therefore consistent with this model. We also note the
much faster association of PU.1 with a non-cognate sequence, which does not incorporate
waters of hydration (c.f. Figures 5a and 5e), in agreement with the reduction in association
rates by interfacial water. Under the conditions used with the PU.1 DNA binding domain
and the cognate DNA sequences in Figure 1, fits to the experimental binding results with a
1:1 model are excellent (Figures 2 and 5). This agreement suggests that organization of the
water interface and binding of PU.1 must occur in a concerted slow step. Processes after this
step that are faster are not observed.

The demonstrated role of hydration in high-affinity PU.1-ETS binding is also corroborated
by the PU.1 ETS-DNA cocrystal structure which shows a well-ordered network of water
molecules lining the protein-DNA interface at the core consensus.13 In contrast, water-
mediated contacts do not appear to play a major role in the corresponding structure for
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Ets-1.12,43 (A protein-DNA structure is not available for TEL.) If the structural data indeed
reflect the solution behavior of these domains, they suggest at least two physical
mechanisms of sequence recognition by ETS domain. One is a “low-water” mechanism (for
Ets-1, TEL, and presumably others) in which the ETS domain docks rapidly to solvent-
exposed contacts of the protein-DNA interface. The high rate of association is consistent
with the unbound structures of Ets-144 and TEL (pdb = 2DAO, unpublished) which are
essentially as they appear in the DNA-bound structure (for Ets-1). The other is a
“waterlogged” mechanism (characteristic of PU.1) in which association is rate-limited by a
slow process of arranging waters of hydration along the interface. A low entropic
contribution, consistent with the latter mechanism, for high-affinity PU.1 ETS binding is
well-established by calorimetric and noncalorimetric measurements.18,20 In addition, an
NMR dynamic analysis of unbound PU.1 ETS found that the loop adjoining α2 and the
recognition helix α3 exhibits motion on the seconds-to-hours' time scale.45 This
independent observation dovetails into the expected need for some structural flexibility in
the protein to accommodate the spatial requirements of interfacial waters required for
optimal affinity.

Pharmacological modulation of ETS-DNA binding
ETS proteins are involved in the regulation of many genes of therapeutic interest. Over-
expression of ETS family-associated gene fusions, for example, are increasingly recognized
as pathological determinants in prostate cancer.27 In the immune system, PU.1 controls the
expression of several key genes involved in inflammation.28 The use of small molecules to
selectively disrupt the binding of PU.1 and other ETS proteins to ETS-dependent promoters
represent a promising therapeutic approach to control their transcriptional activity.29 In
addition, small molecules that could modulate transcription factor-DNA interfaces would
allow for the chemical control of gene networks.26,46 With the explosion of information on
the regulatory mechanisms for gene expression, including regulation circuits from
noncoding DNA regions as recently shown by the ENCODE project,47 external control of
gene regulation with small molecules is an under-utilized area for drug development.

Distamycin is a well characterized DNA minor groove binder which binds to A-track
sequences of the type commonly found at the 5' side of the PU.1 binding site with a KD in
the range of 10 nM.48 Our GGAA-1 sequence derived from the λB site of the Igλ2–4
enhancer has such an A-track at the 5' of GGAA. Under our experimental conditions,
distamycin did not bind PU.1 ETS as we observed no significant spectrophotometric
changes for distamycin in the presence of the protein (data not shown). The 5' region of the
GGAA flanking sequence is excellent for initial testing since it appears less important to PU.
1 binding than the 3' flanking sequence and, thus, may be the most difficult region for ETS
protein inhibition. Success with this region would suggest that inhibition is possible with
small molecules that are relatively easy to synthesize.

The results in Figure 7 clearly demonstrate the feasibility of inhibiting PU.1 ETS using
minor groove binders in the 5' flanking sequence. The protein, as shown in the figure, binds
with a very strong SPR signal (KD = 7 nM), only to give up that signal when injected with
distamycin. The IC50 (concentration of distamycin required to inhibit 50% protein binding)
is ~0.25 μM. Distamycin, a monocation polyamide, has a completely different mode of
binding and cannot directly compete with protein for its cognate binding site in the major
groove. Distamycin must therefore inhibit binding indirectly through an allosteric effect
(Figure 8) as previously observed in different systems by Dervan and coworkers.49,50

Distamycin is apparently able to hold the DNA grooves and backbone in a conformation that
prohibits DNA binding. Our results also demonstrate the potential of SPR biosensor
methods in developing a biophysical assay platform for testing small molecule inhibitors for
transcription factor. Targeting a major groove transcription factor with small molecules is a
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challenge with few successes in the literature. These results give us a development platform
to design new agents to control the expression of transcription factors. A large set of
synthetic molecules can now be tested to see how the structure of these compounds affects
inhibition.

