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ABSTRACT

The ends of nucleic acids oligomers alter the statistics of interior nonspecific ligand binding and act as binding sites with altered properties. While the former aspect
of “end effects” has received much theoretical attention in the literature, the physical nature of end-binding, and hence its potential impact on a wide range of studies
with oligomers, remains poorly known. Here, we report for the first time end-binding to DNA using a model helix-turn-helix motif, the DNA-binding domain of ETV6,
as a function of DNA sequence length. Spectral analysis of ETV6 intrinsic tryptophan fluorescence by singular value decomposition showed that end-binding to
nonspecific fragments was negligible at > 0.2 kbp and accumulated to 8% of total binding to 23-bp oligomers. The affinity for end-binding was insensitive to salt but
tracked the affinity of interior binding, suggesting translocation from interior sites rather than free solution as its mechanism. As the presence of a cognate site in the
23-bp oligomer suppressed end-binding, neglect of end-binding to the short cognate DNA does not introduce significant error. However, the same applies to

nonspecific DNA only if longer fragments (> 0.2 kbp) are used.

Sequence-specific nucleoproteins such as transcription factors
function in a context of excess nonspecific nucleic acids. Nonspecific
nucleic acids binding represents one application of a general class of
ligand-lattice interactions, which include the well-known Ising model.
The most influential formulation of nonspecific binding to nucleic
acids, the McGhee-von Hippel (MvH) model, was formulated for an
infinite lattice in which boundary conditions, or “end effects” do not
exist [1,2]. The question of what lattice length is “effectively infinite”
was taken up in Epstein's explicit treatment of binding to a finite-length
lattice [3]. At a given level of lattice saturation, convergence with the

infinite lattice approximation depends on the intrinsic binding affinity,
cooperativity of binding, and the ligand site size [3,4].

Beyond modifying the statistics of interior binding, there is no
general agreement on how end-binding is physically manifest. Epstein's
model does not intrinsically differentiate end- from interior binding
(same affinity, same site size requirement). A more recent treatment by
Winzor and coworkers permit the end-binding site size to vary [5],
while a modified MvH equation by Record and coworkers excludes end-
binding in which the ligand overhangs the ends of the lattice [6]. The
latter choice was motivated in part by binding studies of the model
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Fig. 1. Experimental structures of the ETS domain of murine ETV6. In the free
state (A) and bound to cognate duplex DNA (B). Shown are residues 331 to 426,
corresponding to the construct used in this study. The three Trp residues (338,
356, and 376) are shown as sticks.

oligocationic peptide KWK¢NH, to single-stranded dT oligomers in
which electrostatic effects promote binding to interior over terminal
sites [6,7].

The lack of agreement on end-binding reflects a dearth of empirical
data on the nature of end binding. Several proteins, such as the DNA
repair protein Ku, polynucleotide kinases/phosphatases and telomere-
processing proteins derive their function via interactions with DNA ends
[8-13]. Much more pervasively, end-binding represents a feature of
empirical work on ligand binding to short oligomeric DNA that is un-
avoidable yet is seldom addressed. To what extent do proteins actually
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bind DNA ends? What impact do interior sites have on end-binding?
What about other discontinuous structures, such as hairpins? To ad-
dress these questions, we examined the binding modes of a re-
presentative DNA-binding domain, the ETS domain of ETV6. ETS pro-
teins comprise a major family of eukaryotic transcription factors [14]
and are structurally related to the ubiquitous helix-turn-helix motif
[15]. ETV6 is also a good model because its structures in both free and
DNA-bound states have been solved [16]. Both cognate and nonspecific
binding are known to be mediated by the same contact surface [16],
and three spatially separated Trp residues in the DNA-binding domain
facilitate fluorescence detection of different binding modes [Fig. 1].

While quench of intrinsic Trp fluorescence has been used to monitor
DNA binding, typical analyses at single wavelengths preclude un-
ambiguous identification of multiple binding modes. To access these
binding modes, singular value decomposition (SVD) offers a model-in-
dependent approach to dissecting complete spectra into orthogonal
features. The decomposed data provide detailed, unbiased (in the least-
square sense) information on the spectral properties of each binding
mode, their contribution to overall binding, as well as their con-
centration dependence which may then, if desired, be fitted with spe-
cific models.

