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ARTICLEINFO ABSTRACT

Keywords: To extend the value of binzensor-SPR. in the characterization of DNA recognition by nucleoproteins, we report a
Biogensor comparative analyziz of DMA-facilitated target search by two ETS-family transeription factors: Elk1 and ETV6.
Surface plasmon resonance ETS domains represent an attractive system for developing bicsensor-based techmiques due to a broad range of
D””““‘“‘i‘ ‘1'""“"'"’]11“1 physicochemieal properties encoded within a highly conserved DMA-binding motif Building on a biosensor
Protein/DNA i approach in which the protein iz quantitatively sequestered and presented to immobilized cognate DMA az

nonzpecific complexes, we asseszed the impact of intrinzic cognate and nonspecific affinities on long-range
(intersegmental) target search. The equilibriom consant: of DNA-facilitated binding were sensitive to the
intringic binding properties of the proteins such that their relative specificity for cognate DNA were reinforced
when binding occurred by transfer vz, without nonspecific DMA. Direct measurement of association and disso-
ciation kinetics revealed jonic features of the activated complex that evidenced DNA-facilitated dissociation,
even though Elkl and ETV6 harbor only a single DNA-binding surface. At zalt concentrations that masked the
effects of nonspecific pre-binding at equilibrium, the dissociation kinetics of cognate binding were nevertheless
diztinet from conditions under which nonspecific DNA was absent. These results further strengthen the signifi-

cance of long-range DMA-facilitated translocation in the phyziologic environment.

1. Introduction

The localization of sequence-specific nucleoproteins, and presum-
ably other ligands as well, at their target site inveolves prior association
and translocation along nonspecifie DMA [1,2]. These transient dy-
namics may be chort-range shiding or hopping over short contigucus
stretches, or long-range translocation between segmente that are distant
(up to over many kbp) in sequence. The biological significance of
long-range transfer iz increasing due to recent attention on genomie
organization in cukaryvotes into large-scale units such as topologically
associating domains, or TADs [3]. TAD: bring into close spatial prox-
imity up to hundreds of genes at the level of chromatin [4]. Punctionally
similar, albeit less complex long-range topologies are also characteristic
in prokaryotes such az bacteria [5]. There iz therefore a need for
experimental methods that can directly measure the properties of
long-range translocation of DNA-binding proteins to their target sites.

Since the classic studies on the kinetics of site binding by the lac
repressor and cAMP receptor protein, many experimental techniques

have been developed to probe the role of DNA-mediated diffusion in site
localization by DMNA-binding proteins. While particle-tracking tech-
niques [eg., 6, 7, 2] offer unique opportunities to directly observe and
acquire ctatiztics on the stochastic behawvior of individual units,
ensemble methods are highly complementary and retain significant
value in terms of aceessibility to the community. To this end, we recently
introduced a bicsensor-based, surface plasmon resonance (SPR)-de-
tected approach for gaining insight inte the DNA-facilitated target
search by DNA-binding proteins [9]. This techmique involves measuring
the kineticz of association and dissociation to immobilized DNA by
protein in the flow solution with and without an excess of nonspecific
DMNA. When controlled az a function of ionic conditions via the bulk zalt
concentration, this method provides additional quantitative information
about the electrostatic contributions of target search.

Applying thiz technique to the DNA-binding domain of ETVE, an
ET5-family transerniption factor implicated in cancers of the prostate and
blood, we previcusly measured DMA-facilitated target search by ETVS
[¢]. DNA-binding proteine with multimerie structures allow them to
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contact two or more DNA segments simultaneously and execute
long-range intersegmental transfer via a monkey-bar mechanism
[10 13]. However, the corresponding behavior for ETV6 and myriad
other proteins with only single DNA-contact surfaces that bind DNA as
monomers is not well understood. More generally, there is a lack of
knowledge on intrinsic affinities for cognate and nonspecific DNA as
parameters of whether long-range target search occurs and, if so, its
effective properties in a mixed-DNA environment.