MATERIALS AND METHODS
DNAs, Protein and Buffer

Immobilized DNA was prepared from 5'-biotinylated, 25-bp hairpin duplex DNA from
Integrated DNA Technologies (Figure 1). At the salt concentrations that we use (>250 mM),
these DNAs are long enough so that end effects on PU.1 binding are negligible.31,51,52

Salmon sperm DNA was purchased from Worthington Biochemical Corporation. Solutions
for SPR were prepared in degassed 25 mM sodium phosphate buffer (Na2HPO4) of pH 7.4
containing 1 mM ethylenediaminetetraacetic acid (EDTA), 0.05% P20 and variable NaCl
concentrations. The ETS domain of murine PU.1 (residues 167 to 272) was over-expressed
in E. coli and purified as described.19 Purified PU.1 ETS domain was stored at 4°C in 10
mM Na2HPO4/NaH2PO4 buffer, pH 7.4, containing 0.5 M NaCl. Under this condition, the
protein exhibited no loss of specific binding over at least several weeks.

Biosensor SPR
SPR measurements were performed with a four-channel Biacore T200 biosensor system that
is optimized to minimize mass transfer effects. 5'-Biotin-labeled DNA samples (Figure 1)
were captured with streptavidin on either sensor chips SA from Biacore or with CM4
carboxymethyl dextran chips on which the carboxymethyl groups were activated and
coupled with streptavidin by amine linkages33. One flow cell was left blank as a control
while others functionalized with a DNA sequence. SA chips were used for preliminary
studies to establish conditions for the experiments and approximately 800 RUs (RU,
response units) of DNA were immobilized on those surfaces. To minimize chip surface
charge effects as well as mass transfer effects, low-charge CM4 chips were used for all other
studies. If the rate of mass transfer of the protein to the sensor surface is significantly slower
than the association rate, the observed kinetics can be distorted by mass transfer. To
minimize mass transfer a low amount of DNA should be immobilized and only about 100
RUs of DNA were immobilized for kinetics studies. In addition, high flow rates minimize
mass transfer effects by keeping a constant injected concentration of the protein at the chip
surface and the protein was injected at the maximum flow rate of 100 μL/min. The data
were fit using Biaevaluation software to a function with a mass transfer correction term
(Equation 6) to help correct for any residual mass transfer effects. Finally, it is possible to
test for any residual mass transfer influence on the kinetics by determining rate constants at
different flow rates. Under the conditions reported in Tables 1 and 2 we found no difference
outside of experimental variation in kinetics constants at flow rates above 25 μL/min,
indicating that our results are true kinetics constants.32–38

The interactions were evaluated with several levels of nonspecific binding salmon sperm
DNA. The reference response from the blank cell was subtracted from the response in each
cell containing DNA to give a signal that is directly proportional to the amount of bound
protein. Steady-state binding results from the SPR experiments were fitted with a single-site
model:

(2)
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where r (stoichiometry) represents the moles of bound protein per mole of DNA hairpin
duplex, K is binding constant, and Cfree is the free protein concentration in equilibrium with
the complex. The stoichiometry r of the reaction is calculated as follows:

(3)

RU is the observed (experimental) response in the plateau region and RUmax is the predicted
maximum response for a monomer protein binding to a nucleic acid site.33 Dividing the
observed steady-state response RU by the calculated RUmax yields a stoichiometry
normalized binding isotherm.

Kinetic analysis was performed by global fitting of the binding data with mass transport
limited kinetic binding model (Equation 6)38:

(4)

Before injection, [A]t=0 = 0, [B]t=0 = RUmax, [AB]t=0 = 0.

After injection: all are time dependent until steady-state is reached.

For association: 

For dissociation: 

where [A] is the concentrations of the protein at the sensor surface, [B] is the concentration
of the immobilized DNA without bound protein and [AB] is the concentration of the
complex; ka is the association and kd the dissociation rate constant. If mass transfer is
significant, the protein concentration in the injected solution, Abulk is not the same as protein
concentration at the surface, A and an additional term is needed to correct for this effect.38.

(6)

where [A] and [Abulk] are the concentrations of the protein at the sensor surface and in the
bulk solution, respectively; kt is mass transport coefficient.