We titrated highly purified ETS domain ETV6 [Fig. S1A, Supporting
Information] with 10 nM to 10 uM bp of nonspecific (NS) duplex DNA
ranging from 23 bp to 0.9 kbp in length (see Methods in Supporting
Information). The 23 bp duplex was annealed from oligonucleotides
that contain no consensus sequence (5-GGAA-3’) for the protein.
Mixed-base salmon sperm DNA was sonicated to average lengths of
0.06, 0.2, 0.3, 0.5, and 0.9 kbp as sized by agarose electrophoresis (Fig.
S1B). In agreement with previous observations [17], titration of ETV6
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Fig. 2. DNA end-binding by the ETS domain of the transcription factor ETV6. A, Blank-subtracted emission spectra of ETV6 with increasing nonspecific DNA sizes. B,
Representative SVD of the 0.9 kbp and 23 bp titrations. Left, the first three u vectors, scaled by their corresponding singular values to show their significant
contribution to the observed spectra. Middle, Logarithmic “Scree plot” of the singular values. The emergence in significance of end-binding (component 2) for short
DNA is reflected in the relative rise of s, (blue). Right, titration of interior (red) and end-binding (blue), fitted to the MvH equation (0.9 kbp) or Record's extension for
finite-length lattices [6]. Parametric values are given with the 95% C.I. in parenthesis. The asterisk denotes fixing of the cooperativity parameter due to no statistical
improvement when left floating (by Fisher's F-test for the sum of squares). C, Contribution of end-binding to total binding, taken as the fractional magnitude of s5 over
the sum of all singular values in the set, in 0.15 and 0.25 M total Na™. Twice the reciprocal length is taken as a proxy for ends concentration. A Hill-type curve was
fitted to suggest a correlation. The error bars are propagated from the standard deviations of the length distributions of the sheared salmon sperm DNA (c.f. Fig. S1B,
Supporting Information). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Probing the electrostatic contribution and presence of a cognate site to DNA end-binding. SVD for the titration of ETV6 with a 23 bp oligomer harboring fully
nonspecific DNA (A) or an ETS consensus site 5’-GGAA-3’ (B) in 0.25 M total Na™. The initial ETV6 concentrations were 0.2 uM for the NS DNA titration, and 0.05 uM
for the cognate DNA titration. Scaled basis vectors of the first two significant components are shown. The titrations were fitted with Record's extensions of the MvH
equation [6]. The cooperative parameter was fixed at unity (asterisks) as described in Fig. 2. Parametric values are given with the 95% C.I. in parenthesis.

with DNA quenched the intrinsic Trp fluorescence of the protein. The
peak at ~330 nm decreased monotonically in step with DNA addition.
At < 0.3 kbp, the spectra revealed a secondary feature at higher DNA
concentrations (> 1 M), becoming more prominent with decreasing
sequence length [Fig. 2A]. The feature exhibited an isosbestic point at
~370 nm, but only with spectra acquired at similarly high DNA con-
centrations.

Since DNA binding sites increased in abundance relative to protein
over the course of the titrations, the secondary feature could not re-
present higher-order binding or aggregation of protein on the DNA. It
also could not be due to supramolecular binding, as NMR studies had
established only a single DNA contact surface on ETV6 [16], and the
feature was more prominent at lengths below the persistence length of
B-form DNA at 0.15M NaCl (> 200 bp) [18]. Moreover, the secondary
feature represented de novo emission at significantly red-shifted wave-
lengths, and therefore could not arise from a lack of binding. The
possibility of contaminants in the protein preparation were excluded
because the secondary feature was sensitive to the presence of an in-
terior cognate site (vide infra). The evidence therefore pointed to the

origin of the primary quench in interior binding, while the secondary
emission represented binding at or near the ends.

To quantify the extent of end-binding, we applied SVD to extract
orthogonal features from the observed spectra in decreasing order of
significance (ie., magnitudes of the singular values). Analysis of
binding to the 0.9 kbp polymer yielded the primary quench from in-
terior binding as the only significant feature [Fig. 2B]. The second
component contributed negligibly at 0.8%. Identical distributions be-
tween interior and end-binding were observed with decreasing average
DNA length down to 0.3 kbp. Below this length, the relative contribu-
tion of the secondary feature corresponding to end-binding started to
increase [Fig. 2C]. At 23 bp, the secondary feature accounted for 8.2%
of the total variation in the data. As shown for the 0.9 kbp and 23 bp
titrations, model fitting revealed positively cooperative binding to in-
terior sites, suggesting favorable high-density loading (as observed with
the 0%-alkylguanine-DNA transferase) [19], with dissociation constants
in the 10 ~7 M range. In contrast, end-binding to the 23 bp oligomer was
weaker by ~10 fold and non-cooperative, consistent with the dis-
connected ends in the oligomer. Thus, end-binding to nonspecific DNA



T. Vo, et al.
c
R '
T 8 :
=
@©
-3
g g 6r T
= 2
4—1-('34* —
N T
> 5
_Qv2_ B
©
e
(@]
=
£ 0

& RS
oQ\®+ S oQ\@L S
S A S AN
N

s

SN

Fig. 4. Contribution of end-binding to 23 bp nonspecific and cognate oligomers
as duplexes and hairpins. The duplexes present two ends for binding while the
hairpins present one end and one hairpin.

by ETV6 was negligible down to 0.2 kbp and constituted ~8% of the
total bound population for a 23 bp oligomer (Fig. 2C).

