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To find their DNA target sites in complex solution envi-
ronments containing excess heterogeneous DNA, sequence-
specific DNA-binding proteins execute various translocation
mechanisms known collectively as facilitated diffusion. For pro-
teins harboring a single DNA contact surface, long-range trans-
location occurs by jumping between widely spaced DNA seg-
ments. We have configured biosensor-based surface plasmon
resonance to directly measure the affinity and kinetics of this
intersegmental jumping by the ETS-family transcription factor
ETS variant 6 (ETV6). To isolate intersegmental target binding
in a functionally defined manner, we pre-equilibrated ETV6
with excess salmon sperm DNA, a heterogeneous polymer,
before exposing the nonspecifically bound protein to immobi-
lized oligomeric DNA harboring a high-affinity ETV6 site. In
this way, the mechanism of ETV6 –target association could be
toggled electrostatically through varying NaCl concentration in
the bulk solution. Direct measurements of association and dis-
sociation kinetics of the site-specific complex indicated that 1)
freely diffusive binding by ETV6 proceeds through a nonspecific-
like intermediate, 2) intersegmental jumping is rate-limited by
dissociation from the nonspecific polymer, and 3) dissociation
of the specific complex is independent of the history of complex
formation. These results show that target searches by proteins
with an ETS domain, such as ETV6, whose single DNA-binding
domain cannot contact both source and destination sites simul-
taneously, are nonetheless strongly modulated by intersegmen-
tal jumping in heterogeneous site environments. Our findings
establish biosensors as a general technique for directly and spe-
cifically measuring target site search by DNA-binding proteins
via intersegmental translocation.

A longstanding area of inquiry in protein–DNA interactions
that continues to spark considerable interest is the mechanisms

by which DNA-binding proteins with specific sequence prefer-
ences find their target sites. In experimental investigations of
site-specific DNA-binding proteins typically involving short
oligonucleotides harboring a cognate sequence, the protein
finds its target site directly by free diffusion from bulk solvent.
In the presence of excess nonspecific DNA, other modes of
target search become available. Indeed, under genomic condi-
tions, target search by DNA-binding proteins occurs by facili-
tated diffusion rather than direct binding from free diffusion (1,
2). Once associated with nonspecific DNA, a protein can scan
the DNA sequence locally by sliding or hop discontinuously
over short segments of DNA. Both mechanisms allow DNA-
binding proteins to find their target sites much more rapidly in
heterogeneous sequence environments than by free diffusion
alone. Longer-range translocation between DNA segments
mitigates unproductive local trapping of protein due to back-
and-forth sliding and hopping without returning to bulk sol-
vent. Intersegmental translocation is typically referred to as
“transfer” for DNA-binding proteins that can bridge two DNA
duplexes simultaneously (3– 6), whereas proteins that present
only a single binding surface execute a “jumping” mechanism
between DNA segments (7).

Functionally, facilitated diffusion contributes to the pro-
cessivity of DNA-modifying enzymes, such as restriction endo-
nucleases (8 –11), methyltransferases (12, 13), and repair
enzymes (7, 9, 14). Beyond their biological significance,
enzymes are attractive model systems of DNA translocation in
ensemble studies because their DNA-binding behavior can be
inferred from the apparent acceleration of their enzyme kinet-
ics on substrates harboring multiple copies of target sites.
Although transcription factors also perform target search by
facilitated diffusion, their lack of enzymatic activities means
that translocation must be measured directly (15–17). To this
end, we have found biosensor–surface plasmon resonance
(SPR)4 to be a useful technique for directly observing site-spe-
cific target search (18) and have been working on developing
this technique to directly measure the effect of facilitated diffu-
sion on site-specific recognition.

Inspired by knowledge that facilitated translocation by lac
repressor to its operator site could be toggled from free diffu-
sion via bulk salt concentration (19, 20), we devised an
approach to directly measure the affinity and kinetics of DNA
recognition by intersegmental jumping via biosensor–SPR. We

This work was supported by National Science Foundation Grant MCB
15451600 (to G. M. K. P.) and National Institutes of Health Grant GM 111749
(to W. D. W.). The authors declare that they have no conflicts of interest
with the contents of this article. The content is solely the responsibility of
the authors and does not necessarily represent the official views of the
National Institutes of Health.

This article contains supplemental Tables S1–S3 and Fig. S1.
1 Supported by a Molecular Basis of Disease (MBD) fellowship from the Col-

lege of Arts & Sciences, Georgia State University.
2 To whom correspondence may be addressed: P.O. Box 3965, Atlanta, GA

30302-3965. Tel.: 404-413-5491; E-mail: gpoon@gsu.edu.
3 To whom correspondence may be addressed: P.O. Box 3965, Atlanta, GA

30302-3965. Tel.: 404-413-5498; E-mail: wdw@gsu.edu.

4 The abbreviations used are: SPR, surface plasmon resonance; RU, relative
units; SVD, singular value decomposition; SS, salmon sperm.

cros
ARTICLE

J. Biol. Chem. (2017) 292(32) 13187–13196 13187
© 2017 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

http://orcid.org/0000-0001-5107-9458
http://www.jbc.org/cgi/content/full/M117.792887/DC1
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M117.792887&domain=pdf&date_stamp=2017-6-7


have previously found that by including excess nonspecific
DNA in the flow solution, a site-specific protein could be pre-
sented to immobilized DNA in a nonspecifically bound state
(18), a condition that effectively mimicked intersegmental
translocation, because the nonspecific site and specific site are
not on the same strand. This setup mechanistically insulates
intersegmental translocation from sliding and short-range
hopping that cannot be excluded if the binding site is embedded
within a long DNA fragment. We applied this method to study
the thermodynamics and kinetics of transfer binding by the
DNA-binding domain of the transcription factor ETV6. Details
on how ETS-family proteins, such as ETV6, as well as other
species bearing only a single DNA contact surface execute
intersegmental translocation are poorly known. The quantita-
tive salt dependence of binding in the presence and absence of
nonspecific DNA confirmed that excess nonspecific DNA in
the flow solution isolated the mechanism of site-specific bind-
ing to intersegmental jumping. Moreover, it was possible to
toggle discretely between jumping and free diffusion to the
immobilized specific site by varying the salt concentration of
the flow solution. Kinetic measurements showed that dissocia-
tion from nonspecific DNA dominated the kinetics of site-spe-
cific association by intersegmental translocation, highlighting
the potential for this mechanism to modulate target search by
ETV6 and structurally homologous transcription factors in
complex DNA environments.

