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Rapid spontaneous accessibility of nucleosomal DNA

Gu Li!, Marcia Levitus®>, Carlos Bustamante?—> & Jonathan Widom!

DNA wrapped in nucleosomes is sterically occluded, creating obstacles for proteins that must bind it. How proteins gain

access to DNA buried inside nucleosomes is not known. Here we report measurements of the rates of spontaneous nucleosome
conformational changes in which a stretch of DNA transiently unwraps off the histone surface, starting from one end of

the nucleosome, and then rewraps. The rates are rapid. Nucleosomal DNA remains fully wrapped for only ~250 ms before
spontaneously unwrapping; unwrapped DNA rewraps within ~10-50 ms. Spontaneous unwrapping of nucleosomal DNA allows
any protein rapid access even to buried stretches of the DNA. Our results explain how remodeling factors can be recruited

to particular nucleosomes on a biologically relevant timescale, and they imply that the major impediment to entry of RNA
polymerase into a nucleosome is rewrapping of nucleosomal DNA, not unwrapping.

Eukaryotic genomic DNA is organized in a repeating array of nucleo-
somes, in which short stretches of DNA, 147 base pairs (bp) in length, are
wrapped locally in ~1 3/4 superhelical turns around octameric spools of
histone proteins>2. This nucleosomal organization of DNA makes most
of the eukaryotic genome inaccessible to the many proteins that must
bind to it for gene regulation, transcription, replication, recombination
and repair. How such proteins gain needed access to nucleosomal DNA
is not known>->.

Access to buried stretches of nucleosomal DNA may sometimes
require the action of ATP-dependent nucleosome remodeling factors,
which unwrap nucleosomal DNA, or drive nucleosomes to new locations
along DNA*%-8, An unanswered question is how such remodeling fac-
tors know which nucleosomes to remodel. A growing body of evidence
suggests that remodeling factors are recruited to specific nucleosomes by
site-specific DNA-binding proteins®!?, raising in a chicken and egg-like
fashion the question of how those DNA-binding proteins gain access to
their own target sites.

Remodeling factors may not always be required to allow access to
nucleosomal DNA. Nucleosomes spontaneously undergo conforma-
tional fluctuations (termed ‘site exposure’), in which a stretch of their
DNA transiently lifts off the histone surface, allowing free (but transient)
access to proteins that would not otherwise be able to bind. The equilib-
rium constants describing this DNA accessibility are as large as ~1072—
107! for sites located a short distance inside the nucleosome, decreasing
to ~107*-107 for sites located near the middle of the nucleosome!!12.
Studies using fluorescence resonance energy transfer (FRET)!? reveal
that site exposure involves large increases in separation between a fluo-
rescence donor on one end of the nucleosomal DNA and a fluorescence
acceptor on the histone core, implying that site exposure occurs by pro-
gressive unwrapping of the nucleosomal DNA starting from one end of
the nucleosome!* (Fig. 1).

A consequence of this inherent behavior of nucleosomes, confirmed
in the FRET analysis, is that when nucleosomal DNA contains a target
sequence for a sequence-specific DNA-binding protein, the mere pres-
ence of that protein in solution causes nucleosomes to respond by shift-
ing their conformational equilibrium toward the exposed, unwrapped
state, simultaneously allowing stable binding by the protein. Site expo-
sure occurs spontaneously; the conformational equilibrium shifts in
accord with principles of physical chemistry.

Although previous studies revealed and quantified equilibrium
aspects of this underlying behavior of nucleosomes, no measurements
have been made of the actual rates of spontaneous DNA unwrapping
or rewrapping. The rates of site exposure and rewrapping (k;, and k,,
respectively, Fig. 1) are of interest because they provide insight into
the molecular mechanisms of remodeling factor action, and on other
fundamental questions in gene regulation. Knowledge of the rate of site
exposure will help distinguish whether remodeling factors act simply
as brownian ratchets, trapping and harnessing spontaneous nucleo-
some unwrapping events as they occur'>, or whether they actively drive
DNA off the nucleosome!®!7. The rate of spontaneous site exposure
also sets an upper limit on the rate at which regulatory proteins can
occupy a specific target site by passive binding. Conversely, the rate of
spontaneous rewrapping defines a benchmark for kinetic efficiency
in regulation by passive binding proteins: an efficient system requires
that the rate at which a protein encounters a transiently exposed bind-
ing site in vivo be comparable to or greater than the rate at which the
transiently exposed site is spontaneously rewrapped, k5.

