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Abstract

Cooperativity in transcription factor (TF) binding is essential in eukaryotic gene regulation, and
arises through diverse mechanisms. Here we focus on one mechanism, collaborative competition,
which is of interest because it arises both automatically, with no requirement for TF co-evolution,
and spontaneously, with no requirement for ATP-dependent nucleosome remodeling factors.
Previous experimental studies of collaborative competition analyzed cases in which target sites for
pairs of cooperating TFs were contained within the same side of the nucleosome. Here we utilize
new assays to measure cooperativity in protein binding to pairs of nucleosomal DNA target sites.
We focus on the cases that are of greatest in vivo relevance, in which one binding site is located
close to the end of a nucleosome, and the other binding site is located at diverse positions
throughout the nucleosome. Our results reveal energetically significant positive (favorable)
cooperativity for pairs of sites on the same side of the nucleosome, but, for the cases examined,
energetically insignificant cooperativity between sites on opposite sides of the nucleosome. These
findings imply a special significance for TF binding sites that are spaced within one half
nucleosome length (74 bp) or less along the genome, and may prove useful for prediction of
cooperatively acting TFs genome-wide.
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Introduction

Cooperative action of multiple DNA binding transcription factors (TFs) is a hallmark of
eukaryotic promoters and enhancers.1~3 Cooperative binding is required for most eukaryotic
TFs to identify functional DNA target sites, because of the factors’ short degenerate target
sites (~15 bits of information) compared to eubacterial TF’s (~25 bits). 4 Such information-
poor target sites occur by happenstance every few thousand basepairs, raising the question
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of how the small fraction of bona-fide functional sites are specified. Nucleosomal
organization of eukaryotic DNA does not eliminate this specificity problem, as only 75-90%
of the genomic DNA is wrapped in nucleosomes °. The smaller genomes of eubacteria are
similarly occluded by DNA binding proteins,® yet eubacterial TF’s have much greater
specificity. Cooperative interactions between eukaryotic TF’s allow TF’s to collectively
develop the sequence specificity that they lack individually.* Here we extend our earlier
analysis of a novel mechanism for cooperativity in TF binding, in which cooperativity arises
spontaneously, through synergistic action of two or more TF’s against a nucleosome.’: 8

Cooperativity between eukaryotic TF’s can arise by conventional mechanisms. Two TFs can
favorably bind each other while simultaneously binding their DNA targets, allowing the two
TFs to effectively bind as a single unit with increased specificity. Alternatively, another
protein can bridge two non-interacting TFs, again allowing the two TF’s to bind DNA as a
single unit. Conventional TF cooperativity can be augmented by a DNA bending protein that
brings two separately bound TFs into proximity, facilitating their interaction.

The above mechanisms require coevolution of different proteins, or of different binding
surfaces of one protein, because the cooperativity derives ultimately from favorable specific
protein-protein interactions.

In contrast, the nucleosomal organization of DNA makes possible a novel cooperativity
between eukaryotic TF’s, which can occur with no requirement for coevolution. This
cooperativity arises automatically, when two or more arbitrary TFs each seek individually to
bind to target sites contained within one nucleosome.”14 This cooperativity can arise with
or without the assistance of an ATP-dependent nucleosome remodeling factor. In the former
case, an initially bound TF can recruit a remodeler, which then disassembles or moves a
nucleosome that covers a second TF’s binding site, thereby facilitating binding by the
second TF.15: 16 However, nucleosome-dependent cooperativity can also occur
spontaneously, without participation of remodelers. TFs can spontaneously bind to DNA
target sites that, in the time-average, are buried inside nucleosomes, through frequent but
transient “site exposure” conformational fluctuations that are inherent to nucleosomes;17-20
and binding of a first TF can enhance the accessibility of a second TF’s binding site,
facilitating spontaneous binding by the second TF.” The resulting “collaborative
competition” of TF’s against a nucleosome occurs both in vitro” 9 and in vivo® 10: 21
without requirement for remodeler action,’> 11: 22 and may contribute to transcriptional
regulation genome-wide.23: 24 We seek to understand the structural constraints governing
cooperative TF binding via this remodeler-independent collaborative competition.

Existing studies suggest that all that is required to evolve cooperatively acting pairs of TFs
by remodeler-independent collaborative competition is for binding sites for the two TFs to
be juxtaposed close together along the DNA, within the same nucleosome.’: 12 However,
previous in vitro analyses of collaborative competition only tested for cooperativity between
sites on the same side of the nucleosome,’: ? raising the question of whether comparable
cooperativity also occurs between sites on opposite sides of the nucleosome. Indeed, binding
to sites on opposite sides might occur with negative (unfavorable) cooperativity instead of
positive (favorable) cooperativity.2% 26 Here we use restriction enzyme digestion and
fluorescence resonance energy transfer (FRET) assays to further characterize cooperative
interactions in a nucleosome. As we discuss below, for reasons both of plausible biological
relevance and of technical feasibility, our analysis is restricted to cases in which at least one
of the two potentially cooperating target sites is located not far from an end of the
nucleosomal DNA. Our previous demonstration of reciprocity in cooperativity,’ together
with our earlier and new findings of cooperativity between many different pairs of sites,
make our findings more general. Our results again reveal energetically significant positive
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(favorable) cooperativity between pairs of sites on one side of the nucleosome, but, for the
cases examined cooperativity between sites on opposite sides of the nucleosome is
energetically insignificant. Our results imply specific lengthscales at which clustering of TF
binding sites may be functionally relevant, and may prove helpful for improving genome-
wide prediction of cooperatively acting TFs.