To make progress, we extended the SPR-based technique further to
address several new questions about long-range DNA-facilitated trans-
location. 1) How do the intrinsic affinities for cognate and nonspecific
DNA impact the characteristics of long-range translocation? 2) What is
the propensity for long-range transfer by highly target-specific nucleo-
proteins such as many transcription factors? 3) What are the molecular
signatures of DNA-facilitated dissociation, an emerging feature in our
knowledge of DNA-facilitated dynamics, that are detectable by this
technique? For these studies, ETS-family transcription factors are
attractive models due to the broad range of biophysical characteristics
that are encoded in a tightly conserved DNA-binding motif. This com-
bination of physicochemical diversity and structural homology facili-
tates a comparative approach that has shown utility in other lines of
inquiry [14 17]. To leverage the existing data for ETV6 [9], we carried
out a comparative study with Elk1, an ETS member that binds with very
high affinity to cognate motifs as reported by gel mobility shift [18]. We
expect a quantitative comparison of the two structural homologs by
biosensor-SPR to generate significant new insight into the features that
impact cognate target binding by long-range target search.

2. Material and methods

Nucleic acids. DNA hairpins were purchased from Integrated DNA
Technologies (Coralville, IA) and annealed to form duplex binding sites
as previously described [16]. Salmon sperm DNA was purchased from
Sigma-Aldrich (D1626) and used without further purification. The
concentrations of DNA sequences (ETS consensus in bold) were deter-
mined by UV absorption at 260 nm using the following extinction co-
efficients at 260 nm: SC1 (5 -CGG CCA AGC CGG AAG TGA GTG CC-3):
366,479 M 'cm !, E74 (5-CTG AAT AAC CGG AAG TAA CTC ATC-3 ):
500,700 M ! cm !, salmon sperm: 6600 (M bp) ! cm . A full-length
clone of human Elkl (cDNA clone MGC:64973) open reading frame
was purchased from the Harvard Plasmid Repository.

Molecular cloning. A construct encoding the minimal DNA-binding
(ETS) domain of Elk1l (human residues 1 to 93, without any of the
auto-inhibitory or other domains) was amplified from the full-length
clone by PCR and ligated into the Ncol/Xhol sites of pET28b. The
cloned construct consists of the open reading frame for ELK1 ETS
domain plus additional sequences encoding a C-terminal thrombin
cleavage site followed by a 6xHis tag. The recombinant plasmid was
transformed into DH5 E. coli and sequence-verified by Sanger
sequencing.

Protein expression and purification. Heterologous expression of Elk1 in
BL21*(DE3) E. coli was performed as previously described [15,19]. In
brief, cells in log phase were induced for 4 h with 0.5 mM IPTG, har-
vested by centrifugation, lysed by sonication, and extracted by immo-
bilized metal affinity chromatography on Co-NTA resin (Gold
Biotechnology). After cleaving the C-terminal 6xHis tag with thrombin
overnight at room temperature, the target protein was purified by cation
exchange chromatography on Sepharose SP (GE). Protein concentra-
tions were determined by UV absorption at 280 nm using an extinction
coefficient of 25,440 M ' em 1.

Biosensor-surface plasmon resonance (SPR). SPR measurements were
performed with a Biacore T200 biosensor (GE) in a 4-channel system as
previously described [20,21]. In brief, 5 biotinylated DNA sequences of
interest were immobilized on CM5 chips on flow cells 2 to 4 at low
density to ~150 RU (response unit). Flow cell 1 was used as a reference
cell and contained no immobilized DNA. The experimental buffer
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contains 25 mM NayHPO4/NaH,POy4, pH 7.4, 1 mM EDTA, 0.05% v/v
P20 surfactant and sufficient NaCl to achieve the desired total Na
concentrations. Mass transfer was minimized by running the fluidics at a
high flow rate of 50 L/min [Fig. 1]. Equilibrium dissociation constants
(Kp) were estimated from the steady-state signal observed in the sen-
sorgrams as follows:

_ @

where RUgps is the change in response unit when a protein binds to DNA
at equilibrium state, RUp,ay is the response at saturation, and Cs is the
free protein concentration. Alternatively, Kp was computed from the
apparent association and dissociation kinetic rate constants (k, and kq)
fitted from the time-dependent data:

— (2

The detailed procedures for both approaches have been extensively
described [20 22]. Salt dependence of Kp, values is analyzed by linear
regression on logarthmic scales. Data exhibiting chevrons is fitted with a
piecewise function:

3

where m; and mj; are the slopes of the two segments, b; is the intercept
of the first segment on the ordinate, and x. is the position of the chevron
on the abscissa.