Results

Site-specific binding by the ETS domain of ETV6 is strongly
salt-sensitive

Cognate binding sites for ETS proteins consist of at least one
helical turn of DNA harboring a central 5�-GGA(A/T)- 3� core
consensus sequence. In this study, we used biotinylated immo-

bilized 23-bp hairpin oligomers harboring the sequence 5�-
GCCGGAAGTG-3� (DNAsp; Table 1), an established high-af-
finity site for ETV6 (21–24). Strong binding between the min-
imal DNA-binding (ETS) domain of ETV6 and DNAsp was
observed under these conditions. The biosensor was exposed to
graded concentrations of ETV6 for a sufficient period either to
achieve apparent steady state or, at the lowest protein concen-
trations (�4 nM), to predict the steady-state signal by kinetic
analysis (Fig. 1A). In all cases, the observed SPR signal corre-
sponds to the calculated value for a 1:1 complex (�80 relative
units (RU)) (25), and the data were analyzed with a 1:1 binding
model (Fig. 1B) in accordance with the co-crystal structure (22).
Our observed KD of 1.7 � 0.2 nM at 0.15 M Na� agreed quanti-
tatively with published values obtained by electrophoretic
mobility shift under similar solution conditions (24). Due to the
strong binding at low salt concentrations, we bracketed the salt
range between 0.15 and 0.4 M Na� to remain within instrumen-
tal limits for kinetic and affinity determinations. Over this salt
range, KD increased sharply to over 10�6 M, showing that the
specific interaction was highly sensitive to salt concentration.
The ionic coupling of KD was interpreted according to the poly-
electrolyte theory (26),

�
dlogKD

dlog[Na�]
� �m � �	�c � �s
z (Eq. 1)

where �m is the number of monovalent cations that are ther-
modynamically released (negative) upon complex formation
and is related to the number of neutralized DNA backbone
phosphates z by �c � 0.76 (for counter-ion condensation)
and �s � 0.12 (a screening factor) for double-stranded
B-form DNA. Analysis of ETV6 –DNAsp binding to Equation
1 gave �msp � �(∂log KD

sp/∂log[Na�]) � �6.6 � 0.5 (Fig.
1C), corresponding to the neutralization of z � ��m/�s �
�c) � 7.5 � 0.6 DNA backbone phosphates upon site-spe-
cific complex formation.

Nonspecific DNA binding by ETV6 is strongly differentiated
between oligomeric and polymeric DNA

To define experimental conditions that achieve DNA target
site search by intersegmental translocation, nonspecific DNA
binding by ETV6 was measured by SPR at 0.15– 0.4 M Na�.
Initially, we examined two biotinylated immobilized nonspe-
cific oligomers, termed SD1 and SD2, of equal length as DNAsp

(23 bp) in which the cognate sequences had been scrambled

Figure 1. Quantitative analysis of site-specific DNA binding by the ETS domain of ETV6 by biosensor–SPR. A, sensorgrams of DNAsp binding by graded
concentrations of ETV6 from 2 to 30 nM in the presence of 0.15 M Na�. B, nonlinear least-square fit of the steady-state data obtained in plateau regions of the
sensorgrams by a 1:1 binding model. Parametric values are given in supplemental Table S1. C, salt dependence of the equilibrium dissociation constant of ETV6
with DNAsp, increasing sharply from 10�9 to 10�6

M over �3-fold Na� concentrations. The slope is 6.6 � 0.5. Error bars, S.E.

Table 1
Immobilized DNA sequences used in this study
DNAsp is an established high-affinity binding affinity sequence for ETV6. SD1 and
SD2 are two non-cognate sequences in which the 5�-GGAA-3� core consensus has
been isomerically mutated.

DNA Sequences

DNAsp 5�-CGGCCAAGCCGGAAGTGAGTGCCC
3�-GCCGGTTCGGCCTTCACTCACGGT

SD1 5�-CGCAAAAGCTGAGATGGCGTGCCC
3�-GCGTTTTCGACTCTACCGCACGGT

SD2 5�-CCAAATAAAAGAGATGGCAACCAAGC
3�-GGTTTATTTTCTCTAGGCTTGGTTCT
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(Table 1). Both oligomers bound ETV6 indistinguishably across
the range of salt concentration tested, implying that they indeed
exhibited nonspecific binding (Fig. 2, A and B). The data were
analyzed according to the McGhee–von Hippel equation (see
Equation 8 under “Experimental procedures”) to account for
the effect of site exclusion in nonspecific binding to a DNA
lattice. McIntosh and co-workers (22) previously analyzed the
binding of the minimal ETS domain of ETV6 to a nonspecific
15-bp oligomer at 0.05 mM Na�, using Equation 8 without
cooperativity (� � 1), and determined a binding site size of
5.2 � 0.1 bp, which we adopted here. Global analysis of the
binding data for SD1 and SD2 with Equation 8 afforded an
excellent fit that was not improved by allowing � to float over
fixing it at unity (Fisher’s F-test on sums of squares, p � 0.05).
The statistics therefore indicated that ETV6 also did not bind
these nonspecific DNA oligomers with apparent cooperativity.
Although the nonspecific binding affinities were 102-fold
weaker than their site-specific counterparts at corresponding
Na� concentrations, the ionic coupling was quantitatively sim-
ilar to specific binding with �mns � �(∂log KD

ns/∂log[Na�]) �
�6.8 � 0.4 (Fig. 2C).