Our earlier theoretical analysis of collaborative competition’ was based on data obtained by
others,? in which the binding sites investigated were located on the same side of the
nucleosome. Those studies utilized a coupled equilibrium binding assay. Cooperative
binding was manifested as an influence of the binding of one DNA binding protein on the
binding of another DNA binding protein to the same nucleosome, with double-binding
events detected using a gel mobility supershift assay.

If our understanding is correct, such nucleosome-dependent cooperative binding should be
detectable using quite different assays as well. We therefore sought first to extend the
previous work with two new assays for cooperative binding to nucleosomal target sites. One
assay uses a restriction enzyme in place of one of the two DNA binding proteins which were
used in the coupled binding assay described above. We then measure how a protein-DNA
binding event at one location in the nucleosome influences the ease with which the
restriction enzyme can cleave its target site, which is sterically occluded by the nucleosomal
wrapping. This assay is attractive because it yields a positive signal (specific DNA cleavage)
on a near-zero background while being carried out fully in solution, thereby avoiding some
problems that can occur in gel mobility shift assays.2” Our other assay looks directly at the
coupling between a protein-DNA binding event at one location in the nucleosome and the
ease (energetic cost, or equivalently, the equilibrium probability) of making a second site
more-available for binding of another protein, using a fluorescence resonance energy
transfer (FRET) readout.8 This assay is attractive because it provides both evidence of
cooperative coupling, and also insight into the underlying molecular mechanism of this
coupling.

We began by using both assays to extend the previous findings of cooperativity between
sites on the same side of the nucleosome.

Nucleosome binding cooperativity measured with restriction enzymes

For the restriction enzyme digestion assay we utilized a nucleosomal DNA construct
(“147R”) that we had extensively characterized and used in analyses of nucleosome
conformational dynamics.1 20 This DNA occupies a unique translational setting on the
nucleosome, and contains within it a binding site for a site-specific DNA binding protein
(the Escherichia coli LexA repressor protein) near one end of the DNA, and unique sites for
several restriction enzymes at various other locations (Figure 1a, b). The LexA site is
oriented so as to face “inward” toward the histone surface, while restriction enzymes
generally embrace nearly the entire circumference of their DNA target sites. Thus binding
by both LexA protein and the various restriction enzymes is sterically occluded by the
nucleosomal wrapping of their respective DNA target sites.17: 19: 20 Nevertheless,
spontaneous “site exposure” nucleosome conformational changes, in which segments of
DNA unwrap from the histone core make these sites transiently accessible, allow binding by
LexA, and binding and cleavage by restriction enzymes, but with a cost in occupancy (for
LexA) and cleavage rate (for restriction enzymes) compared to naked DNA. For detailed
analyses and tests of the site exposure mechanism, see refs, 1720
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The idea of the cooperativity assay is that, if binding at the LexA site is energetically
coupled to ease of binding at a restriction site, then by first adding sufficient LexA protein to
drive its occupancy to near saturation, the ease of binding and concomitant rate of DNA
cleavage by a restriction enzyme should be enhanced commensurately;’ and the quantitative
magnitude of the digestion rate enhancement (after correction with a parallel control
digestion on naked DNA) is a measure of the free energy of coupling between the LexA site
and the restriction site — i.e., an apparent free energy of cooperativity.

We focus on experiments in which the LexA binding site is located near one end of the
DNA because equilibrium binding in that region is orders of magnitude more favorable than
at internal sites’s 22 and access occurs orders of magnitude more quickly, 1%; Tims, 2011,
p02085} and therefore is more likely to be relevant to stepwise invasion of nucleosomes in
vivo (see Discussion). We synthesized 147R DNA by preparative scale PCR and purified it
by HPLC. The purified DNA was then mixed with purified histone octamer in 2M NaCl and
reconstituted into nucleosomes by salt gradient dialysis. The reconstituted nucleosomes were
purified away from any free DNA and non-nucleosomal complexes by sucrose gradient
ultracentrifugation (Supplemental Figure 1a). Native gel electrophoresis of the purified
nucleosomes confirms that they are greater than 97% free of contaminating naked DNA
(Supplemental Figure 1b). As expected, binding of LexA protein was greatly reduced
relative to binding to naked DNA, yet binding could still be driven to near-saturation
(Supplemental Figure 1c, d).

The Styl site (Figure 1a) tests our analysis and serves as an additional positive control to
complement our earlier analysis of coupled equilibrium binding data:” if cooperativity
occurs between two DNA sites on the same side of the nucleosome, then binding of LexA at
its target site should enhance the equilibrium accessibility of the Styl site, and thus also the
rate of Styl cleavage. A typical Styl digestion experiment and quantitative analysis for both
naked DNA and nucleosomal DNA is shown in Figure 2a—e. The reactions reach apparent
endpoints at less than complete extent of digestion, due to slow inactivation of the enzyme
during the course of the reaction (see Methods). We are careful to use the same enzyme
concentrations for a given sample (nucleosomes or naked DNA) in the presence or absence
of LexA protein, so that any time dependent changes in enzyme activity will be identical
between the plus and minus LexA samples. Our analysis ignores the first timepoint after
enzyme addition, as this can have contributions from any nucleosomes that dissociated
during preparation and mixing of the reaction; and we analyze the initial velocity only, using
exponential or linear fits (see Methods).

As expected, the presence of LexA bound at near saturation negligibly influenced the rate of
Styl cleavage (Figure 2 a, b, e and Table 1). From many such experiments we calculate an
apparent slight unfavorable (negative) cooperativity between LexA and Styl binding on
naked DNA of 0.11 + 0.03 kcal mol1, a value that is small in comparison to the energies of
inevitable thermal fluctuations (~0.6 kcal mo™1) and, by that metric, is insignificant.