Bioinformatic motif analysis. DNA motifs for Elkl and ETV6 were
culled from the CIS-BP Database [23] as position-weighted matrices.
Rendering of information content-weighted DNA logos was performed
using enoLOGOS [24].

3. Results and discussion

Elk1 is a highly selective DNA-binding protein. Our first objective is to
quantify the intrinsic specificity of DNA recognition by Elk1l. Immobi-
lized DNA harboring a cognate site (5 -GCCGGAAGTG-3 ) was exposed
to flow solutions containing graded concentrations of purified ETS
domain of Elkl (without auto-inhibitory or any other domains that
modify binding) [Fig. 2A]. The protein solution flowed at a high rate (50

L/min) to minimize mass transfer to and from the biosensor chip. To
ensure that the SPR measurements reflected the intrinsic affinities
characteristic of direct target search from free solution, the cognate DNA
was immobilized as a short hairpin oligomer (24 bp) such that local
translocation around the cognate site would be negligible. Across a
range of salt concentrations up to 0.6 M in the flow solution, the steady
state data was well described by fitting to a 1:1 model according to Eq.
(1) [Fig. 2B]. The maximum SPR signal (in RU) also corresponded to the
expected MW of a 1:1 Elk1/DNA complex. Finally, the time-dependent
RU signal was independently fitted to a 1:1 model to extract first-
order kinetic rate constants. The ratios of these rate constants,
following Eq. (2), yielded equilibrium constants that agreed with the
steady-state values within experimental uncertainty [Table S1, Sup-
porting Information]. The results therefore indicated that Elkl bound
SC1 with 1:1 stoichiometry across the full range of salt concentrations
used.

The salt dependence of the equilibrium constants reports the release
of counter-ions from the DNA upon binding. When monovalent ions are
used (as the case here), which can be related to the number of DNA
phosphate contacts via the polyelectrolyte theory as follows:

— C)

Mm,ps is proportional to the number of DNA phosphate contacts |z|
by a coefficient  consisting of 0.88 for B-form DNA, which
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Fig. 1. Reprezentative sensorgrams of
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combines the effects of counterion condensation (W = 0.76) and ion
sereening (Fe = 0.12) [25]. A correction for end-effects iz applied for
oligomeric dsDNA harboring N, phosphates [26]. For the 24-bp syn-
thetic hairping used in the SPR experimente, the corrected coefficient 1=
i = 0.77. Negative values of Amyy, denote a release of counter-ions.
Bazed on the measured zalt-dependent binding [Fiz. 2C], Elk]l eon-
tacted |g| = 7 £ 1 phosphatez on the SC1 sequence, matching the
number observed in the co-crystal cognate complex of Elk] [27]. The
data therefore confirmed biosensor-S5PR as an accurate analytical tech-
nique for measuring cognate Elk] /DNA binding.

The stronger cognate binding by Elk] suggests a potential for higher

0.7 06 05 04 03 -0.2

log [Ma®, M)