The apparent salt dependence of nonspecific binding to olig-
omeric DNA indicated a level of DNA backbone phosphate

neutralization (�8) near the limit for the apparent site size
(�10). The most likely explanation was that binding at or near
the DNA ends or hairpin represented a different mode than
binding at the interior of the oligomers. The apparent neutral-
ization of 8 phosphates therefore represented the overall effect
of different binding modes occurring to comparable extents on
a relatively short nonspecific oligomer. We therefore investi-
gated nonspecific binding by ETV6 to a polymeric DNA lattice,
for which such end effects could be neglected. More precisely,
we used salmon sperm DNA (SS DNA), a mixed-sequence poly-
mer (average 2 kbp) that contained cognate ETS binding sites at
statistically negligible frequencies, to titrate the intrinsic tryp-
tophan fluorescence of the ETV6 ETS domain. We acquired
fluorescence intensity spectra from 320 to 450 nm at a fixed
concentration of ETV6 (200 nM) in the presence of graded con-
centrations of SS DNA (Fig. 3, A–C) and constructed binding
profiles in which the lattice concentration N (in bp) was taken
as independent variable (Fig. 3, D–F). The data were analyzed
with the McGhee–von Hippel equation for an infinite lattice
(see Equations 8 –11 under “Experimental procedures”).

In contrast to nonspecific binding to oligomeric DNA, ETV6
binding to polymeric SS DNA under otherwise identical solu-
tion conditions was significantly stronger. The polymeric bind-

Figure 2. Nonspecific DNA binding by the ETS domain of ETV6 to oligomeric DNA. Steady-state titration of immobilized 23-bp non-cognate sequences
SD1 (A) and SD2 (B) with the ETS domain of ETV6 at 0.15, 0.20, 0.25, 0.30, and 0.4 M Na� (from bottom o top). Curves represent the global fit of each data set to
the McGhee–von Hippel equation for oligomeric DNA (Equation 8) with � fixed at unity. Parametric values are given in supplemental Table S2. C, salt
dependence of the equilibrium dissociation constant of ETV6 for SD1 (black) and SD2 (green). The line represents a linear fit of the aggregate data with a slope
of 6.8 � 0.4. Error bars, S.E.

Figure 3. Nonspecific binding of the ETS domain of ETV6 to polymeric DNA. Representative fluorescence emission spectra of ETV6 (A–C) in the absence
(black) or presence of SS DNA (colored) up to the indicated concentrations in bp. Symbols and curves represent the observed intensity and reconstructed spectra
using the first singular value following SVD decomposition. D–F, titration profiles corresponding to the first singular value (symbols). Curves represent a fit of the
McGhee-von Hippel isotherm for infinite lattices to the data (Equation 12). Parametric values are given in supplemental Table S3. The gray curve in F is a fit with
� fixed at unity. G, salt dependence for the full set of polymeric nonspecific titrations from 0.125 to 0.45 M Na�. The slope is 4.5 � 0.9. Error bars, S.E.
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ing profiles also exhibited positive cooperativity (� � 1) that
increased with Na� concentration. Qualitatively, von Hippel
and co-workers (27) had pointed out that, with lattice as titrant,
Equation 8 produces a characteristic biphasic behavior for pos-
itively cooperative systems. Specifically, rather than a tight lat-
tice saturation, as when ligand is titrated, free ligand is depleted
aggressively by lattice in a steep initial phase (with affinity �/KD
when ligand is in excess) until a point is reached where the
residual ligand is bound much less tightly (with affinity 1/KD) by
even a vast excess of lattice. Although � values are known to be
numerically challenging to estimate to high precision (28), par-
ticularly when titrated by lattice, this biphasic behavior was
qualitatively manifest at 0.45 M Na�. We note that the final
slope in the observed fluorescence (representing �30% of the
total signal change) was not due to dilution (�10%) of the pro-
tein as SS DNA was added. An explicit two-dimensional analy-
sis of the binding curve at 0.45 M, with both N and Lt (the nom-
inal total ETV6 concentration after each addition of SS DNA) as
independent variables, yielded a poor fit to the data with � � 1
(Fig. 3F).

The polymeric nonspecific binding data gave a salt depen-
dence, corresponding to z � 5.1 � 1.0 (Fig. 3G), that was lower
than that observed for the 23-bp oligomer and consistent with
the nonspecific binding site size of �5 bp. Because this size was
determined with oligomeric DNA (22), it was possible that it
represented an average for binding modes occupying differ-
ently sized sites. As a check, refitting the data with a fixed site

size of 10 bp (as per crystal structures) negligibly altered the
estimates of KD and � (�10%). Thus, nonspecific binding at or
near ends was strongly differentiated electrostatically from
binding at interior sites, an observation that highlights poten-
tial limitations to extrapolating features of nonspecific binding
between oligomeric and polymeric DNA.