In an earlier study, we used a bacteriophage RNA polymerase as a
reporter of accessibility of nucleosomal DNA, and found that access by
the polymerase to sites along the full length of the nucleosome can occur
in several seconds or less. If one assumes that the polymerase can move
forward only after DNA has already unwrapped, then the observed rate
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Figure 1 Mechanism of site exposure in nucleosomes deduced from earlier
studies!114, Fully wrapped nucleosomes (left) are in dynamic equilibrium
with transient states (middle) in which a stretch of DNA has unwrapped off
the histone core, starting from one end of the nucleosome. During moments
when the DNA is unwrapped, site-specific DNA-binding proteins (blue
ellipse) gain passive access to otherwise-buried target sites and can bind to
make a complex (right). The goal of the present study is to measure the rates
of site exposure (ki) and rewrapping (kp1).

of polymerase elongation would equate to a lower bound on the rate
constant for DNA unwrapping of k;, > 0.13 s7! (ref. 18). However, the
actual rates of unwrapping and rewrapping were not measured in that
study, and the assumption that the polymerase did not influence the
unwrapping rate could not be tested.

The goal of the present study was to determine the actual rates of
spontaneous unwrapping and rewrapping of nucleosomal DNA. We
took two approaches, both using reagents developed in our earlier FRET
study!'#. One approach uses stopped-flow FRET to measure the rate at
which nucleosomes spontaneously unwrap to allow binding by a passive
site-specific DNA-binding protein. A second approach is based on fluo-
rescence correlation spectroscopy (FCS) of small numbers of nucleo-
somes at a time, diffusing freely in dilute solution'®-2!, The results from
the two approaches are in good agreement. The rate of spontaneous
nucleosome unwrapping is ~4 s7!, fast enough such that passive binding
by regulatory proteins to spontaneously exposed nucleosomal target sites
can occur quickly relative to other events in gene expression. The rate
of rewrapping is ~20-90 s, setting tight limits
for kinetic efficiency in regulation and lead-
ing to the conclusion that the major impedi- @
ment to RNA polymerase translocation into
a nucleosome is rewrapping of nucleosomal
DNA, not unwrapping.

LexA-binding site

RESULTS

Stopped-flow FRET system

In the stopped-flow experiments, our strategy
was to measure the rate at which nucleosomes
spontaneously unwrap to allow stable bind-
ing by an arbitrary site-specific DNA-binding
protein, in our case, the LexA repressor protein
of Escherichia coli. Nucleosome unwrapping is
detected by changes in FRET between a fluo-
rescence donor placed at a DNA end, near the
binding site for LexA protein, and a fluores-
cence acceptor attached to the histone core.
Spontaneous unwrapping of the nucleosome,
stabilized by rapid LexA binding, increases the
distance between the two FRET dyes, thereby
decreasing the FRET efficiency. At a suffi-
ciently high LexA concentration ([LexA]),
the observed rate is limited by the inherent
spontaneous unwrapping rate of the nucleo-
some itself, thus yielding a measurement of k.
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k,, is then calculated from k, together with the previously measured site
exposure equilibrium constant, K. = k, / ky;. We chose LexA protein
for these studies because it is frequently used in fusion proteins to bring
other gene regulatory protein domains to specific locations in chromatin
in diverse eukaryotic organisms and cell types, and its equilibrium bind-
ing to nucleosomal target sites is well understood! >,

Nucleosomes were prepared centered on a 147-bp nucleosome posi-
tioning DNA (Fig. 2a). A target site for LexA was introduced a short
distance inside from one end of the nucleosomal DNA, nearby the
fluorescence donor dye (D, Cy3), which was attached ata DNA 5" end.
The fluorescence acceptor dye (A, Cy5), was attached using maleimide
chemistry to a unique sulfhydryl on histone H3 V35C C110A, located
on the histone core nearby the 5" end of the wrapped DNA. The histone
octamer of the nucleosome contains two copies each of the four core
histones, hence each A-labeled nucleosome will contain two molecules
of A. The FRET efficiency (E) depends strongly on the ratio of the
actual D-A distance to a characteristic transfer distance (R,), which,
for the Cy3-Cy5 dye pair, is ~6 nm (ref. 22). The crystal structure of
the nucleosome? implies that the real distance (R) from D to the two
symmetry-related molecules of A is ~2 nm and ~8 nm, respectively.
Because one of these distances is much less than R, we observe highly
efficient FRET for nucleosomes in their predominant conformation
at physiological or lower ionic strength (Fig. 2b). The FRET efficiency
is 100%; we observe residual D emission because the labeling by A is
incomplete, only ~80% (ref. 14).

As expected, titration of these nucleosomes with increasing [LexA] is
accompanied by a progressive and saturable decrease in FRET, as can be
seen from an increase in emission from D and decrease in emission from
A (Fig. 2b). The titration saturates at a value of FRET efficiency ~0.4,
implying that, in the fully occupied nucleosomes, the distance from D
to the nearer A increased greatly, to ~6.4 nm (ref. 14).