sequence specificity than ETVE, a highly conserved structural homolog
[Fiz. 3A], provided that Elk] binds nonepecific DNA with comparable or
weaker affinity. When we attempted to measure Elk] binding to an
immobilized nonspecific sequence by SPR, the biosensor did not register
significant signal even at the highest concentration of protein used (500
oM) in the flow solution [Fiz. 21, Supperting Information]. The
nonspecific affinity for Elk] was too low for biosensor-SPR detection. We
therefore used reported data on nonspecific binding by Elk] to mixed-
sequence salmon sperm DNA as measured by a fluorescence quench
method [28]. The nonspecific measurements, which tracked the
intrinzic tryptophan fluorescence of the proteins, were analyzed by the
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McGhee-von Hippel formaliem [29] to yield minnesie egqubibrium
dissociation constants [Fiz. 52, Supporting Information]. Indeed, Elk]
exhibited weaker nonspecific binding compared with available data for
ETV6 [9] under the same conditions. Combined wath its strong cognate
affimty, the data established Elk] as a lughly selective DNA-binding
protein, exhibiting a specificity (cognate/nonspeeific) ratio of =10
[Fiz. 2B]. In contrast, ETV6 exhibited a specificity ratio of 10°.

To determine whether the selectivity differences in vitro reflect the
behavior of native proteins in cells, we analyzed genomic binding by
native Elk]l amd ETV6 reported in  published chromatin-
immunoprecipitation sequencing  (ChIP-Seq) studies [30]. The
ensemble of sequences, as represented by DNA logos, provide a direct
indicator of specificity in termes of the additive informational content
(IC) at each position of the motif [24]. Expressed as binary bits, the [C of
ecach position ranges from O (all four bases equally probable) to 2 (se-
lection of a single nuelecbase). Summation of the ICz over a site yields
the IC for the whole binding motif. Az chown in [Fig. 2C], Elk] and ETV6
occupy genomic DNA az monomers in two distinet modes: bound to
izolated sngle sites or to tandem cognate sequences. While the 1:1
complex iz homologous for both proteins, consistent with their
co-crystal structures, their 2:2 motifs run in different directions. The
bases flanking one of the core consensus in the 2:2 Elk]-binding motif
correspond to SC1. The two copies of core consensus (5'-GGAA-3") runs
anti-parallel for Elk] but are in parallel for ETV6, suggesting opposite
onentations for the bound proteins. For the fairest comparson, we
analyzed the longest DMA logos that epan corresponding positions for
both ETS members. The sequence-specific nature of both proteins is
evident in the high IC at the core consensus, regardless of binding mode.
However, selectivity at flanking positions 15 more variable, and quan-
titation of the overall IC shows higher values for Elk] relative to ETVS.
In 1:1 motifs, Elk] exhibite 2 extra bits (10% over a 10-bp site) of IC over
ETV6. This difference iz preserved between their 2:2 complexes, sug-
gesting that any protein-protein interaction between bound ETVS at the
tandem sequences does not overcome for the intrinsic deficit az a

2:2 motif
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periments are taken from Fig. 52 for Bkl and [9]
for ETVG. ©, DMA logos from published
full-length Elk]l and ETV6. Motifs with the highest
information contents (IC) in the case of isolated
(eft) and tandem (right) zite binding were shown,
muncated, and shifted az appropriate for alignment
and fair comparizon. The maximum [C in binary bitz
]' of 3 motif of length N is 2 N. Arrows denote the
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wverzion of this article.)
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monomer. Thus, agreement with genomic data suggests that the target
selectivity determined biophyeically reflects penomic cecupancy in vivo.

Impact of sequence selectivity on target zearch. The substantially greater
selectivity of Elk] over ETV6S, given in a highly homologous scaffold,
suggested the two ETS relatives as an excellent pawr for probing the
impact of site zelectivity in DMA-facilitated target search. To mimie
long-range tranclocation, excess concentration of salmon sperm DMA
(100 pM bp) was added to the flow eolution to ensure that Elk] was
quantitatively trapped in a nonspecific complex at low salt. To minimize
mass transfer, the flow solution was kept at a high flow rate of 50 pl/min
(Fiz. 1). Under these conditions, unbound protein was no longer a
significantly populated state at equilibrium, and SPR-detected binding
represented the effective transfer of nonspecifically (ns) bound Elk]
from the flow solution to ite specific (ep) target sequence in the Immo-
bilized oligomer:

Kz
ElkIDNA, + DNA, = EkIDNA; + DNA,+4mNa®  (5)