For the distamycin inhibition studies, protein was injected at a constant concentration of 100
nM onto the surface to make sure that all the DNA binding sites are saturated before adding
distamycin. Increasing concentrations of distamycin was added and the change in protein
signal was observed, which was then plotted against compound concentration. The midpoint
of the transition in the plot is used as IC50 (compound required to achieve 50% protein
inhibition) value.

Calculation of number of phosphate contacts
DNA polyelectrolyte theory35 was used to interpret the quantitative dependence of the
binding constant on salt activity to give the number of phosphate contacts, Z in a DNA
complex:
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(7)

Where KD = 1/KA is observed equilibrium dissociation constant at each salt activity [M+]
and Ψ is 0.88 for double-stranded B-DNA.

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

• PU.1 ETS is a transcription factor, which binds to specific DNA sequences and
controls gene expression in cells.

• The DNA binding kinetics of PU.1 ETS are strongly salt-dependent but
mutually balanced to produce a relatively moderate dependence in the
equilibrium constant.

• We propose therefore at least two mechanisms of sequence recognition for this
family.

• We also demonstrate pharmacological inhibition of sequence-specific ETS
binding, using distamycin as a model compound.

• We show biosensor surface plasmon resonance results agree quiet well with
solution methods for DNA-transcription factor complexes.
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Fig. 1.
DNA sequences used in this study. The cognate sites are derived from the λB site of the
Igλ2–4 enhancer (GGAA-1). The duplex sequences are formed as hairpin (CTCT- loop),
biotinylated at the 5' end, and immobilized via streptavidin for SPR analysis. Mutations in
the flanking sequences are shown in red. The non-cognate site is identical to λB except the
core consensus is mutated to 5'-AGAG-3'.
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Fig. 2.
Kinetic and steady-state analysis of PU.1 ETS binding to the cognate λB site and non-
cognate DNA by SPR. Sensorgrams for the λB site GGAA-1 in (a) 400Na (2, 4, 8, 15, 25,
50 and 75 nM PU.1 ETS from bottom to top), (b) 500Na (10, 25, 50, 100, 150, 200, 250 nM
PU.1 ETS), (c) 600Na (10, 25, 50, 100, 150, 200, 250 nM PU.1 ETS) and (d) Sensorgrams
for non-cognate DNA, AGAG at 400Na (10, 25, 50 and 100 nM PU.1 ETS from bottom to
top). All the data were acquired at 25°C and pH 7.4 (e) Comparative binding isotherm from
steady state analysis for (●) GGAA-1 and (∎) AGAG.
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Fig. 3.
Salt dependence of PU.1 ETS-λB binding as observed by SPR. The KD values obtained
from SPR kinetic data for PU.1 ETS-GGAA-1 complex formation under different
experimental conditions are compared in this plot. (●) SA and (■) CM4 chip without
nonspecific DNA, and (▲) CM4 and (◆) filter binding data with nonspecific DNA.
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Fig. 4.
Effect of nonspecific DNA on apparent ETS-λB kinetics as observed by SPR. Sensorgrams
for PU.1-GGAA-1 binding were acquired at 400 mM NaCl in the presence of (a) 100, (b)
185 and (c) 300 μM bp salmon sperm DNA as nonspecific DNA. The concentration of
protein was 6, 8, 15, 25, 50, 100, 200 nM from bottom to top in each panel. (d) Apparent KD
as a function of nonspecific DNA concentration.
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Fig. 5.
Salt dependent kinetics of PU.1 ETS-λB binding. Senorgrams were acquired in the presence
of 300 μM bp salmon sperm DNA in buffer containing NaCl as follows: (a) 250 mM NaCl
(10, 25, 50, 75, 100 and 150 nM PU.1 ETS from bottom to top), (b) 300 mM NaCl (25, 50,
100, 200 and 400 nM PU.1 ETS), (c) 350 mM NaCl (25, 50 and 100 nM), and (d) 400 mM
NaCl (10, 25, 50, 100, 200 and 400 nM PU.1 ETS). For comparison, the sensorgram for (e)
PU.1-AGAG binding in 250 mM NaCl (50, 100, 200, 400 and 1000 nM PU.1 ETS) is also
shown. (f) Salt dependence of the association and dissociation rate constants.
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Fig. 6.
Competitive binding by PU.1 ETS to λB mutant sequences. PU.1-DNA competition
experiments for (a) GGAA-1 (b) GGAA-2, (c) GGAA-3 and (d) GGAA-4. In each
experiment 100 nM protein (P) was injected mixed with DNA site as indicated (D).
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Nonspecific DNA was present at 100 μM bp in the samples and running buffer (400 mM
NaCl). (e) Plot of normalized protein signal vs DNA concentrations. The plot is truncated at
800nM DNA so that the strong competitors are better resolved. The actual experiment went
to 15 μM DNA in Figure 6e.
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Fig. 7.
Displacement of PU.1 ETS from the λB site by distamycin. (a) A constant concentration
(100 nM) of protein (P) was titrated with up to 2.0 μM distamycin (Dist) from top to bottom
(400 mM NaCl). The bottom-most sensogram is for free distamycin (2 μM). (b) Inhibition
of protein binding vs distamycin concentration.
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Fig. 8.
Model for allosteric inhibition of major groove protein by minor groove binder distamycin.
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Table 1