To probe the driving force of end-binding, we evaluated binding in
0.25 M total Na™. Relative to 0.15M Na™, no significant difference in
the distribution of the spectra components was detected (Fig. 2C). The
titrations showed little change in end-binding affinity between the two
salt conditions, while interior binding was ~10-fold weaker at 0.25 M
Na™ [Fig. 3A]. Since counter-ion densities on DNA backbone phos-
phates diminish towards the ends, this result implied that the end-
bound protein interacted within < 3 to 5bp from the termini, where
the electrostatic potential drops significantly relative to interior se-
quences [20,21] and would contribute negligible electrostatically to
binding.

Next, we investigated the impact of an interior cognate site on end-
binding relative to nonspecific DNA. We compared binding of ETV6 to
the 23 bp oligomer with another duplex harboring an ETS consensus
(5-GGAA-3’) of the same length. Since cognate binding occurs with
~100-fold higher affinity, the titrations were started with 50 nM pro-
tein at 0.25 M Na ™. End-binding to the 23 bp cognate duplex comprised
only 2% of total binding, compared with 8% for its nonspecific coun-
terpart, indicating a competition between interior and terminal binding
by the protein [Fig. 3B]. This observation also excluded the possibility
that the secondary binding was due to unforeseen contaminants which,
if present, exhibited specific DNA preferences exactly as expected for
bona fide ETV6.

Remarkably, while the apparent affinity for end-binding on the
cognate oligomer was ~10-fold weaker than for interior binding, it was
much stronger than on the nonspecific oligomer (Fig. 3B). Since the
terminal segments for both oligomers were nearly identical, end-
binding appeared to be coupled to interior binding. If association from
free solution were significant, the apparent end-binding affinity should
not depend on interior sequences, contrary to the strong dependence of
end-binding on interior site identity. This observation therefore implied
that association at the ends occurred primarily from short-range diffu-
sion from the sequence interior. Mechanistically, we propose that the
end-bound state begins with a pre-equilibrium at interior DNA sites
with subsequent diffusion to the termini. An interior pre-equilibrium
would account for the observed concentration dependence in end-
binding of short oligomers, which harbor a limited reservoir of interior-
bound complexes relative to polymeric DNA. Such a model would also
imply that the end-reaching kinetics by linear diffusion are comparable
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or fast relative to dissociation from the DNA.

Finally, we wished to understand whether binding at ends was like
hairpins, which are common substitutions for duplexes. We tested
hairpin analogs of the same 23 bp duplexes harboring fully nonspecific
DNA or a single cognate site (hairpin at the right end of sequences
shown in Fig. 3). At 0.25M Na*, the data showed minor variations in
secondary binding regardless the presence of cognate site: = 2% of total
binding for fully nonspecific and + 1% in the existence of a single
cognate site [Fig. 4]. Thus, ends and hairpins represented similar tar-
gets for ETV6 with respect to binding free energy, and the nature of
structural discontinuity was not significant in impact relative to the
presence of a cognate interior site.

In conclusion, we have defined the physical parameters of end-
binding by the DNA-binding domain of ETV6, a representative helix-
turn-helix motif variant among DNA-binding proteins. A plateau end-
binding level of ~8% was observed in fully nonspecific 23-bp DNA but
was suppressed to ~2% in the presence of a single cognate site.
Moreover, end-binding was non-electrostatically mediated and realized
via diffusion from interior sites. The red-shift in the emission associated
with end-binding suggested loss of folded structure involving the three
Trp residues [22]. For proteins with similar characteristics as ETV6
interaction with short cognate DNA, covering a single helical turn,
explicit treatment of end-binding is not needed. Models that exclude
binding at ends [6] are therefore appropriate so long as additional
discontinuities are absent in the duplex. Parenthetically, end-binding to
the 0.06-kbp sheared salmon sperm DNA was elevated relative to longer
fragments despite similar statistical likelihoods of harboring fortuitous
ETS consensus, thus underscoring the primacy of DNA length in de-
termining end-binding of nonspecific DNA.
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