Configuring biosensor–SPR for probing intersegmental target
search by ETV6

Given the significant end effects on nonspecific binding by
ETV6, we chose excess SS DNA as the initial reservoir to model
the intersegmental target search of ETV6 from a nonspecifi-
cally bound state. SS DNA at concentrations from 10 to 100 �M

bp was added to the flow solution containing ETV6 30 min
before exposure to immobilized DNAsp target. Under these
conditions, ETV6 was quantitatively sequestered in nonspecifi-
cally bound complexes with the excess SS DNA prior to detec-
tion, and we observed that site-specific binding by ETV6 was
modulated by bulk NaCl in an unusual manner (Fig. 4A). Spe-
cifically, at Na� concentrations below �0.25 M, binding was
attenuated at increasing concentrations of SS DNA; at 0.15 M

Na�, binding was �10-fold weaker in the presence of 100 �M

bp SS DNA (Table 2). Interestingly, the salt dependence of the
DNAsp binding when SS DNA was present was lower than that
in the absence of SS DNA. Above �0.25 M Na�, SS DNA at up
to 100 �M had no apparent effect on site-specific binding rela-
tive to SS-free conditions. Thus, the addition of SS DNA

Figure 4. Bulk salt toggles intersegmental target search by the ETS domain of ETV6. The salt dependence of site-specific DNA binding (with and without
SS DNA) and nonspecific binding by ETV6 was quantified by linear least-square analysis. Parametric values are given in supplemental Table S1. Data sets or
subsets with statistically indistinguishable values were fitted globally. For site-specific binding, the dashed line describes log KD values at low salt concentra-
tions in the presence of 50 and 100 �M SS DNA. Shown are ETV6 –DNAsp without SS DNA (F), with 10 �M SS DNA (f), with 50 �M SS DNA (Œ), and with 100 �M

SS DNA (�). Data from Fig. 3G are also given as SS DNA (7). Limiting instrumental resolution prevented measurements of affinities at the very low Na�

concentrations required to define the low-salt regime for 10 �M SS DNA. B, schematic model of electrostatic toggle of target search by free diffusion at high salt
and intersegmental jumping at low salt. Error bars, S.E.

Table 2
Salt gradients of equilibrium dissociation constants for ETV6 –DNA binding
The sensitivity of the apparent equilibrium dissociation constant for site-specific and nonspecific DNA binding by ETV6 was estimated by linear least-square analysis of the
log–log gradients with respect to Na� concentrations. Œ and } represent the data acquired in the presence of 50 and 100 �M SS DNA, respectively. The values at the
reference state of 1 M Na� were extrapolated from the linear fit. The nonspecific binding data for oligomeric DNA (SD1 and SD2) are omitted here for clarity (cf. Fig. 2).

Experimental conditions Slope � ��m z KD at Na�� � 0.15 M Estimated KD at Na�� � 1 M

M M

ETV-6 � DNAsp 6.6 � 0.5 7–8 (1.7 � 0.2) � 10�9 3.2 � 10�4

ETV-6 � SS DNA 4.5 � 0.9 5 (0.29 � 0.16) � 10�6 7.6 � 10�4

ETV6 � DNAsp � SS DNA; Na�� � 0.25 M (dotted line) 1.6 � 0.5 (Œ) 2 (2.0 � 0.1) � 10�8 2.5 � 10�7 (Œ)
1.6 � 0.3 (}) (2.5 � 0.2) � 10�8 6.7 � 10�7 (})

ETV6 � DNAsp �/� SS DNA; Na�� � 0.25 M (solid line) 5.9 � 0.4 6 2.0 � 10�4
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induced two salt-dependent regimes in site-specific binding by
ETV6: a low-salt regime, which exhibited reduced salt depen-
dence, and a high-salt one that was indistinguishable from the
absence of SS DNA. The transition between the two regimes
depended on the (constant) concentration of SS DNA in the
flow buffer but appeared to occur abruptly with respect to salt
concentration.

To model the salt-dependent behavior of site-specific search
in terms of intersegmental translocation, we first considered
the site-specific and nonspecific DNA binding of ETV6 by free
diffusion.

ETV6 � DNAsp L|;
K D

sp

ETV6 –DNAsp � mspNa� (Eq. 2)

ETV6 � DNAns L|;
K D

ns

ETV6 –DNAns � mnsNa� (Eq. 3)

With only ETV6 in the flow solution, binding to immobilized
cognate DNA represents direct site search by free diffusion as
indicated by Equation 2. The inclusion of SS DNA in the flow
solution establishes a pre-equilibrium of nonspecific DNA
binding, as indicated by Equation 3, before biosensor exposure.
The observed salt dependence of site-specific binding in the
presence of SS DNA is obtained from subtracting Equation 3
from Equation 2,

ETV6 –DNAns � DNAsp

L|;
K D

tr

ETV6 –DNAsp � DNAns � 	msp � mns)Na� (Eq. 4)

where �m' �msp � mns, and KD
tr � KD

sp/KD
ns. Based on the salt

dependence of nonspecific ETV6 binding to polymeric SS DNA
(not oligomeric SD1 or SD2), cognate binding in the presence of
50 and 100 �M SS DNA yielded an intermediate salt depen-
dence between 0.15 and 0.25 M Na�, in close agreement with
Equation 4: �m � msp � mns � (6.6 � 0.5) � (4.5 � 0.9) �
(2.1 � 1.0) (Fig. 4 and Table 2). This agreement provided inde-
pendent evidence that the mixed-sequence salmon sperm DNA
indeed acted as a nonspecific polymer, and supported SPR-de-
tected cognate binding in the presence of this polymer as a

direct measurement of intersegmental target search at physio-
logically relevant Na� concentrations.