In contrast, the presence of LexA bound at near saturation greatly enhanced the rate of Styl
cleavage of nucleosomal DNA compared to the same nucleosomes and conditions without
bound LexA (Figure 2 c—e and Table 1), implying strong positive nucleosome-dependent
cooperativity between the binding of LexA and Styl proteins to their respective nucleosomal
DNA target sites. From many such experiments, we calculate an apparent positive
cooperativity between LexA and Styl binding to the nucleosomal target sites of 2.94 + 0.20
kcal mo™L. Correcting this value by the result from the naked DNA control yields a
nucleosome-dependent cooperativity free energy between LexA and Styl binding of 3.05 £
0.20 kcal mo™1, in good agreement with cooperativity free energies between analogous
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nucleosomal locations that we had deduced in our earlier analysis of coupled equilibrium
binding data’ (see Discussion).

Note that 3 kcal mo™1 is an extremely large cooperativity, corresponding to a ~160-fold
increase in probability of the doubly-bound state. For comparison, conventional protein-
protein cooperativities such as with lambda repressor are typically only ~1-2 kcal mo™1,
corresponding to ~5- to ~30-fold increases in probability of the doubly bound state; yet even
these much smaller conventional cooperativities are of great biological significance.30

We conclude that the restriction enzyme digestion assay properly and sensitively monitors
cooperativity between nucleosomal sites, and that this cooperativity can be highly
significant.

Nucleosome binding cooperativity monitored by FRET

If our reasoning is correct — if binding of one protein makes it easier for another to bind —
then we should not need to have the second protein present in the reaction at all: binding of
LexA protein should increase the probability that sites further inside the nucleosome (for
example, around the Styl site) should spend more time displaced from the surface of the
histone octamer. We and others have shown previously that equilibrium measurement of
FRET between two points, one on the DNA and one on the protein, can detect changes in
the fraction of time that DNA spends partially unwrapped off the surface of the histone
octamer, making binding sites in the unwrapped DNA more accessible.31-35

We created two new FRET systems that together investigate locations flanking the Styl site
analyzed above. One of these FRET constructs places a fluorescence donor dye (Cy3) at
basepair 35, the other at basepair 57, relative to a LexA binding site at basepairs 8-27
(Figure 3b, c, respectively). For comparison, the Styl site is 52 basepairs inward from the
LexA site at basepairs 8-27 (measured from the nearest nucleosome end, i.e., basepairs 121—
140 of the DNA as illustrated in Figure 1). Acceptor dyes were placed at engineered unique
cysteines on the surface of the histone core nearby these DNA locations (H2B T112C and
H4 L22C, respectively). Both of these engineered histones were utilized together with
engineered H3 C110A, so that the other cysteines engineered at the desired locations would
be unique within the histone octamer. Histone octamers were reconstituted from individually
expressed and purified histones (see Methods).

For the Cy3-57, Cy5-H4L22C system, we estimate the expected donor/acceptor distance at
~2 nm, in comparison to a ~6 nm characteristic energy transfer distance for this dye pair;36
thus, we expect to, and indeed do (see below), observe a high FRET efficiency when the
DNA is fully wrapped. A second copy of the acceptor, present in the other symmetry-related
copy of H4 in the nucleosome, is much farther away (~8 nm) and thus contributes little to
the FRET signal (Table 2). For the Cy3-35, Cy5-H2BT112C system, the closer acceptor is
~3 nm away, again much closer than the ~6 nm characteristic distance for energy transfer, so
we again expect, and do (see below) observe high FRET efficiency for this dye pair as well.
In this case, the second acceptor dye is also within transfer distance (5 nm), and thus also
contributes to a high FRET efficiency for fully wrapped nucleosomes. For both systems,
unwrapping the DNA to an extent sufficient to allow binding by LexA protein (i.e., at least
several bp beyond the inner end of the LexA target site, in order to make room for the ~3 nm
diameter LexA protein37) is expected to greatly increase the distances from the Cy3 donors
to both Cy5 acceptors, leading to a decrease in FRET signal, as is indeed observed (see
below).

As a positive control, we also repeated an earlier experiment in which we placed a Cy3
donor at the end (basepair 1) of the nucleosomal DNA, beyond the LexA site, with the Cy5
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acceptor placed on a nearby unique cysteine at H3 VV35C (C110A) (Figure 3a). The two Cy5
acceptors are located ~2 and ~7 nm away from the Cy3 donor in this system (Table 2), again
yielding high FRET efficiency for the fully wrapped nucleosome. We showed earlier that
LexA binding on this construct is made possible by spontaneous nucleosomal site exposure:
DNA undergoes frequent large scale partial unwrapping fluctuations off of the histone
surface?0 (whether LexA protein is present or not!?), rendering the LexA target site freely
accessible; and subsequent binding by LexA to the now-accessible target site traps the
nucleosome in this open state. In this open state, the point on the DNA to which the Cy3
FRET donor dye is attached is much further away from both Cy5 acceptor dyes compared to
the fully wrapped nucleosome, leading to the observed large reduction in FRET efficiency.20