Apparent kinetics of PU.1 ETS-DNA binding in the absence of salmon sperm DNA as nonspecific competitor.

CM4-chip (less negatively charged surface) SA-chip (more negatively charged surface) SA-chip

?B site (GGAA-1) AGAG

[Na+], mM ka, M−1 s−1 kd, s−1 KD, nM ka, M−1 s−1 kd, s−1 KD, nM KD, μM

300 0.15± 0.2

400 (3.1 ± 0.1) × 107 0.22 ± 0.01 7.0 ± 0.2 (7.9 ± 0.2) ×107 0.25 ± 0.01 3.2 ± 0.1 1.1 ± 0.1

500 (4.8 ± 0.1) × 106 0.24 ± 0.01 50 ± 1 (1.4 ± 0.1) × 106 0.08 ± 0.01 57 ± 0.2 7.1 ± 2.5

600 b
1.38 × 106 b

0.75
b
543 (1.0 ± 0.1) × 106 0.6 ± 0.1 (6.0 ± 0.1) × 102

— 
a

700 (9.6 ± 0.1) × 105 3.6 ± 0.1 (3.8 ± 0.2) × 103 (4.6 ± 0.1) ×105 1.8 ± 0.1 (3.9 ± 0.1) × 103
— 

a

Errors listed in this table are the standard errors for the fit to the 1:1 model.

a
No binding observed under these conditions.

b
Values extrapolated from the plot in Figure S2.
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Table 2

SPR analysis of PU.1 ETS-DNA binding to the ?B site (GGAA-1) in the presence of salmon sperm DNA as
nonspecific competitor.

[Na+], mM ka, M−1 s−1 kd, s−1
KD, nM

Kinetic fit Steady-state Filter bindinga

100 0.9b 0.543 ± 0.153

150 3.3b 2.7 ± 0.4

250 (3.2 ± 0.1) × 104 0.00059 ± 0.00002 18 ± 1 18 ± 2 40 ± 5.5

300 (1.0 ± 0.1) × 105 0.0026 ± 0.0001 26 ± 4 28 ± 3

350 (7.7 ± 0.1) × 105 0.027 ± 0.001 34 ± 1 45 ± 4

400 (2.4 ± 0.1) × 106 0.18 ± 0.01 73 ± 1 63 ± 2

450 94.4 ± 21.2

500 92 ± 7

600 329 ± 11

From Poon and Macgregor.18

Values extrapolated from the plot in Figure 4.

Errors listed in this table are the standard errors for the fit to the 1:1 model.
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Table 3
Kinetic profiles of reported high-affinity ETS-DNA interactions

The values excerpted from the literature are for a construct most closely corresponding to the minimal ETS
domains (i.e., minus autoinhibitory modules) that represent an appropriate counterpart to the PU.1 ETS
domain. In cases where no error is stated in the table, none was reported.

ETS domain ka, M−1 s−1 kA, s−1 KD, nM [salt], mM Reference

PU.1 (3.2 ±0.1) × 104 (5.9 ±0.2) × 10−4 18 ± 1.5 250 (Na+) This work

(4.9 ± 1.2) × 105 (8.5 ± 2.0) × 10−2 170 ± 5 650 (Na+) Pióet al.21a

Ets-1 14 × 108 1.6 × 10−2 0.0085 ± 0.0007 65 (K+) + 6 Mg2+
Jonsen et al.42b

TEL (ETV6) 8.7 × 107 ~0.2 2.3 ± 0.4 50 (K+) + 6 (Mg2+) Green et al.41b

a
No nonspecific DNA was used in this SPR study.

b
kd determined by EMSA; ka inferred by Equation 4.
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