Biosensor–SPR reveals the kinetics of intersegmental jumping

In addition to affinity measurements, a strength of SPR is its
real-time capabilities for kinetics measurements on the second-
to-minute time scale. Because the excess SS DNA and the high
flow rate used in the SPR experiments ensured that ETV6 was
quantitatively trapped in nonspecific complexes when not
interacting with the biosensor, as manifest through the sharp-
ness with which the low- and high-salt affinity regimes were
defined (cf. Fig. 4A), direct transfer by intersegmental translo-
cation represented the only pathways to and from the immobi-
lized oligomeric DNA (Fig. 4B). The observed kinetics of asso-
ciation and dissociation therefore represented direct indicators
of ETV6 binding and unbinding by intersegmental transloca-
tion. Between 0.15 and 0.35 M Na�, the kinetics of site-specific
association and dissociation of ETV6 in the absence of SS DNA
fell within the temporal resolution of the Biacore instrument. In
the second time scale, the observed kinetics were well described
with a 1:1 model, as the representative sensorgrams for 0.15 and
0.25 M of Na� in Fig. 5 (A and B). Both the association and
dissociation rate constants yielded linear log-log salt gradients
over 0.15– 0.35 M Na�. Increasing Na� concentrations reduced
the apparent association rate constants and increased the dis-
sociation rate constants (Fig. 5C). The higher sensitivity of dis-
sociation to salt resulted in an overall drop in affinity. Empiri-
cally, the salt dependence of the rate and equilibrium constants
are related as follows.

�
dlogKD

dlog[Na�]
�

d(logka � logkd)

dlog[Na�]
� ma� � md� (Eq. 5)

The equilibrium salt dependence inferred from the rate con-
stants, �(2.9 � 0.2) � (4.9 � 0.5) � �7.8 � 0.5, was close to the
value obtained from steady-state measurements (�6.6 � 0.5).
Agreement was significantly improved if the 150 mM data, in
which dissociation did not progress fully within the time frame
of the experiment, were excluded. Nonetheless, the kinetic data
clearly showed that the inhibitory effect of salt on ETV6 –DNA
binding by free diffusion was mediated through a prohibitive
effect on association and an overall destabilizing effect on the
formed complex.

Figure 5. Kinetic characterization of site-specific ETV6 –DNA binding via free diffusion by biosensor–SPR. Shown are representative sensorgrams for
ETV6 (1, 2, and 4 nM ETV6, from bottom to top) with DNAsp at 0.15 M (A) and 0.25 M (B) Na� in the absence of SS DNA. Black curves, kinetic fits by a 1:1 binding
model with mass transfer correction. Parametric values are given in supplemental Table S1. C, salt dependence of the kinetic rate constants, where m�a and m�d
are the log–log salt gradients of the association and dissociation rate constants, respectively. Error bars, S.E.
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Direct measurement of the time-dependent association and
dissociation of site-specific ETV6 –DNA complex formation in
the presence of SS DNA showed starkly contrasting kinetic
profiles relative to target site binding by free diffusion. Spe-
cifically, the salt dependence of the association rate constant
was positive at all concentrations of SS DNA tested, increas-
ing in magnitude with abundance of SS DNA (Fig. 6). Thus,
target site search by intersegmental translocation was kinet-
ically promoted by salt. Previously, the dissociation rate con-
stant was more sensitive to salt than that observed in free
diffusion, but its magnitude exhibited no significant depen-
dence on SS DNA abundance.

Because the SPR-detected ETV6 –DNA kinetics represented
the overall progress of multiple microscopic steps, the rate con-
stants and their salt dependence reflected the rate-limiting step
in the association and dissociation mechanism. The depen-
dence of the association rate constant on SS DNA concentra-
tion as well as the apparent uptake of Na� upon binding there-
fore suggested that the rate-limiting step in intersegmental
transfer to the target site involved the dissociation of nonspe-
cifically bound DNA. The slow dissociation from polymeric
nonspecific DNA contrasted sharply with the very fast dissoci-
ation (beyond instrumental dead time) from the oligomeric
nonspecific sites SD1 and SD2 (supplemental Fig. S1). Because
dissociation from the DNA oligomers, which were immobilized
at low density, was limited to unbinding from the DNA, this
difference reflected the sequestrative effect of additional
translocation mechanisms (sliding, hopping, and transfer
among duplexes) available to the protein on the polymeric SS
DNA. This interpretation is also consistent with the higher
apparent nonspecific affinity for polymeric versus oligo-
meric DNA (cf. Figs. 2 and 3). In summary, the kinetics of
intersegmental site association are dominated by dissocia-
tion dynamics (Fig. 7).

Discussion

To better understand ETV6 –DNA interactions and, more
generally, the structurally homologous family of ETS proteins,
we have carried out a detailed analysis of the affinity and kinet-
ics of site-specific binding by ETV6 by intersegmental translo-
cation, as measured by biosensor–SPR, and perturbing the
interaction with NaCl in the bulk solution. In the absence of
nonspecific DNA, the affinity of ETV6 for site-specific DNA
was strongly and monotonically sensitive to bulk NaCl concen-

trations typical of DNA-binding proteins that are capable of
multiple charge– charge interactions (Fig. 1). Quantitatively,
the log–log salt gradient of KD indicated zsp � 7.5 thermody-
namically active phosphate interactions between ETV6 and
the target DNA backbone, in good agreement with the
ETV6 –DNA co-crystal structure (22) (Fig. 8A), which shows
five DNA phosphates that are directly neutralized by or
hydrogen-bonded to the protein and three additional phos-
phates that are hydrogen-bonded to the protein via ordered
bridging water molecules.

To define the experimental conditions that isolate target
search by ETV6 by intersegmental translocation, we equili-
brated preset concentrations of protein and excess SS DNA
before injecting the mixture over the sensor chip with immobi-
lized cognate DNA (Fig. 4). Because the nonspecific and specific
sites are not on the same strand, and protein is presented to a
specific site in a nonspecific DNA-bound state, the experimen-
tal setup is designed to include only intersegmental transloca-
tion as a possible mechanism of binding to the immobilized

Figure 6. Direct kinetic measurement of intersegmental translocation by the ETS domain of ETV6. The apparent rate constants for the apparent
association to and dissociation from DNAsp at the indicated Na� concentrations were determined in the presence of 10 �M (�, A), 50 �M (f, B), and 100 �M SS
DNA (Œ, C). Lines represent linear fits of the log–log salt gradients with slopes m�a and m�d, respectively. Error bars, S.E.