We measured the rate of this FRET change by rapidly adding a high
concentration of LexA such that site exposure itself is rate limiting, and
the observed rate equals k;, (see Methods). The high [LexA] regime is
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Figure 2 Equilibrium titration of nucleosomes with
LexA, detected by FRET. (a) Experimental system.
Top, schematic of DNA construct used in these
studies, indicating the location of the LexA-binding
site and the fluorescence donor, Cy3. Bottom,
schematic of the nucleosome structure, indicating
the locations of the fluorescence donor dye (Cy3,
green) and the two symmetry-related acceptor dyes
(Cyb, red) attached to histone H3 V35C C110A.

Histone H3 is blue; the other histones are gray, dimmed for clarity. This system exhibits ~100% FRET
efficiency. Residual D emission results from incomplete chemical labeling by A. (b) LexA titration.
Emission spectra from doubly labeled (D-A) nucleosomes, titrated with increasing concentrations of
LexA. Increasing LexA leads to increased D emission and decreased A emission (arrows), implying that
nucleosomes spend a greater fraction of time partially unwrapped, coupled to the binding of LexA. The
FRET efficiency, E, decreases from ~100% in the absence of LexA to ~40% at near-saturating [LexA]
corresponding to a change in D-A separation distance from ~2 nm (fully wrapped with high probability,
at O LexA) to ~6.4 nm (substantially unwrapped with high probability, at the highest [LexAl).
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defined by the requirement that k,; X [LexA] >> k,;. The rate constant
for binding of proteins to specific DNA target sites is often extremely
fast, comparable to or faster than the diffusion-controlled limit of
~10° M~1s7! (refs. 23,24); thus, even modest [LexA] will prove sufficient
to reach the desired kinetic regime. To be certain that our experiment
was properly in the high [LexA] regime, we confirm below that the
observed rate is independent of [LexA], and that k3 X [LexA] > kj;.
This latter test required that we measure k5.

LexA-DNA association rate

We used stopped-flow fluorescence anisotropy to place a lower bound
on k,3 (Fig. 3). DNA of 32 bp in length was used to approximate the
situation in which a stretch of DNA a little longer than the LexA tar-
get site has unwrapped to allow LexA binding in a nucleosome. The

on the stopped-flow time scale (completion

within 2 ms) (Fig. 3), implying that ky3 > 5 X
108 M~!'s71, as expected for protein-DNA interactions. The anisotropies
measured by stopped flow throughout the entire time course equaled the
values measured in equilibrium titrations (Fig. 4), confirming that the
full binding process was observed in the kinetic experiments.

Stopped-flow FRET results

We next used stopped-flow FRET, monitoring the kinetics of nucleo-
some unwrapping after rapid addition of LexA, to determine k;,. With
200 nM LexA (Fig. 5), binding occurred quickly, as a single-expo-
nential relaxation process, with an apparent rate constant k,,, - 3.9 +
0.9s7! (n=3).A 15-fold increase in [LexA] did not result in any changes
to this observed fast rate (Supplementary Fig. 1 and Supplementary
Table 1 online), implying that even the 200 nM LexA measurements are
already in the high [LexA] regime. Thus, k;, = k,,, 3.9 £ 0.9 s~ The
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Figure 4 Equilibrium binding of LexA to DNA. (a) LexA binding measured by fluorescence anisotropy. DNA F-32 (200 nM) was titrated with O, 200 nM,

600 nM or 1.8 uM LexA. Data points and error bars, means and s.d. (n = 3). The measured anisotropies increased with [LexA] from ~0.063 to ~0.12.

(b) LexA binding to DNA monitored by native gel electrophoresis in the same conditions as in a. DNA F-32 (200 nM) was titrated with increasing [LexA]
(indicated). D, free DNA F-32; DL, DNA-LexA complexes. LexA bound with a transition midpoint (ECsq) of ~600-2,000 nM. The results confirm that the
anisotropy increases in a properly reflect the binding process. (c) LexA binding to DNA at low [DNA], for comparison with earlier studies!*. DNA F-32 (1 nM)
was titrated with purified LexA protein (indicated). LexA bound with a transition midpoint (EC5q) of ~6-20 nM. As expected (see Methods), at 200 nM DNA
the equilibrium LexA-binding curve (measured either by fluorescence anisotropy or native gel electrophoresis) shifted to higher [LexA] than is required for
binding at the low DNA or nucleosome concentrations used in the more sensitive FRET studies (compare Figs. 4a and 2h, and Figs. 4h and 4c). This does not

alter our conclusion that ky3 > 5 x 108 M1 571,
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Figure 5 Stopped-flow FRET analysis of LexA binding to nucleosomes. The time range 0-2 s was
sampled with 200 equally spaced points. (a) Mock reaction with no LexA. Cy5 fluorescence emission
intensity (arbitrary units) measured as a function of time. No time-dependent decrease of FRET was
detected. Top graph, measured data and least-squares fit to a constant; bottom graph, residuals.