We define the coefficient Amy,
Amy =Amg — Amips )]

ag the change in ion number for the transfer of protein from nonspecific
to cognate DNA. Since Eq. (4) applies for both cognate and nonspecific
binding, thiz model providez a quantitative test for DNA-facilitated
target ecarch if the expected value of Amg from Eq. (5) corresponds to
the directly measured value from cognate binding in the presence of
excess (100 pM bp) nonspecific DNA. Fig. 4 chows the zalt dependence of
binding Elk] to SC1 in the absence and presence of 100 pM salmon
eperm DMA, juxtaposed with existing data for ETV6 [2]. The presence of
salmon sperm DNA induced a transiion Na® concentration at 0.35 M
Na* below which the apparent cognate affinity wae reduced but the salt
dependence was cignificantly flattensd. Above 0.35 M Na®*, cognate
binding was mnsensitive to the salmon sperm DMA as the nonspecific
affinity was further weakened.
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Using the ealt-dependent data shown mn Fiz. 4, the caleulated zalt
dependence for Elk] transfer to 5C1 is Amy, = Amg, — Amy, = (—6.1 £
0.1} -(—3.1+ 05) = —3.0 + 0.5 according to Eq. (6). The observed
value of Amy; in the presence of ealmen sperm DNA at below 0.35 M Na*
i Amy = —2.9 £ 0.2 [Table 1]. The agreement between the expected
and obeerved values of Amy, shows that under phyziclogically low-zalt
conditions (e.g., 0.15 M Na'), target recognition by long-range search
ie operative for Elk] in the presence of 100 pM nonspecific DNA, even
given ite very high specificity. Remarkably, the transition Na* concen-
tration for Elk] and ETV6 cccurred at similar bulk salt concentrations of
0.35 M Na*, even though their respective cognate and nonspecific af-
finities were distinctly different. At 0.15 M Na*, the difference in
apparent affimities between Elk] and ETV6 in the presence of salmeon
sperm DNA 12 ~100-fold. Compared with the ~20-fold margin in the
absence of nonspecific DNA, Elk] iz therefore even more selective
relative to ETV6 when binding oceurred by long-range target search.

To charactenze the mpact of selectivity on long-range target search
more deeply, we examined Elk] binding with ite more preferred cognate
sequence: the native E74 site found in Dresophila [12]. Measurement of
E74 binding by Elk] in the absence of nonspecific DNA showed ~3-fold
higher affimty relative to 8C1 [Fig. 534, Supporting Information]. In the
presence of salmon eperm DMA, the transition Ma' concentration was also
similar at ~0.35 M Na* with a cimilarly flattened salt dependence below
that Na* concentration [Fiz. 53E]. As with 5C1, the expected transfer ion
number Amy = Amg, - Ampy = (-6.0+0.1)-(-3.1£05)=-29+05
agrees with the measured value of — 2.6 + 0.8 below the transition [Ma*]
in the presence of salmon sperm DMNA [Table 2]. The apparent Ep was
higher by ~3-fold relative to 5C1 m the presence of salmon sperm DNA, a
margin equal to the difference n intrinsie affinities between the two
cognate DNA sites. Thug, the zalt-induced switeh from direct to long-range
target search was not sensitive to the intrinsic affinities of the ligand to
cognate DNA. The remaining parameter, the abundancs of nonspecific

[Ma®], M
010 016 0.25 0.40 063 0,10 016 0.25 0.40 0.63
T T T T T T T T T T
aF Elk1 |
S 6f
&
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]
S gt
-10 -
1 1 1 1 i L

-1.0 -0.8 -06 -04 02 -1.0 -0.8 -06 -04 -0.2
log [Ma”, M]