Figure 7. Kinetic summary of site-specific DNA binding by the ETS
domain of ETV6 via free diffusion or intersegmental transfer as
revealed by ionic perturbations. Comparison of the salt effect on the
kinetics of ETV6 –DNAsp binding in the absence (F) and presence of SS
DNA (10, 50, and 100 �M, all shown as �). The data with or without SS DNA
was globally fitted by linear least-square analysis. In the absence of SS
DNA, the association rates decrease upon increasing Na� concentration.
In the presence of SS DNA, association rates increase upon increasing salt
concentration. In contrast, there are no significant differences in the salt
dependence of the dissociation rate constant with or without SS DNA.
Error bars, S.E.
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target site. The results under these conditions are quite differ-
ent from those in Fig. 1. At relatively low NaCl concentrations,
binding of ETV6 to SS DNA results in a nonspecific complex
with the release of �4 Na� ions. In a coupled translocation step,
analogous to a scheme proposed by Bresloff and Crothers (29)
for ethidium binding to polymeric DNA, ETV6 dissociates from
the nonspecific complex, with attendant rebinding of Na� to
the SS DNA, and binds to the cognate site with dissociation of
Na� ions characteristic of that interaction. The salt depen-
dence of the equilibrium constant in the presence of SS DNA
therefore represents the difference in Na� ions released in
forming the cognate DNA complex and recondensed on disso-
ciation of the nonspecific complex, as indicated by Equation 4.
At high salt concentrations, the gradient is quantitatively indis-
tinguishable from that observed in the absence of SS DNA,
indicating that ETV6 binds the immobilized specific site only
by direct diffusion. This occurs if nonspecific destabilization by
Na� occurs to an extent such that ETV6 is quantitatively dis-
sociated from the SS DNA in the flow solution. The sharpness
of the SS DNA-induced transition as well as the constancy in
the gradients of the two regimes indicate that the mechanism of
site-specific binding changes in an essentially all-or-none man-
ner when perturbed by Na�. Increasing concentrations of SS
DNA moderately raised the salt threshold to revert site-specific
binding to free diffusion but did not alter the salt dependence of
the translocation regime (Fig. 4). This observation indicated
that excess nonspecific polymer perturbed the apparent affinity
of site-specific binding but not the structure of the site-specific
complex itself.

Site-specific binding by ETV6 involves a kinetic intermediate at
the cognate sequence

The real-time biosensor–SPR signal represents a direct
probe of the kinetics of protein–DNA interactions on the sec-
ond-to-minute time scale. The temporal range accessible to
biosensor–SPR at fast time scales is bounded by the instru-
ment’s temporal resolution (�1 s) and the dead time required
to inject a sample, flush the biosensor flow cell, and obtain a
stable reading on the one hand. On the other hand, the mea-
surement of very slow kinetics (�10 min) is limited by the time
required to obtain sufficient dissociation of the complex to fit
the curve (preferably �50% but at least 20% dissociation).
Within these bounds, biosensor–SPR offers advantages over
competing techniques, such as solution NMR (15), in terms of
signal sensitivity, compatible with heterogeneous DNA in the
flow solution, sample volume requirements through its micro-
fluidic architecture, and capability to multiplex several samples
in a single experiment to maximize comparability.

In the absence of SS DNA, the salt gradient of the association
rate constant was negative, and that of the dissociation rate
constant was positive (Figs. 5 and 7). When free diffusion is the
only available mechanism of site binding in a monovalent salt
solution, Record and co-workers (30) and Lohman (31) estab-
lished that, in the absence of a significant kinetic intermediate,
the association kinetics would be governed by the weak screen-
ing effect of bulk monovalent ions.

dlogka

dlog[Na�]
� ma� � ��sz (screening-controlled)

(Eq. 6)

Deviation from Equation 6 would therefore indicate the pres-
ence of a kinetic intermediate en route to the final complex.
From our binding data on ETV6 –DNAsp binding in the
absence of SS DNA, zsp � �(1/�)msp � �(1/�) � (dlog Kd

sp/
dlog[Na�]) � 7.5 (Fig. 1C) gives ��szsp � �0.9 � 0.1 � m�a �
�2.9 � 0.2 (Fig. 5C). The observed association kinetic rate con-
stant is therefore far more salt-sensitive than the screening-
controlled mechanism requires. We therefore conclude that
site-specific binding by ETV6 by direct diffusion involves a
kinetic intermediate that appears to resemble the nonspecific
complex. This interpretation is supported by the ionic proper-
ties of this intermediate (30),

zint � �
1

�
ma� � 3.7 � 0.2 (Eq. 7)

which coincides with zns � 3.8 � 0.7 for nonspecific binding to
SS DNA. The agreement between the predicted salt depen-
dence of the dissociation rate constant of this intermediate,
(dlog kd/dlog[Na�]) � �(zsp � zint) � 3.3 � 0.8, and the
observed value of m�a in the presence of SS DNA (2.9 � 0.8)
further bolsters this view.