(b) Reaction with [LexA] = 200 nM (after mixing), a concentration sufficiently high such that the
observed rate is limited by the rate of spontaneous nucleosome opening (see text). Top graph, measured
data and least-squares fit to a single exponential; bottom graph, residuals. Fits to two exponentials
yielded two identical rate constants (results not shown), implying that the data are dominated by a
single-exponential process. The zero-time intercept of the fit curve equals that for the mock reaction
(a), ruling out the possibility that a hypothetical additional process contributing a substantial FRET

change could have occurred on too rapid a timescale to detect.

means that D-A nucleosomes have no dynamics
resulting in substantial FRET changes over
these timescales. This confirms a conclusion
from our stopped-flow studies, namely that all
LexA-dependent changes in FRET efficiency
that occur were detected in those experiments
and that they occur only on a longer timescale
(hundreds of milliseconds).

The ratio of the normalized fluctua-
tion autocorrelation functions recorded for

observed FRET signal decays from an initial value that is equal to that
from a mock reaction with no LexA (Fig. 5a), thus, no additional faster
process leading to substantial FRET change could have been missed in
these experiments.

Our earlier FRET study yielded several estimates of the equilibrium
constant for site exposure, Keq (ref. 14). The observed reduction of LexA
binding affinity for binding to nucleosomes versus naked DNA (in the
same solution conditions as used here) implies that K q= 0.02-0.03,
whereas the FRET intensities themselves imply K, = 0.02-0.1 (over a
wide range of subphysiological ionic strengths). The geometric average
of these measurements yields Keq =4 .5x% 1072, from which we calculate
kyy =kiy/ Keq=90s7".

Given that k,; > 5 x 103 M~! s7! (Fig. 3), k,; = 90 s! satisfies the
condition ky3 X [LexA] > k,; even for the lowest [LexA] investigated,
200 nM. Thus, our analysis is self-consistent in its conclusion that all
of the measurements are in the desired high [LexA] (opening-limited)
kinetic regime.

FCS analysis

To check the conclusions of this kinetic analysis, we used an unrelated
approach, FCS, to directly monitor spontaneous unwrapping and
rewrapping events in small numbers of nucleosomes at a time, in free
solution. Our strategy was to compare fluctuations of fluorescence donor
emission intensity for samples labeled with donor only, with the fluctua-
tions from samples labeled with a FRET D-A dye pair. Donor intensity
fluctuations are quantified by their autocorrelation function, which
reflects any process that gives rise to fluctuations in the fluorescence
signal?®?!, For nucleosomes labeled with D alone, only diffusion of the
nucleosomes into and out of the confocal volume is expected to produce
donor intensity fluctuations; however, for D-A double-labeled nucleo-
somes, both diffusion and intramolecular conformational dynamics
that change the FRET efficiency (such as transient DNA unwrapping)
result in donor intensity fluctuations. The ratio of the fluorescence
donor autocorrelation functions obtained from nucleosomes labeled
with FRET donor only, or with both donor and acceptor, yields two
equations relating the two unknown rates, k, and k,,, allowing each to
be determined individually'®-21.

D-A nucleosomes and D-only nucleosomes
(Gpa(t) / Gp(r); Fig. 6b), isolates contri-
butions due to chemical kinetics from those due to diffusion, and
yields the sum and ratio of the kinetic rate constants k;, and k;
(see Methods). Fitting the data in Figure 6b to the diffusion-reaction mecha-
nism (equation (10)) yields k;, / ky; = 0.18 and k;, + ky; = 23.6 57!, from
which we calculate ky; =20 s and k;, =3.6s7\.

The ratio ky, / k,, is obtained from the amplitude of the observed
exponential relaxation in Gp,(T) / Gp(T) (see Methods), and thus is
particularly sensitive to experimental variables such as sample concen-
trations, stability of the confocal volume, accuracy of the assumption
Epppr = 1 (when fully wrapped), among others. However, the term
(kq5 + ky;), which is determined from the rate of the observed relax-
ation, is independent of or only slightly dependent on these factors,
and is thus more reliably determined. Because ky; >> k;, (K q << 1), the
calculated relaxation rate is approximately equal to the fastest process,
which is the rewrapping rate. Thus, we expect that these experiments
yield the rewrapping rate with more accuracy than the unwrapping rate.
In fact, the results for both the unwrapping and rewrapping rates are
in good agreement with those obtained using the stopped-flow mixing
method. We conclude that, for nucleosomes in these solution conditions,
ki, =4s7! and ky; =20-90 571,