As expected, titration of all three FRET constructs with increasing concentrations of LexA
resulted in an increase in Cy3 emission and a decrease in Cy5 emission (Figure 3a—c),
implying a decrease in apparent FRET efficiency (Figure 3d). Possible alternative
interpretations of the apparent LexA-dependent FRET decreases were explicitly tested and
excluded in an earlier analysis of the end-labeled construct (Figure 3a).20 That study showed
that the apparent FRET change did not depend on the chemical identify of the dyes;
moreover LexA titration of a related FRET system in which a LexA site was present, but
was located on the gpposite side of the nucleosome from the DNA-linked FRET donor left
the FRET signal unchanged. These observations implied that the fluorescence changes are
measuring real changes in FRET efficiency, not nonspecific effects on dye spectral
properties. We subsequently analyzed several closely related FRET systems both with and
without LexA sites, both for individual FRET-labeled nucleosomes and FRET-labeled
nucleosomes in the middle of three-nucleosome long chains, and found that in all cases the
FRET changes appropriately mirrored LexA binding.38 Most recently, for a series of FRET
systems where the LexA site was moved progressively inward, the rate of LexA binding,
calculated from the time-dependent FRET changes, decreased dramatically with each step in
a manner that accorded with the decreasing position-dependent equilibrium constant for site
exposure, providing further evidence that the FRET system was correctly monitoring LexA
binding.3°

Thus, the apparent decreased FRET efficiency measured in our new experiments implies an
increase in the time-averaged separation between fluorescence donor and acceptor dyes. We
refrain from making detailed claims about exact distance changes from these FRET
experiments, because of the difficulty of exactly knowing all required parameters. We note
that, based on our earlier analyses of nucleosome dynamics, which suggest a stepwise
unwrapping of nucleosomal DNA from one end, we might have expected binding by LexA
to increase the accessibility at basepair 35 more than at basepair 57, whereas our FRET
results apparently show the opposite. This could mean that DNA does not necessarily
unwrap only from an end,31; other possible explanations include environmental effects on
the Cy3 or Cy5 emission unique to the Cy3-35 or Cy3-57 FRET pair; or possibly that the
Cy3 and/or Cy5 dye locations used in this construct may interfere sterically with the
nucleosome structure, even though our modeling had suggested that there should be no
interference.

Taken together, these results mean that binding of LexA protein near the end of the
nucleosomal DNA cooperatively influences the behavior of DNA stretches elsewhere in the
nucleosome. These results also shed light on the nature of the cooperative coupling
mechanism: the increase in time-averaged separation between inner-more stretches of the
nucleosomal DNA and histone would presumably make it easier for something else to bind
to those DNA stretches — precisely as found in the restriction enzyme digestion assay.
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In summary, both the quantitative analysis of the Styl restriction enzyme digestion kinetics
and the qualitative analysis of the FRET experiments demonstrate cooperative coupling
between LexA binding near one DNA end and DNA wrapping elsewhere along that same
side of the nucleosome DNA, confirming key predictions of our previous theoretical
analysis.” Thus, three independent kinds of assay, investigating many different pairs of
proteins, locations of DNA binding sites, and DNA sequence contexts, all point to the same
conclusion: cooperativity is ubiquitous for pairs of sites on the same side of the nucleosome.

Cooperativity between two sides of the nucleosome

We next sought to test for cooperative effects of protein binding on one side of the
nucleosome with access to sites on the other side. Of the two new solution-based assays, the
restriction enzyme digestion assay is both technically simpler and also more sensitive, since
it looks for a positive signal (DNA cleavage) on top of a near zero background, rather than a
(potentially small) decrease in an initially-large signal. We therefore used the restriction
enzyme assay to address this question.

We utilized the DNA construct of Figure 1a for analysis of cooperative binding at three
distinct locations on the side of the nucleosome opposite to the LexA binding site. These
three sites have three key attributes. The Haelll site (bp22) and Alul site (bp44) together
flank a location (bp35) for which cooperativity to the LexA site was detected by FRET when
the LexA site was on the same side of the nucleosome as the FRET donor/acceptor pair. The
location of the Alul site relative to an end of the nucleosome is similar to that of the Styl
site, for which cooperativity to the LexA site was detected by Styl restriction cleavage
kinetics when the LexA site was on the same side of the nucleosome as the restriction site.
Finally, like the LexA site itself, the location of the Mspl site (bp12) is within a DNA region
(relative to the nearest end of the nucleosome) that is most-easily occupiable by other DNA
binding proteins see Discussion).

Results from the restriction enzyme assay probing cooperativity between LexA binding on
one side of the nucleosome and these three sites on the opposite side of the nucleosome are
presented in Figure 4 and Supplemental Figures 2, 3 for Haelll, Mspl, and Alul,
respectively, along with their naked DNA controls. As expected, LexA binding negligibly
influenced the digestions on the naked DNA. However, in contrast to the results from both
the restriction enzyme and FRET assays probing cooperativity between sites on the same
side of the nucleosome, LexA binding did not facilitate binding to nucleosomal DNA
significantly, at any of these three new sites.

Quantitative results from several such experiments at each site are presented in Figure 5.
LexA binding marginally enhanced accessibility of nucleosomal DNA at the Mspl and Alul
sites (implying slight positive, i.e., favorable, cooperativity), and marginally decreased
accessibility at the nucleosomal Haelll site (implying slight negative cooperativity); but the
quantitative magnitudes of cooperativity in each case are small in comparison to the energies
of typical thermal fluctuations, and by that metric are insignificant. Similarly, as expected,
none of the influences on the naked DNA controls are energetically significant.