The kinetics and thermodynamics of nonspecific DNA binding
by ETV6

Although site-specific association by ETV6 by free diffusion
is rapid, the observation of dissociation from the nonspecific SS

Figure 8. Electrostatic interactions in the site-specific ETV6 –DNA
complex. A, the co-crystal structure (Protein Data Bank entry 4MHG) was
examined for polar and charged interactions emanating from DNA back-
bone phosphates. Direct contacts with protein backbone or side chains (5
phosphates) are shown as green dashes, all within 3.0 Å. Water-mediated
contacts (3 phosphates) are shown as blue dashes (�3.3 Å) together with
the bridging water molecules as spheres. To maximize clarity, only con-
tacting DNA phosphates (red and orange) and protein residues (black) are
shown explicitly as lines. B, surface electrostatic potential of the protein as
computed from the Poisson–Boltzmann equation using APBS (39) using
ionic parameters corresponding to aqueous solution containing 0.15 M

NaCl.
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DNA polymer as the rate-limiting step is not immediately
expected, given the extremely rapid dissociation from immobi-
lized nonspecific oligomers. The strong difference in the disso-
ciation kinetics between polymeric and oligomeric nonspecific
DNA must therefore reflect the additional translocation mech-
anisms available to the protein only when bound to polymeric
DNA. More specifically, sliding and hopping represent kineti-
cally favorable paths for the nonspecific ETV6 –DNA complex
relative to direct diffusion out of the DNA lattice. Thus, the
apparent association rate constant by intersegmental translo-
cation decreases detectably with increasing concentrations of
SS DNA. The clear failure of oligomeric DNA to recapitulate
nonspecific binding to polymeric DNA, as we have observed
with ETV6, is an important aspect of nonspecific binding that
has not received adequate attention. Several previous reports
on intersegmental translocation from oligomeric DNA have
found that the association rate constant is promoted by high
DNA concentration (4, 15) and might have found rather differ-
ent results had polymeric DNA been used as the nonspecific
reservoir.

Thermodynamically, the emergence of positive cooperativity
in nonspecific binding to SS DNA indicated that electrostatic
interactions were operative not only at the protein–DNA inter-
face (release of condensed counter-ions), but also in protein–
protein interactions. At 0.45 M Na�, the cooperativity parame-
ter was estimated to be on the order of � �103, which is large
but in line with other reported DNA-binding proteins, such as
the T4 bacteriophage gene 32 protein under low-affinity con-
ditions (27, 32). This positive cooperativity may arise from the
screening of electrostatic repulsion that offsets favorable inter-
actions as proteins become arrayed along the DNA lattice. This
notion is plausible in view of several clusters of charged surfaces
on ETV6 in addition to the strongly cationic DNA-binding sur-
face (Fig. 8B). Coupled conformational changes that unpair salt
bridges or otherwise expose uncompensated charges may also
play a role.

Biological relevance of intersegmental translocation for
proteins with a single DNA-binding interface

At concentrations of ETV6 examined (up to 10�7 M), ETV6
bound specific DNA strictly as a monomer. The significant
affinity and contrasting kinetic differences in site-specific
ETV6 –DNA binding by free diffusion versus intersegmental
jumping are therefore probably representative of DNA-binding
proteins harboring a single DNA-binding interface. Specifi-
cally, the rate-limiting role of dissociation from the nonspecifi-
cally bound state agrees with the physical intuition that, unlike
oligomeric proteins with multiple DNA-binding surfaces,
ETV6 must dissociate first from one DNA duplex before engag-
ing the next. However, as the present data show, the transfer
mechanism asserts itself strongly in the effective affinity and
kinetics of association under conditions that functionally
mimic the DNA-dense environment encountered in the
genome. That physiological salt conditions (equivalent to
0.15 M Na�) lie firmly in the translocation regime further
underscores the biological relevance of the modulatory poten-
tial of intersegmental jumping in the case of single-interface
proteins. The slower association kinetics when intersegmental

jumping is the only binding mechanism suggests that net accel-
eration in target search in vivo must receive compensatory con-
tributions from short-range sliding and hopping that were pur-
posefully excluded from the short site-specific target used in
the present biosensor–SPR configuration.

In the presence of excess SS DNA, the positive salt gradient in
the site-specific association rate constant of ETV6 bears simi-
larity to the operator-binding properties of lac repressor in the
presence of excess non-operator phage DNA. Like ETV6, low
salt concentrations also promote the association rate constant
for lac repressor– operator binding (19). However, in the con-
text of an operator site embedded in heterogeneous phage DNA
on the same strand, short-distance sliding and hopping mech-
anisms dominate (20). As a result, whereas facilitated diffusion
by lac repressor was kinetically competitive with direct binding
under physiologic conditions (�4-fold difference in apparent
ka at 0.15 M Na� despite a 107-fold higher affinity for operator
binding) (19), site-specific ETV6 association by intersegmental
jumping was �100 times slower than direct diffusion at the
same Na� concentration (cf. Figs. 5 and 6), even though KD

ns/
KD

sp � 102.
In conclusion, using biosensor–SPR, we showed that two dis-

tinct mechanisms of target search, namely free diffusion and
intersegmental translocation, could be directly probed and tog-
gled with salt in the presence of excess nonspecific polymeric
DNA. This represents a broadly applicable approach for inter-
rogating DNA-binding proteins, such as transcription factors
that lack enzymatic activities, as experimental probes of DNA
localization. Importantly, even for monomeric proteins, such as
ETV6, harboring only a single DNA contact interface for both
specific and nonspecific interactions, intersegmental jumping
represents a major molecular event that significantly modifies
the thermodynamics and kinetics of DNA target search. The
need for and utility of facile experimental avenues for probing
intersegmental translocation in a defined, isolated manner is
apparent.

Experimental procedures

Nucleic acids

DNA oligonucleotides were purchased from Integrated
DNA Technologies (Coralville, IA) and annealed to form
duplex binding sites as described previously (18). DNA purity
was routinely verified by the manufacturer by electrospray
ionization–mass spectrometry. Salmon sperm DNA was
purchased from Sigma-Aldrich (D1626) and used without
further purification. A full-length clone of human ETV6
(HsCD00338954) was purchased from the Harvard Plasmid
Repository.