DISCUSSION

Rapid spontaneous site exposure in nucleosomes

Two very different experiments—one monitoring the rate of unwrap-
ping of nucleosomal DNA, trapped by protein binding, in bulk solu-
tion, the other monitoring the rates of unwrapping and rewrapping,
in the absence of a binding protein, in a small number of nucleosomes
at a time—both point to the same conclusion: nucleosomal DNA
spontaneously unwraps and rewraps, on timescales fast compared
with seconds. Both experiments lead to estimates for the unwrapping
rate constant (k;,) of ~4 s71, and to estimates for the rewrapping rate
constant (ky;) of ~20 to ~90 s (from FCS and stopped flow, respec-
tively). The differences in the rates measured from the two experiments
are insignificant at this level of analysis; they are comparable to the
uncertainty in the previously measured value of K itself, and could
reflect experimental error or a breakdown of the two-state assump-
tion that is inherent in both analyses. We conclude that spontaneous
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unwrapping and rewrapping of nucleosomal g

DNA occur rapidly. A 18

Earlier studies show that the ability of Gal4 S — Donly
protein?>2¢ and the restriction enzyme Sall?’ E 10+
to access target sites inside a nucleosome is not 5 €
an ‘end effect, unique to isolated nucleosomes, g N 5
but instead is similar (Gal4) or quantitatively 'g, Eg M
equivalent (Sall) for isolated nucleosomes and E S i
for a test nucleosome centered in an 11-mer S or M
polynucleosome. Therefore, we anticipate that 8 V
the dynamic behavior of nucleosomes in long 0 ' g b T~ : : : :

102 102 107" 10° 10" 102 103 102 102 10" 10° 10' 102 10°

chains will resemble that studied here in sin-
gle nucleosomes. Even the detailed rates may
not change much, as the hydrodynamic drag
exerted by neighboring nucleosomes is likely
to chiefly affect processes on a microsecond-
or-faster timescale?. Of course, if higher-order
levels of chromatin structure prove to involve
substantial nucleosome-nucleosome inter-

Lag time (ms)

Lag time (ms)

Figure 6 Spontaneous nucleosome opening and rewrapping fluctuations detected by fluorescence
correlation spectroscopy. (a) Cy3 emission autocorrelation functions for nucleosomes labeled with

D only or with both D and A, at identical concentrations. The autocorrelation function for the D-only
nucleosomes fits well to a model based on diffusion only (results not shown). (b) Ratio of curves in a.
The ratio isolates contributions to the Cy3 autocorrelation function due to FRET fluctuations in the
D-A double-labeled nucleosomes from contributions due to diffusion. Solid line, least-squares fit to
equation (10), providing two equations for the two unknown rate constants, k;, and k»;.

actions (such as those stabilized by histone
H1), this could affect nucleosome dynamicszg.

However, the role of H1 itself is not clear®’. Although many earlier stud-
ies suggested a structural role for H1 (ref. 31), yeast are viable without
it32, The available data suggest instead that, at least in yeast, H1 has a
subtle regulatory role3**%, and that some or all major biological func-
tions of chromatin do not depend on it. For these reasons, many groups
appropriately use polynucleosomes lacking H1 as model systems with
which to analyze chromatin structure and function in vitro.

Both experiments agree that no additional faster nucleosome open-
ing processes contributing substantial FRET changes could have existed
but been missed. We note, however, that because the distance from D
to A in the wrapped DNA is ~2 nm whereas R, is ~6 nm, motions of
the DNA ends over distances of less than <2 nm would be expected to
produce only negligible changes in FRET and so would not be detectable
in either experiment.

The opening rate constant (k;,) of ~4 s™! corresponds to a lifetime
in the fully wrapped state (Tyappea) = 1/ kj; =250 ms. Nucleosomes in
solution look like those imaged by crystallography only for very short
periods of time, <<1 s, before undergoing a large-scale spontaneous
unwrapping event. The rewrapping rate constant (k,;) of ~20-90 s~!
corresponds to a lifetime in the unwrapped state (Typyrapped) = 1/ k21 =
10-50 ms. Once unwrapped, nucleosomes wait only a very short time
before rewrapping their DNA.

Implications for gene regulation
These rates and lifetimes place constraints on mechanisms of gene
regulation, nucleosome remodeling, transcription and replication.
There are two important constraints with regard to gene regulation.
Nucleosome opening needs to be fast enough so as not to impede the
regulatability of genes on required timescales. A wrapped state lifetime of
~250 ms means that accessibility at a given locus would essentially never
be delayed because of nucleosome structure by more than a second or
so. Such times are short compared with documented timescales for gene
regulation in vivo and, especially, for gene transcription (see below) and
protein synthesis. We conclude that the spontaneous opening rate of
nucleosomes suffices to account for what is known at present about the
regulatability of genes.