In summary, our new assays confirm our previous theoretical analysis, revealing significant
positive cooperativity between diverse sites on the same side of the nucleosome, but in
addition show that this positive cooperativity does not extend to diverse sites on the other
side of the nucleosome. Moreover, a possible negative cooperativity between the two sides
of the nucleosome, which was anticipated theoretically, is similarly seen not to occur.
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Discussion

In this study we examined how spontaneous binding of a protein to a nucleosomal DNA
target site influences the spontaneous accessibility and concomitant protein binding at other
DNA target sites contained inside the same nucleosome, a process that we refer to as
collaborative competition. Previous in vitro studies provide a theoretical analysis and
experimental demonstration of collaborative competition for TFs with binding sites on the
same side of the nucleosome,’ % 12: 40 however, these previous studies have not tested
whether cooperativity also occurs if the binding sites for the factors are positioned on
opposite sides of the nucleosome. Our study extends the earlier analyses to ask if
cooperativity occurs between sites near one end of the nucleosome and other sites
distributed along the full nucleosome length. Interestingly, binding to sites on opposite sides
has been proposed to occur, but to do so with negative (unfavorable) cooperativity instead of
positive (favorable) cooperativity.2% 26, Our new study tests this question, and introduces
two additional assays for collaborative competition.

For reasons both of plausible biological relevance and of technical feasibility, our analysis is
restricted to cases in which at least one of the potentially cooperating target sites is located
not far from an end of the nucleosomal DNA. This is because binding to sites far inside the
nucleosome is suppressed (in both the equilibrium and kinetic senses) by many orders of
magnitude relative to binding near the ends of the nucleosomal DNA.18: 20; 29: 39 For
example, the LexA protein used in our present study binds to its site at basepairs 8-27, with
300 nM affinity, and on the sub-second timescale, while moving the site further inside the
nucleosome by just 10 bp, to basepairs 18-37, reduces the accessibility of the LexA target
site so greatly that we achieve only partial occupancy by LexA even at the exceedingly high
concentration of 10 M, the limit of what we can manage with the stocks that we are able to
prepare, and the rate of binding is similarly reduced by orders of magnitude.3® Thus, given
realistic in vivo TF concentrations, sites relatively near to an end of the nucleosomal DNA
are the only ones on which typical TFs could achieve high occupancy if binding individually
via spontaneous nucleosome site exposure;18: 41: 42 and therefore remodeler-independent
collaborative competition of TFs against a common nucleosome most plausibly would occur
with at least one of the two TFs binding to a site near a nucleosome end. Finally, as a
technical matter for our in vitro studies, sites near the nucleosome ends are also the only
ones for which we can drive occupancy to high levels in vitro, as required for sensitive tests
of cooperativity.

For these reasons, we focused our analysis on systems in which the target sites for at least
one (LexA), and sometimes both (LexA and Mspl), of the DNA binding proteins were
located within high-accessibility DNA stretches near the nucleosome ends. The Mspl site is
related by symmetry to the LexA site on the opposite side of the nucleosome, and thus is
comparably close to the DNA end. As expected, this site proved highly accessible to Mspl.
The Haelll site tests a location further inside the nucleosome, with reduced but still
significant accessibility to Haelll when binding individually. And both the Haelll and Alul
sites are symmetrically disposed relative to the Styl site (Figure 1) and basepairs 35 and 57
(Figure 3), for which positive cooperativity with bound LexA was observed. Thus, we
consider that the sites we tested represent the most plausible ones at which to look for
cooperative interactions with the LexA site. And for these sites on opposite sides of the
nucleosome that we examined, our clear result is that neither positive nor negative
cooperativity occurs to significant extent.

Our earlier analysis of coupled equilibrium binding experiments (for sites located on the
same side of the nucleosome) showed that cooperativity in binding of pairs of proteins to
nucleosomal DNA target sites occurs reciprocally: the amount by which the first protein’s
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binding enhances the subsequent binding of the second protein, regardless of which of the
two proteins binds first.” This reciprocity holds as long as the system is in equilibrium,
which is the case in our studies of both restriction enzyme digestion and simple binding.18
Our new study extends our earlier work with two additional types of experiment: the
restriction enzyme/LexA experiment and the LexA/FRET experiment. Thus three
independent kinds of experimental test of collaborative competition all lead to the same
conclusion: cooperativity between pairs of sites on the same side of the nucleosome occurs
ubiquitously.

Our new results with the LexA/Styl system are also in good quantitative accord with the
predictions of our theoretical model for cooperativity between pairs of sites on the same side
of the nucleosome.” In that theoretical analysis, the free energy of cooperativity is exactly
equal to minus one times the free energy cost of DNA unwrapping sufficient to expose the
outer-more site. This free energy cost in turn is simply the (log of the) position-dependent
equilibrium constant for accessibility at that outer-more site, easily measured in
experiment.18 We showed earlier that this model, with no adjustable parameters, provided a
reasonably good quantitative explanation of several different coupled equilibrium binding
experiments. Our new results provide an additional test of these ideas. The cooperativity
measured here between LexA and Sty | is approximately -3 kcal mol~1 (Figure 5), which
corresponds to ~160-fold enhancement of Sty I accessibility induced by LexA binding.
According to our theoretical model, the expected cooperativity between the LexA and Sty |
sites should be equal to —1 times the free energy of site exposure of the outer-more target
site, which in this case is the LexA site. And according to our initial analysis of site
exposure equilibria, 18 the free energy of site exposure of the LexA site is to be calculated as
the ratio of affinities of LexA protein for the target site in the nucleosome versus for the
same site as naked DNA. We recently reported the measurement of these quantities:3° the
affinity of LexA protein for this same target site as naked DNA was 1-3 nM, while LexA
binding to the same site in the nucleosome had an apparent affinity of ~300 nM. Thus the
nucleosomal organization of the LexA site decreases LexA binding affinity by ~150-fold,
implying that the free energy of site exposure of the LexA site is ~3 kcal mol™1, in very
good agreement with our current measurement.