& N3; @ noNSDNA;, = +100 pM NS DNA

Fig. 4. Impact of DNA zequence zelectivity on long-range target search
ETS structural homologs: Elkl vs ETVG. Comparizon of salt dependence of
equilibrium dizsociation constants of Elk]l and ETV6 to 5C1: cognate binding
with (blue zquares) and without (red circles) 100 pM bp zalmon sperm DMA,
together with nonspecific binding (purple diamondz). The red dash line rep-
rezents the best fit in the wansfer régime in the prezence of salmon sperm DNA
in both panels. Numerical data for Elk1,/5C1 binding under both conditions are
given in Tablez 51 and 52. Monspecific binding for Elk] iz taken from Fig. 520
ETV# data iz from Ref. [9]. The zalt dependence for nonspecific binding iz Am,,
= —3.1 = 0.5 for Elk] and Am,, = —4.5 + 0.9 for ETV6. (For interpretation of
the references to color in thiz Sgure legend, the reader iz referred to the Web
werzion of this article )
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Table 1
Salt-dependent Elk1,/5C] interactions.
Experimental conditiona Am = -zlope |5l g (nM)at0.15 M Na™
no MG DHA —6.1+ 01 7 0.06 £+ 0.01
+ 100 uM N5 DNA < 0.35 M Na —29+ 02 3 0.37 &+ 0.08
* Extrapolated.

DMA, thus appeared to be the goveming factor.

Kinetic measurementz of Elk]1/DNA target search by biosenzor-SPR. To
probe the nature of long-range transfer more mechanistically, we
examined the kinetice of cognate association and dissociation in the
presence and absence of zalmon sperm DNA. By maintaining Elk] in a
nonspecific complex prior to cognate binding at low salt, we were able to
obeerve the ime-dependent translocation of Elk] onto cognate DNA. In
the absence of salmon sperm DNA, the useable range of salt concen-
tration for kinetic analyeiz iz from 0.3 to 0.6 M Na* [Fiz. 5A]. Within the
range, the kinetice of the specific interaction were within the temporal
resolution of the nstrument The association and dissociation rate
constants vielded a linear log-log relationship with salt concentration in
thiz range. In the presence of salmon eperm DNA at 100 pM bp, the
accessible ealt range for kinetic analysis broadened from 0.175 to 0.6 M
Ma*. Az Fiz. 5A illustrates, the kinetice were well deseribed by a 1:1
means that the apparent rate constants represent the rate-limit step of
more rapid microscopic events. Armed with lanetic data over a range of
zalt conditions, the salt dependencies of the observed rate constants
(Amy; and Amy) are related to that for the equlibrium constant as
follows:

dlogKp  d(log k — log ky)
T dlogNa®] T dlogNa®|

In the absence of salmon eperm DNA, the salt dependence obtamed
from association and dissociation rate constants for E74 binding by Elk]
i Am, - Amg =(—-5.1+0.1)-(1.3+0.1)=—64+ 0.1 [Table 3]. This
value was in agreement with that obtained from the steady-state equi-
librium measurement under the eame conditions (Amg, = —6.0 + 0.1).
The goodness of fit for the kinetic data and agreement in salt dependence
with equilibrium data supported interpretation of kinetics as a 1:1
interaction. In the presence of salmon sperm DNA, the kinetic profile
showed two distinet régimes that transition sharply at 0.35 M Na®
[Fiz. 5B], in step with the thermodynamie salt profile In Fiz. 4. Above
0.35 M Na*, Elk]/E74 association was decelerated by increaszing zalt, a
behavior expected of target search by free diffuzion (e.z., charge
sereening by mobile 1ons in the flow solution), indicating that the pro-
tein has overcome trapping by nonspecific DNA in the flow solution. At
Na' concentrations below 0.35 M, association was accelerated by
inereasing bulk zalt concentration, pointing to dissociation of nonspe-
cific complexes as the rate-limiting step.

For comparizon, we also characterized the kinetice of Elk] with the
lower-affinity cognate site, SC1. We observed similar agreement be-
tween the caleulated value Am, - Amy [Table 4] and measured Amg, for
E74 binding in the abeence of salmon sperm DMA (Fiz. 52B). The higher
intrinzic affinity of Elk] for E74 could be readily seen as due to faster
association relative to SC1 at corresponding salt concentrations, while
dissociation was hittle unchanged (Fig. 5B). Beyvond the absolute values
of the rate constants, their salt dependence reveals the ionic properties

= Amy — Amy (7)