A second constraint is that for regulation to be kinetically efficient,
a transiently exposed target site needs to be recognized and bound by
a regulatory protein within the (brief) open state lifetime, which we
show is only ~10-50 ms. At present, no information is available about

the actual rates of regulatory protein binding in vivo. DNA looping may
greatly accelerate rates of regulatory protein binding in vivo by enhanc-

ing the effective local concentrations?>.

Implications for nucleosome remodeling

Nucleosome remodeling factors could act as brownian ratchets by trap-
ping and harnessing spontaneous nucleosome unwrapping events as
they occur!®. In this case, the overall rate of nucleosome remodeling
would be limited by the rate of spontaneous nucleosome unwrapping,
~4 571, Alternatively, remodeling factors could actively drive DNA off the
nucleosome surface, accelerating the rate of DNA release!®!”. It will be
interesting to test whether remodeling factors enhance the microscopic
rate constant for nucleosome opening. Existing in vitro studies indi-
cate that the remodeling factor SWI/SNF remodels nucleosomes with
a k, for ATP hydrolysis of ~1-2 s7! (ref. 36) or ~10 s7! (ref. 17), but it
remains unclear how much DNA is unwrapped per ATP hydrolyzed,
so a direct comparison of those results with our measurement of k;, is
not yet possible.

Implications for nucleosome transcription

Finally, our results lead to the conclusion that nucleosome rewrapping,
not unwrapping, is the chief obstacle hindering the entry of RNA poly-
merase II (Pol II) into a nucleosome. Pol IT elongates at a rate of only
~23 nucleotides s~! (ref. 37) (that is, ~2 s for a typical ~40-50-bp linker
between nucleosomes, and another ~6-7 s for the nucleosomal DNA
itself), whereas nucleosome unwrapping occurs spontaneously much
more rapidly, on average within just ~250 ms. Thus, a Pol II molecule,
engaged on linker DNA and approaching the next fully wrapped nucleo-
some, would be negligibly delayed by a requirement for nucleosome
unwrapping to precede further polymerase progression. In contrast,
spontaneous nucleosome rewrapping is an important hindrance. Once
unwrapped, the nucleosome waits, on average, only ~10-50 ms before
rewrapping. During such a short period, Pol II will often fail to prog-
ress by even one base pair. This means that the unwrapped DNA will
often fully rewrap before the polymerase takes a step to advance into
the nucleosome. Such unwrapping and rapid rewrapping events may
recur many times before the polymerase successfully advances into the
nucleosome. Accessory factors of the polymerase could facilitate its entry
into a nucleosome simply by suppressing the rewrapping of transiently
unwrapped nucleosomal DNA; such a mode of action would be far more
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effective in enhancing the polymerase elongation rate than would active
unwrapping of the nucleosomal DNA. Once inside the nucleosome, the
sheer size of the polymerase should prevent further rewrapping of the
DNA, and its elongation rate through the remainder of the nucleosome
should be dominated by its intrinsic rate on naked DNA, and its ability
to peel the DNA off the surface of the nucleosome as it transcribes.

METHODS

Preparation of DNA, proteins and nucleosomes. Individual nucleosomes were
prepared centered on a 147-bp nucleosome positioning sequence, for which the
single dominant position is known exactly'4. The DNA was labeled at one 5" end
with the FRET donor dye, Cy3. A binding site for LexA protein was introduced
near the labeled end, oriented such that the face of the DNA occupied by LexA
pointed inward toward the histone core. The LexA site was located outside the
region responsible for nucleosome positioning on this DNA38.

DNA, histones and nucleosomes were prepared, purified and characterized
as described!*. Nucleosomes were prepared from recombinant Xenopus laevis
histone octamer comprising H2A, H2B, H3 V35C C110A and H4. DNA (147 bp)
was prepared by PCR and was labeled with Cy3 (FRET donor) by incorporation
of an appropriate Cy3-labeled primer. The Cy3 dye was placed at the DNA 5" end
adjacent to the LexA-binding site. The PCR product was purified by reverse-phase
HPLC. D-A double-labeled nucleosomes were prepared from histone octamer
that had been labeled with Cy5 maleimide (FRET acceptor) at the unique cysteine
on histone H3 V35C C110A. Nucleosomes were purified by sucrose gradient
ultracentrifugation and checked for purity by native PAGE.

DNA construct F-32, which has a 5” fluorescein (F) at one end and a 20-bp
LexA-binding site in the middle, was prepared by annealing two oligos together:
F-AACATGTAC-TGTATGAGCATACAGTAAGTCGA; and TCGACTTACTGTA
TGCTCATACAGTACA-TGTT (LexA-binding sequence is underlined).

LexA protein was purified from plasmid pJWL228 (gift of J. Little, University
of Arizona, Tucson) as described?®.