Molecular cloning

A construct encoding the minimal DNA-binding (ETS)
domain of ETV6 (human residues 331– 426) was amplified
from a full-length clone in pCMV-SPORT6 by PCR and ligated
into the NcoI/XhoI sites of pET28b using our reported cloning
strategy described previously (33). The cloned construct
consists of the open reading frame for the ETV6 ETS domain
plus additional sequences encoding a C-terminal thrombin
cleavage site followed by a His6 tag. The recombinant plasmid
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was transformed into DH5� Escherichia coli and sequence-ver-
ified by Sanger sequencing.

Protein expression and purification

Recombinant pET28b-ETV6 plasmid was propagated in
BL21*(DE3) E. coli and cultured as described previously (34,
35). In brief, cells induced for 4 h with 0.5 mM isopropyl 	-D-1-
thiogalactopyranoside were harvested by centrifugation, lysed
by sonication, and partially purified by immobilized metal affin-
ity chromatography on cobalt-nitrilotriacetic acid resin. The
C-terminal His6 tag was cleaved with thrombin overnight at
room temperature and polished by cation exchange chroma-
tography on Sepharose SP (GE Healthcare). All buffers used
during purification contained 0.5 mM TCEP to maintain a lone
cysteine. Following purification, the protein was stored at �100
�M in single-use (20-�l) aliquots at �20 °C. Protein concentra-
tions were determined by UV absorption at 280 nm using an
extinction coefficient of 25,440 M�1 cm�1.

Biosensor–SPR

SPR measurements were performed with a 4-channel Bia-
core T200 biosensor with a 4-channel system. 5�-Biotiny-
lated DNA sequences of interest were immobilized on CM4
chips on flow cells 2– 4 at low density (�150 RU). Flow cell 1
was used as a reference cell. The experimental buffer was 25 mM

Na2HPO4/NaH2PO4, pH 7.4, containing 1 mM EDTA, 1 mM

freshly dissolved dithiothreitol, 0.05% P20 surfactant, and addi-
tional NaCl to achieve the required total Na� concentration.
Flow rate was maintained at 50 �l/min to minimize mass trans-
fer between bulk and local environments on the sensor chip
surface. Reference-subtracted sensorgrams for site-specific
DNA binding were analyzed based on a 1:1 binding model to
extract apparent association and dissociation kinetic rate con-
stants (ka and kd) from time-dependent data or apparent equi-
librium constants KD from steady-state data as described pre-
viously (18, 36). Nonspecific binding was analyzed using the
McGhee–von Hippel equation,

0 

vnsK D

ns

[ETV6]
� (1 � svns)(ff )n�1b2 (Eq. 8)

where

ff �
(2� � 1)(1 � svns) � vns � Q

2(� � 1)(1 � svns)
(Eq. 9)

b �
1 � (n � 1)vns � Q

2(1 � nvns)
(Eq. 10)

Q � �(1 � (s � 1)vns)2 � 4�vns(1 � vns) (Eq. 11)

where KD
ns is the intrinsic nonspecific equilibrium dissociation

constant, s is the binding site size (in bp), and � is the cooper-
ativity parameter (ratio of the equilibrium constants for iso-
lated and juxtaposed sites). The concentration of ETV6-bound
DNA as observed is related to the binding density vns in Equa-
tion 8 by [DNA]b � svns (27). For nonspecific binding to oligo-
meric DNA (of length l in bp), Equation 8 is extended by Record
and co-workers (37) as follows.

0 

vnsK D

ns

[ETV6]
� (1 � svns)(ff )n�1b2�l � s � 1

l � (Eq. 12)

Equilibrium fluorescence titrations

The quenching of the intrinsic tryptophan fluorescence of
ETV6 upon binding to salmon sperm DNA was measured with
a Cary Eclipse instrument (Agilent) in the same buffer as the
SPR experiments. Both emission and excitation slits were set to
10 nm. Fluorescence were measured in a starting volume of 1 ml
at an initial ETV6 concentration of 200 nM. The sample was
excited at 286 nm, and the fluorescence spectrum was recorded
from 320 to 450 nm. The concentration of salmon sperm DNA
needed at each step was calculated and was corrected for dilu-
tion. Each spectrum was recorded in triplicate, averaged, and
subtracted from the reference scan of buffer alone. To maxi-
mize the spectral content in our analysis, we performed singu-
lar value decomposition (SVD) on each set of spectra. The spec-
tra at each Na� concentration were encoded as column vectors
a of a matrix A and subjected to SVD using Mathematica (Wol-
fram Research), as described previously (38). In brief, SVD of A
yielded a product of three matrices, U, S, and V,

A � USVT (Eq. 13)

where S is a diagonal matrix with ordered (from largest to
smallest) singular values. The spectrum corresponding to each
SS DNA concentration was reconstructed using the largest sin-
gular value �1 by the following.

ai � �1vi
T (Eq. 14)

Binding isotherms were generated by mapping the elements
in Vi

T to the SS DNA concentrations used in the titration
experiment. The fractional DNA-bound ETV6 (Fb) was related
to the observed signal S by the following,

Fb �
[ETV]b

[ETV6]t
�

S � Smin

Smax � Smin
(Eq. 15)

where Smax and Smin are the signal intensities corresponding to
the estimated saturated and unbound states. For nonspecific
binding, the McGhee–von Hippel equation and its modifi-
cations were solved numerically by the Newton–Raphson
method or via an optimized equation solver from the NAG
library (c05sdc) within the Origin C programming environ-
ment (Originlab, Northampton, MA). Parametric estimates are
given � S.E. following nonlinear least-square analysis.

Author contributions—T. V. and S. W. conducted the SPR and fluo-
rescence titration experiments. T. V., G. M. K. P., and W. D. W.
analyzed the results. G. M. K. P. and W. D. W. conceived the idea for
the project and wrote the paper with TV. All authors reviewed the
results and approved the final version of the manuscript.
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