A=

Table 2
Salt-dependent Elk1/E74 interactions.
Experimental conditiona Am = -glope | Fp (nM) at 0.15 M Na™
z|
no NG DNA —6.0+0.1 7 0.02 4 0.01
+ 100 uM NEDNA, < 0.35 M Na* —26+ 0.5 3 0.11 £ 005

“ Extrapolated.
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Filg. 5. Kinetic analyzls of Elk]l interactionz with cognate DNA In the absence and presence of excezs nonspecific DNA. A, Representative sensorgrams
(colored curves) with kinetic fit (black zolid linez) for a 1:1 interaction of Elk] under the indicated conditions. B and C, Salt dependence of apparent association
(zquare) and dizzociation rate constants (circles) in the abzsence (red line, uncolored symbols) and presence of 100 pM bp salmon zperm DMNA (blue line, yellow

symbolz) for Elk]l binding E74 and 5C1, az well as a previously reported ETVS,/5C] interaction [9]. Numerical data for Elkl iz given in Tablez &

54. (For inter-

pretation of the references to color in thiz figure legend, the reader iz referred to the Web verzion of thiz article.)

of the activated complex aleng the binding interaction coordinate [31,
32]. The =alt dependence in the association rate constant was more
negative for E74 than SC] without salmon eperm DNA, and less positive
in itz presence. Az Amy in Bq. (6] provides information about the change
in number of lonic contacts between the states at equilibrium, Am, and
Amy provide analogous information about the activated complex [32].
The magnitudes of the differences in the galt dependence suggests that
E74 binding from free solution required up to one more ionic contact in
the activated complex that iz not made with 5C1.

In the presence of salmon sperm DMA, absolute association rate
constants were lower than the extrapolated values in the absence of
zalmon sperm DNA, indicating that long-range transfer was a net
negative contribution to target search. Sinee the salmon sperm DMNA was
much longer than the immobilized target (5 kbp ws. 23 bp), additional
contributions from shding and hopping on nonspecific DNA were
included in the obeerved kinetics in the transfer regime. These myriad
short- and long-range translocations along and between the nonspecific
DMNA polymers dynamically sequester the protein from populating the
free state at equilibrium.

Az a window into the mechamizm of target search, dissociation ki-
neties are particularly useful for inferring the role of DNA-facilitated
transfer in target search: if complex diseociation iz unimolecular, it
should not depend kinetically on another species in the solution. With

respect to ETV6 [9], kinetic measurements above ~0.5 M Na' were
severely limited by prohibitively fast dissociation kineties [Fig. 5C]. In
contrast, Elk] enabled measurements of long-range target search,
particularly dizsociation kinetics, into significantly higher Na* concen-
tratione. The extended definition of dissociation kinetics, particularly in
the case of the Elk] /5C] interaction (Fiz. 5B), provided new mnsight into
the mechaniem of long-range search_ Below the tranzition Na* at 0.35 M,
the dissociation rate was markedly more salt dependent than in the
absenee of nonspecific DNA (Tables 3 and 4). This was expected based
on the engagement of the transfer régime at equilibrium (Fig. 4). Above
the transition zalt conecentration, the equlibrium constants were no
longer sensitive to nonspecific DMNA. If nonspecific DNA played no role
under these conditions, one would expect the dizsociation rate constants
to be identical in the abeence of nonspecific DNA. However, we observed
that disscciation kinetics of Elk] from 5C1 remamned salt-dependent in
the presence of salmon sperm DMNA (Table 4). This difference in salt
dependence could not be ascribed to a passive alteration to the solution
ionic strength by the DNA, which was dominated in concentration by
MaCl Additionally, the solution viscosity i= not significantly altered by
polymeric DNA at the concentration used [33]. In the case of E74, the
precizion of the rate constants above 0.35 M Na' was not sufficient to
differentiate from those measured without nonspecific DNA. This was
due in part to the shorter span of Ma® concentrations over which