Steady-state fluorescence spectra. A steady-state photon counting fluorom-
eter (ISS, model PC1) was used for all steady-state fluorescence experiments.
Fluorescence emission spectra were carried out as described', using 8 nM D
or D-A nucleosomes in 0.5x TE (TE is 10 mM Tris, pH 7.5, 1 mM EDTA) with
increasing concentrations of LexA. Excitation was done at 515 nm; emission
spectra were collected from 500-750 nm with a 550-nm cut-on filter. Absolute
FRET efficiency measurements were made as described!* with direct excitation
of Cy5 at 610 nm.

Ye) Stopped-flow kinetic measurements. Stopped-flow experiments were carried

out using an Applied Photophysics model SX.18MV instrument at room tem-
perature (~23 °C) in 0.5x TE buffer. Certain experiments included additional
[NaCl] (see Supplementary Data and Supplementary Figs. 1-3 online). LexA
binding to nucleosomes was monitored by FRET, following the decrease in sensi-
tized emission of Cy5. After rapid mixing, solutions contained 7 nM D-A-labeled
nucleosomes, plus 0, 200 nM, 400 nM, 1 UM or 3 UM LexA protein. Excitation
was done at 515 nm; a 645-nm cut-on filter was placed in the emission channel
to isolate Cy5 emission. Data were collected for durations of 1,2 or 10 s, sampled
with 1,000 linearly spaced data points.

The kinetics of LexA binding to naked DNA was monitored by the increase in
fluorescein emission anisotropy. Differing concentrations of LexA were rapidly
mixed with a fluorescein-labeled 32-bp DNA containing a specific LexA target
sequence. LexA binding was followed over time by the increase in fluorescence
emission anisotropy. After rapid mixing, samples contained 200 nM F-32 DNA,
plus 0,200 nM, 600 nM or 1.8 UM LexA protein. Excitation was done with verti-
cally polarized light at 485 nm. Two emission channels, both with 530-nm cut-
on filters, were used to monitor the vertical and horizontal polarized emission
components simultaneously. Fluorescence anisotropy data were collected for 1 s,
sampled with 1,000 linearly spaced data points.

Equilibrium binding of LexA to DNA. The studies of Figure 4 were carried
out (i) to confirm that the stopped-flow measurements (Fig. 3) monitor the full
LexA-binding process; and (ii) to relate LexA binding in the anisotropy experi-
ments, which require relatively high [DNA] (200 nM) to LexA binding in the
present FRET experiments, and in our earlier studies'4, which were carried out
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at much lower [DNA]. Because LexA binds to DNA as a monomer coupled to
cooperative dimerization of bound monomers*’, the apparent affinity for LexA
is greatly dependent on [DNA]: at high [DNA] (200 nM) and low [LexA] (for
example, 10 nM), lower-affinity monomeric binding predominates, whereas
at low [DNA] (1 or 7 nM), cooperative dimeric binding predominates even
at low [LexA].

Steady-state fluorescence anisotropy measurements. Measurements were made
using the ISS PC1, in the identical solution conditions used in the stopped-flow
experiments. DNA F-32 (200 nM) in 0.5% TE was excited at 485 nm. The same
530-nm cut-on filter as used for the stopped-flow anisotropy measurements was
placed in the emission channel.

Gel mobility shift assays. 147-L or F-32 DNA was labeled at 5" ends with
[y-3?P]ATP using T4 polynucleotide kinase. DNA 147-L at 1 nM, or F-32 at
1 or 200 nM, was titrated with increasing concentrations of LexA protein at room
temperature (~23 °C). Samples were incubated for 2 min at room temperature,
and then loaded onto running 5% (w/v) nondenaturing polyacrylamide gels.
Gels were dried and analyzed by phosphorimager.

Kinetic analysis. We represent the mechanism of Figure 1 as

k k
Nt——ku—' SR R (1)
21 32

where N is the fully wrapped nucleosome, S is the nucleosome after spontaneous
site exposure, and R is an arbitrary regulatory protein, LexA repressor protein
in our case. For such reversible two-step reactions, the relaxation kinetics are
characterized by two relaxation times, one corresponding to flux from the two
end states (N and RS) toward the intermediate (S + R), the other corresponding
to flux from the intermediate toward the two ends*!. For many such cases, the
intermediate (S) is present at very low concentration and is in steady state. This is
the expected situation for nucleosomes because (i) Koq =k, / ky; <<1,implying
that ky; >> ky,; (ii) as will be seen, k,; >> 1 57!, whereas ordinarily ks, << 157!
for site-specific DNA-binding proteins; and (iii) we include experiments at very
high [LexA], such that most of the nucleosomes are converted to RS, implying
that (ky3 X [R]) >> ks,. Thus, ky; + (ky3 X [R]) >> k;, + k3, from which it follows
that [S] will always be negligible. Because of this, it is not possible to detect the
relaxation corresponding to flux from S to (N and RS), and so we expect that only
one relaxation time, corresponding to flux from two ends to the intermediate, will
be observed. This one relaxation time will be manifested as a single-exponential
decay in the observed FRET signal.