Conclusions

Spatial clustering of TF binding sites is widely used as one of many important features in
algorithms for genome-wide prediction of TF binding sites and TF cooperativity.23: 43-49
Our earlier studies showed that collaborative competition can occur when the two TF
binding sites are contained within the same nucleosome, i.e., are separated by ~147bp or
less, suggesting that this may be a natural lengthscale over which TF site clustering might
usefully be defined. Our new results show further that, for remodeler-independent
collaborative competition to occur at plausible in vivo TF concentrations, the two TF sites
should be contained not just within the same nucleosome, but within the same side of the
same nucleosome. This implies a potential special significance for TF sites that are spaced
by distances of ~74bp or less, and, especially, for TF sites that are spaced by 74 bp or less
and that are additionally known to be located inside the same competing nucleosome.

We suggest that, in addition to the diverse features that are already utilized in predictive
algorithms, consideration of TF site spacings relative to the nucleosome lengthscale, and,
ideally, relative to detailed nucleosome locations, may further improve understanding and
genome-wide prediction of functionally cooperative transcription factors.
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Materials and Methods

DNA preparation

The DNA construct, 147R, was amplified by PCR from the high-affinity nucleosome
positioning sequence 601, modified to incorporate a LexA binding site centered at 130 bp as
described previously.2% 147R was PCR amplified, concentrated and buffer exchanged into
H,0 and purified by reverse-phase HPLC on a Zorbax column (Agilent). The scheme for
HPLC purification was 10-15% (V/V) gradient of acetonitrile (ACN) in 0.1M
triethanolamine acetate (TEAA), pH 7.0, at 1 mL/min flow rate over 20 minutes. The peak
containing fractions (absorbance at 260 nm) were lyophilized to remove ACN and the DNA
was resuspended, washed, and concentrated into storage buffer (1 mM Tris HCI, pH 8.0, 0.1
mM EDTA) using a YM30 centricon filter (Amicon). 147R was labeled with 32P at the 5’
ends by T4 polynucleotide kinase (New England Biolabs). Cy3-1 labeled DNAs for FRET
analysis were prepared as described 20. Cy3-35 and Cy3-57 DNAs were prepared by the
same procedure except that the second generation dye labeled PCR primer had the Cy3
attached off the DNA base at nucleotide position 35 or 57, respectively, instead of at the 5’-
end of the primer. In this case, the primers for labeling were purchased with amino-dT
residues at the position to be labeled; these were then subsequently derivatized with amine-
reactive Cy3, and the resulting dye-labeled oligonucleotides purified by reverse phase
HPLC. Subsequent steps were as for Cy3-1.

Histone octamer and LexA preparation

Purified chicken erythrocyte core histones and core particle DNA were prepared from
chicken blood as described.59 Recombinant wild type (H2A, H2B, and H4) and engineered
H3 C110A and H3 C110A V35C Xenogpus histones were expressed in £. coli, purified,
reconstituted into histone octamers, and labeled with Cy5 as described.2? Two additional
engineered histone mutants, H2B T112C and H4 L22C were prepared and purified by the
same methods. LexA protein was prepared from the expression plasmid pJWL228 (gift of J.
Little, University of Arizona, Tucson) and purified to near-homogeneity as described.>!

Nucleosome reconstitution

Trace quantities of y-32P-ATP labeled 147R plus bulk nucleosome core particle DNA were
reconstituted with chicken core histone octamer at a 0.37:1 (HO: DNA) by salt gradient
dialysis and purified by 5-30% sucrose gradient ultracentrifugation as described elsewhere
(Supplemental Figure 1a).18: 52 Pyrified nucleosomes were stored at 4 °C in storage buffer
(5 mM Tris-HCI, 0.5 mM EDTA, 5 mM NaCl). A native gel of the purified nucleosomes
reveals less than 3% contaminating naked DNA (Supplemental Figure 1b). The small
amount of contaminating naked DNA is due to unstable nucleosomes in the digestion buffer
as well as nucleosomes that fall apart during gel electrophoresis.18: 53 The small fraction of
nucleosomes that are unstable in our digestion assays are cut immediately by the restriction
enzymes and are excluded in the subsequent analysis.18 Nucleosomes for FRET analyses
were reconstituted using tracer concentrations of Cy3-labeled DNA plus bulk nucleosome
core particle DNA together with Cy5-labeled histone octamers, and were purified by sucrose
gradient ultracentrifugation as described.19: 20

LexA gel mobility shift assay

147R as naked DNA (1 nM) or incorporated into nucleosomes (5 nM) were titrated with
increasing concentration of purified LexA in restriction enzyme digestion buffer. Samples
were equilibrated for 2 minutes and loaded onto a running 5% (W/V) polyacrylamide gel at
300 volts (Supplemental Figure 1c, d). Gels were dried and analyzed by Image Quant
software using a Storm Phosphorimager (GE Healthcare).
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Restriction enzyme digestions

All restriction enzymes were purchased from New England Biolabs. Enzyme concentrations
varied from 0.1 U/mL to 5000U/mL, when necessary, enzymes were diluted in NEB
Dilution Buffer A before addition to the reactions. All digests were carried out at 30 °C in
reaction buffer (50 mM NaCl, 10.25 mM Tris-HCI (pH 7.9), 5 mM MgCl,, ImM DTT, 0.25
mM EDTA, 5% glycerol, 1Img/mL BSA). LexA or an equivalent volume of LexA storage
buffer (10 mM Pipes pH 7.0, 0.1mM EDTA, 200mM NacCl, 10% glycerol) was added at
either 100 nM (for naked DNA) or 1 uM (for nucleosomes) and allowed 5 minutes to bind
to <0.1 nM naked DNA or 5 nM nucleosomes prior to the start of the reaction. For a given
set of experiments (naked DNA or nucleosome DNA +/- LexA) all reactions were
conducted at the same time. Reactions were initiated by addition of enzyme and time point
aliquots were quenched immediately with addition of equal volume quench buffer (20 mM
EDTA, 0.1 % SDS, 1 mg/mL proteinase K). For loading samples into gels, formamide
loading dye was added to each time point before incubation for 5 minutes at 94 °C.
Digestions were resolved on 8% (Styl, Alul) or 12% (Haelll, Mspl) denaturing urea
polyacrylamide gels in 2X TBE (90mM Tris-Borate, 2mM EDTA).