Table 3 Table 4

Salt-dependent kinetics of Elk] /E74 binding. Salt-dependent kinetics of Elk1/5C] binding.
Experimental conditionz Slope k, = Amy, Slope ky = Amy Experimental conditiona Elope k, = Am, Slope ky = Amy
no NE DNA —5.1+01 1.3 +01 no NG DNA —4.7 + 0.1 1.1+02
+100 pM NE DNA < 0.35 M Na* 22+ 04 48 +03 + 100 pM N5 DNA <0.35 M Mat™ 3.9+ 0.4 5.2+ 08
+ 100 pM N5 DNA >035 M Ha® —6.5 + 0.7 1.5+07 + 100 uM N5 DNA 035 M Na* —4.1 4+ 0.3 1.7+ 02
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dissociation kinetics could be measured (Fig. 5B). The more
salt-dependent dissociation kinetics in the presence of nonspecific DNA
are consistent with additional ionic contacts made by the translocating
activated complex that were not present in binding from free solution.

In summary, SPR-detected kinetics demonstrate that the protein is
indeed interacting with both immobilized and nonspecific DNA as it
transitions from one to the other. DNA-facilitated dissociation such as
reported by Fried and Crothers [34] and further elaborated by the Marko
and Johnson groups [6,35,36] is classically associated with homo- or
hetero-multimeric DNA-binding proteins which transfer from one
duplex to another via a multivalent, monkey bar mechanism [10 13].
In contrast, Elk1 and ETV6 form strictly 1:1 protein/DNA complexes.
Dimeric binding by Elkl and ETV6, such as found in some genomic
contexts (Fig. 3C), require two copies of the ETS consensus sequences in
close proximity. How do proteins with only one DNA-contact interface
(i.e., no spare arms ) achieve intersegmental translocation? One plau-
sible mechanism is suggested by the fly-casting model of DNA associa-
tion that has been postulated in computational work by Wolynes and
coworkers [37]. In the fly-casting model, the electrostatic field of nearby
DNA induces transient unfolding of the protein which refolds upon
formation of the specific complex [37]. Since the formation of pro-
tein/DNA complexes proceeds through ionically distinct activation
complexes, differences in the observed salt-dependent kinetics due to
presence of nonspecific DNA are consistent with a fly-casting-type
transient intermediate. We therefore postulate that the protein un-
dergoes a conformational change to form a transient ternary complex
with both cognate and nonspecific DNA. Based on the dissociation ki-
netics for the Elk1/SC1 complex, this transient complex contains, at the
rate-limiting step, one more ionic contact with cognate and nonspecific
DNA than the equilibrium cognate complex (c.f. Fig. 3A).

4. Conclusion

Comparison of Elk1 binding to cognate sites of different affinities as
well as with its structural homolog ETV6 has significantly extended the
use of biosensor-SPR in gaining insight into long-range target search by
DNA-binding proteins. The new measurements indicate that long-range
target search across disconnected DNA strands is robust to even a high
intrinsic selectivity ratio. As the comparison between Elkl and ETV6
shows, engagement of long-range transfer reinforces relative selectivity
even as the effect on apparent affinity is negative. Comparison of the
dissociation kinetics reveals evidence of transient ionic interactions that
indicate DNA-facilitated dissociation for proteins with only single DNA-
binding surfaces. This evidence generalizes DNA-to-DNA transfer as a
long-range search mechanism beyond the subset of proteins with mul-
tiple DNA-binding interfaces. We therefore revise our original model for
proteins with single DNA-binding sites [9] in that a transiently unbound
species during translocation no longer appears necessary. Instead, a
transient ternary intermediate in which the protein is contacting both
nonspecific and cognate DNA is discernible at the rate-limiting step. For
ETS proteins and other examples that fold stably at equilibrium, sig-
nificant transient dynamics of the folded conformation are implied, even
if their exact nature remains currently elusive.

Methodologically, our work adds DNA target search to a growing field
of novel biosensor applications and immediately suggests new avenues of
investigations (e.g., impact of competing ligands on DNA target search).
Compared with other real-time bioanalytical techniques, biosensor-SPR is
relatively generous in terms of sample requirements and ease of deploy-
ment, and therefore offers significant merit to the community.
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