There are two important limits for equation (1) when S is in steady state*!.
Case I (low [LexA]) obtains when

ks X [LexA] << ky, )

This is the rapid pre-equilibrium regime. In this situation, the single apparent

relaxation rate, kapp, becomes
Kapp = Keq % kp3 X [LexAl (3)
Case II (high [LexA]) obtains when
ky3 X [LexA] >> ky, (4)

This is the opening-limited regime. In this regime, the single apparent relax-

ation rate, k, ., becomes

app’

kapp: k12

5)
that is, the observed rate becomes independent of [LexA], and equals the rate
of spontaneous nucleosome opening. This is the regime we use in the present
study.

Fluorescence correlation spectroscopy. FCS measurements were carried out
using a custom confocal optical system with a 1.3 NA x 100 microscope objective
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(Zeiss Fluar) and a diode pumped 532-nm laser (Crystalaser) as the excitation
source. The emitted fluorescence was collected using the same objective and
passed through a pinhole of diameter 50 m in the image plane of the objective.
The fluorescence was then separated into the donor and acceptor components
using a dichroic mirror, and the donor component was further divided in two
using a 50:50 nonpolarizing beam splitter. Each component was filtered using a
narrow bandpass filter (34 Millennium series, Omega optical) and focused onto
a photon-counting module (SPCM-AQR-14, Perkin Elmer Optoelectronics). The
output of the Cy3 detectors was cross-correlated using a correlator (ALV-5000/
EPP, ALV). This arrangement provides a way of removing after-pulsing artifacts
in the Cy3 autocorrelation function. Instead of autocorrelating the signal in a
single detector, the signal is split in two, detected by two independent detectors,
and cross-correlated.

FCS was measured using a few microliters of a 100 nM solution of the fluo-
rescently labeled nucleosomes in TE buffer. The confocal volume (~0.5 fl) was
calibrated using a tetramethylrhodamine solution. The excitation power was kept
low (~50 WW) to minimize photobleaching and triplet formation.

The cross-correlation function is defined as?%21:42

(81, (1)81,(t + 1))
(1LY 1))

where I} ,(t) represents the fluorescence signal measured in detectors 1 and 2
at time #; angled brackets denote time averages; and 81 12(1), the fluctuations
of the fluorescence signal, are defined as the deviations from the temporal
average: 81 ,(t) = I ,(t) —(I; ,(t)). (This definition is strictly the normalized cross-
covariance. The definitions of the autocorrelation function and autocovari-
ance function are frequently used interchangeably in the FCS literature and

Gl_z(r) = (6)

other applications of fluctuation analysis*2.) In this experiment, detectors 1
and 2 both measure the donor signal, and thus the cross-correlation function
defined above is identical to the donor autocorrelation function in the absence
of after-pulsing effects.

The autocorrelation function describing the fluctuations in fluorescence inten-
sity of nucleosomes labeled with donor only, that are freely diffusing in three

dimensions with a diffusion coefficient D, is given by?*2!
1 |
Gp(7)= 7
VeIT(C) I+ 4D'E 1 4D‘L’ (7)
z 4 2
0 %

2Y8) where V= 3/ 12 z represents the effective confocal volume; (C) is the mean

concentration of particles in the sample; and r, and z; are the radial and axial
dimensions of the observation volume, respectively.

For a nucleosome sample containing both donor and acceptor, the opening
and closing of the DNA as the nucleosome diffuses through the confocal vol-
ume represent an extra source of fluorescence fluctuations. Assuming a two-state
model,

(8)

the autocorrelation function is given by?%-2!

where F represents the fraction of dark molecules (fully wrapped nucleosomes).
This equation assumes that the dark state is completely dark—in other words,

1 1 1

F
=1+
V..(C)(, 4Dz 4Dt '-'2( I-F
I+ 1+
A Zﬂ

G.DA (T) = e""“‘l:*’":l’]

)

that there is no residual fluorescence. Consistent with our bulk measurements,
experiments on single diffusing D-A-labeled nucleosomes showed that the FRET

The ratio of equations (9) and (7) yields

1k +hay)

Gp(®) g, F
G,(T) 1-F

E (10)

where F, the fraction of dark states, can be expressed as k5, / (k; + k;,). The pre-
exponential factor in equation (10) can be rewritten in terms of the equilibrium
constant of the closed to open reaction as

F(1=F) =ky/k;p=1/Ky (11)

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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