Analysis of digestion experiments

The results of the digestion experiments were resolved by gel electrophoresis, dried and
imaged as described above. The gels were analyzed by measuring the intensity of the
products and substrates using the program Image Quant (Molecular Dynamics). The
intensities of the substrate and product bands were measured by drawing individual boxes
around each band. The local background intensity was subtracted from each band from a
box of the same size close to the actual band, declared to be background. To determine the
amount of DNA that is uncut, counts in the substrate band were divided by the sum of
counts in the substrate plus product bands (S/(S+P1+P2)).

We noticed that in many cases the digestions do not proceed to completion, yielding
different extents of digestion for different enzymes. We believe that the major effect
responsible for the different amplitudes of the exponential decays (different final endpoints)
is inactivation of the restriction enzymes over time. For example, in the Sty I digest of naked
DNA (Figure 2¢), even the naked DNA is not digested to completion. However control
experiments with higher enzyme concentrations allow digestion in much shorter time, and
these reactions on the same DNAS do go to completion, proving that all of the DNA is
indeed digestible. To address the problem of the enzyme activity changing over time, we use
the same enzyme concentrations for a given nucleosome (or naked DNA) sample in the
absence and presence of LexA protein; we carry out the reactions for both nucleosomes and
naked DNA over the same period of time, so that the decrease in restriction enzyme activity
over the nearly hour long sampling will be eliminated from our analysis during calculation
of the coupling free energy.

In fitting the data points we restrict the analysis to the initial velocity. Additionally, the first
time point following addition of the restriction enzyme can reflect a contribution from
nucleosomes that had dissociated before the reaction was started; therefore the initial time
point for each experiment was excluded from the analysis. The data were fit to a first order
exponential decay curve (or, in a cases of very slow/little digestion, the data were fitto a
straight line, representing the leading term in an exponential decay).

An additional complication came from Sty1, which has published “star” activity at high
enzyme and glycerol concentrations (New England Biolabs), which we observed in the
nucleosome digestions. In our quantitative analyses for this enzyme, we only included the
bona fide specific product bands in the calculation of total band intensity in each lane.
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Calculation of coupling free energy

The kinetic analysis of the site exposure mechanism and collaborative competition are
described in detail elsewhere.”: 18 For this study, the cutting rates determined in the
restriction digestion assays (in the presence and absence of LexA) can be used to determine
coupling free energy between the two proteins by:

conf
eq-LexA

conf
_AG°=RTln[ — ] &)

Where R is the Boltzmann constant, T is the temperature and ij”f is the position dependent

conf

equilibrium constant for site exposure. K., is experimentally determined by dividing the
observed digestion rate on nucleosomal DNA by the observed digestion rate on naked DNA
while taking into account the difference in enzyme concentration for nucleosomes vs. naked
DNA:
kggi‘/eo:ome
co f_ Enucleosome
K"qn - k;:)uked DNA (@)

obs
Enuked DNA
0

If LexA is assumed to have no effect on accessibility of the binding sites on naked DNA, the
expression for determining the coupling free energy is simplified to:

—LexA
obs

+LexA
—AG:RTln[ obs ] ®)

In reality, LexA might affect the rate of restriction enzyme cutting on naked DNA, therefore
the apparent coupling free energy was also measured on naked DNA and subtracted from
the result on nucleosomes. The coupling free energy was calculated separately for each
individual set of experiments.

Fluorescence measurements

Fluorescence measurements were carried out as described.>* For all experiments,
nucleosome solutions were diluted to 5 nM final concentration in 0.5 x TE, pH 8.0 (TE is 10
mM Tris, 1 mM NagEDTA). Samples were excited at 515 nm. We calculated the proximity
ratio (A/(D+A)), where A is the (replicate-averaged) Cy5 emission intensity (670 nm), and
D the (replicate-averaged) Cy3 emission intensity (570 nm), as a proxy for the FRET
efficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DNA templatefor restriction enzyme digestion kinetic assay

(@) Schematic illustration of 147R DNA 20 indicating locations of recognition sites for the
four restriction enzymes and the DNA binding protein LexA. (b) Crystal structure of the
nucleosome®® depicting the binding sites for LexA (red) and the restriction enzymes Mspl
(orange), Haelll (magenta), Alul (blue) and Styl (green). Histone proteins are shown in
ribbon representation (colored wheat).
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Figure 2. Nucleosome-dependent cooper ativity between LexA and Styl sites

Representative experiment probing accessibility at the Styl binding site in the absence and
presence of saturating LexA. (a—d) Denaturing polyacrylamide gel analyses of Styl
digestion reactions. Substrate (S) is converted to products (P1 and P2). Asterisk (*) indicates
additional products resulting from Styl “star” activity. (a) < 0.5 nM naked DNA with 10 U/
mL Sty1. (b) <0.5 nM naked DNA with 100 nM LexA and 10 U/mL Styl. (c) 5 nM
nucleosomes with 5000 U/mL Styl. (d) 5 nM nucleosomes with 1 uM LexA and 5000 U/mL
Styl. (e) Quantitative analysis of the digestion pattern resolved in the gels in panels a—d.
Circles: naked DNA,; squares: nucleosomes. Open datapoints: no LexA,; filled datapoints:
saturating LexA. The fraction of DNA uncut is plotted versus time. Data are fit to single
exponential (a, b, d) or linear (c) functions. For nucleosomes, the zero time point is omitted
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from the analysis to exclude the digestion of any contaminating naked DNA, which is
complete within the first minute of reaction (see Methods).
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Figure 3. FRET assay for nucleosome-dependent cooper ativity

Assay probes cooperativity between the LexA site and additional locations on the same side
of the nucleosome. Shown are schematic illustrations of DNA templates and labeled
nucleosome structures, indicating locations of the LexA binding site (red), fluorescence
donor dye (Cy3, Cyan) and fluorescence acceptor dyes (Cy5, Magenta), and normalized
emission spectra of the labeled nucleosomes titrated with increasing concentrations of LexA
(with excitation of the Cy3 donor). All histone octamers had the engineered mutation
H3C110A together with an additional unique cysteine at a different location on one or
another of the four histones. (a) Cy3-1 nucleosomes: Cy3 attached at bp 1, Cy5 attached at
H3V35C. (b) Cy3-35 nucleosomes: Cy3 attached at bp 35, Cy5 attached at H2BT112C. (c)
Cy3-57 nucleosome: Cy3 attached at bp 57, Cy5 attached at H4L22C. (d) Quantitative
analysis of FRET efficiency changes during LexA titrations for Cy3-1 (red circles), Cy3-35
(green squares), and Cy3-57 (blue triangles).

J Mol Biol. Author manuscript; available in PMC 2013 January 02.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Moyle-Heyrman et al.

(a) Time (min) (b) Time (min)
ON U RV ARPR ANV & RV PAPR
S —_——— S —— -
P1 S=Ss== P e
P2 P2
(c) Time (min) (d)  Time (min)
AN U oAV ON U % VPP
S ol S & ,
pr | e P1 | EERE ne==
P2 P2
(e) Haelll ' LexA
O T 11T T

= 1

>

O

c 0.8&%4:!;_‘5': —8—

-] J &

<ZE 0.6 ™ -©- DNA

£ LR -~ DNA + LexA

0415 2 —£- Nucleosomes

c . ‘e_ —- Nucleosomes + LexA

(@] \:\ s

o 02} ~:::-._ .

L i St S

L 0 L 1 ™ LTV -

0 10 20 30 40
Time (minutes)

Figure 4. No nucleosome-dependent cooper ativity between LexA and Haelll sites
Representative experiment probing accessibility at the Haelll binding site in the absence and
presence of saturating LexA. (a—d) Denaturing polyacrylamide gel analyses of Haelll
digestion reactions. Substrate (S) is converted to products (P1 and P2) over time. (a) <0.5
nM naked DNA with 0.625 U/mL Haelll. (b) <0.5 nM naked DNA with 100 nM LexA and
0.625 U/mL Haelll. (c) 5 nM nucleosomes with 5000 U/mL Haelll. (d) 5 nM nucleosomes
with 1 pM LexA and 5000 U/mL Haelll. (€) Quantitative analysis of the gels in panels (A-
D). The fraction of DNA uncut is plotted versus time. Data are fit to single exponential
(naked DNA) or linear (nucleosomal DNA) functions. For nucleosomes, the zero time point

is omitted from data analysis (see Methods).
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Figure 5. Position dependent cooper ativity across the nucleosome

Shown are the coupling free energy between each restriction enzyme and LexA, for
nucleosomes (solid bars) or naked DNA (hatched). Error bars: standard errors, for Mspl
(n=2), Haelll (n=7), Alul (n=5) and Sty1 (n=3). Dashed horizontal lines represent the
numerical value of kBT, the characteristic energy of thermal fluctuations, where KB is
Boltzmann’s constant and T the absolute temperature.
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Summary of observed rate constants (kqps) for nucleosome and naked DNA digestions

Table 1

Enzyme LexA Nucleosomal DNA (n) Naked DNA (n)
+  56x102+80x103(3) 6.7x102+£9.0x1073(3)
! - 49x10%+11x10%(3) 80x102+14x1072(3)
+ 79%x10%+1.0x10(7) 34x101+15x101(7)"
Haelll
T 13x107°£27x107(7) 32x10t+14x1071(7)”
+ 74%x107%+£34%x107%(5) 3.2x102+3.1x1073(5)
ALl - 39x10%+19x10%(5) 32x1072+49x1073(5)
+  26x101£24x1072(2) 30x101+£16x1071(2)
Mep! - 19x101£99x103(2) 34x101+£84x102(2)

Values are shown as the mean rate constants + standard error (except for Mspl, which shows standard deviation), where (n) is the number of
independent experiments.

*
Haelll digestions on naked DNA utilized different enzyme concentrations on different days, and were normalized for fixed enzyme concentration

1X31-)ewiarems

1Xa1-)1ewa1ems

prior to averaging.
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Approximate distances between dye pairs

Table 2

FRET Construct (Acceptor Location)
Cy3-1 (Cy5-H3V35C)
Cy3-35 (Cy5-H2BT112C)
Cy3-57 (Cy5-H4L22C)

Distance from Cy3tocloser Cy5, nm  Distancefrom Cy3to further Cy5, nm

2
3
2

7
5
8
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