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We have previously shown that nucleosomes are conformationally
dynamic: DNA sequences that in the time-average are buried inside
nucleosomes are nevertheless transiently accessible, even to large proteins
(or any other macromolecule). We refer to this dynamic behavior as “site
exposure”. Here we show that: (i) the equilibrium constants describing
this dynamic site exposure decrease progressively from either end of the
nucleosomal DNA in toward the middle; and (ii) these position-depen-
dent equilibrium constants are strongly dependent on the nucleosomal
DNA sequence. The progressive decrease in equilibrium constant with
distance inside the nucleosome supports the hypothesis that access to
sites internal to a nucleosome is provided by progressive (transient)
release of DNA from the octamer surface, starting from one end of the
nucleosomal DNA. The dependence on genomic DNA sequence implies
that a specific genomic DNA sequence could be a major determinant of
target site occupancies achieved by regulatory proteins in vivo, by either
governing the time-averaged accessibility for a given nucleosome pos-
ition, or biasing the time-averaged positioning (of mobile nucleosomes),

which in turn is a major determinant of site accessibility.
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Introduction

The mechanisms whereby proteins gain access to
DNA target sites in chromatin are not known. A
problem that arises even at the lowest level of
chromatin organization, the nucleosome, is that
most of the DNA is inaccessible, yet essential pro-
cesses such as transcription, replication, recombina-
tion, and repair must occur. Studies in vivo point to
a need for ATP-powered molecular machines to
“open chromatin”. Strikingly, however, studies
from many laboratories reveal that nucleosomal
DNA is accessible to apparently all DNA-binding
proteins, even in the absence of exogenous factors,
despite the fact that the crystallographic structure
of the nucleosome shows that the binding sites
would be occluded (Luger et al., 1997).

In earlier work (Polach & Widom, 1995, 1996)
we proposed a ““site exposure model” that explains
this behavior of nucleosomes in vitro and success-
fully predicts the results of widely disparate exper-
iments, such as the equilibrium binding of a
protein to a nucleosomal DNA target site, the kin-
etics of digestion of nucleosomal DNA at internal
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sites by restriction enzymes or at the ends of
nucleosomal DNA by exonucleases, and the sur-
prising cooperative binding of pairs of proteins to
target sites contained within the same nucleosome.
Let N represent a nucleosome in its native (most
prevalent) conformation. The site exposure model
supposes the existence of a transient state, S, of the
nucleosome, at equilibrium with N, in which the
nucleosome has transiently uncoiled some of its
DNA, such that a DNA target site that was pre-
viously inaccessible is now freely accessible to a
binding protein, R, or nuclease, E. These can bind
to make a complex, RS or ES, the latter of which
can go on to catalyze to yield products E and P.
We suppose that sufficient DNA is uncoiled so as
to make the subsequent steps on the site-exposed
nucleosome equivalent to those on naked DNA.
Thus:

k12 ka3
N f S+R f RS (1a)
ko3
S+RERS (1b)

ka2

for equilibrium binding to a nucleosomal target or
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naked DNA, respectively, and:

k12 kas kaq
N=S+E=ES—E+Pand: (2a)
ka1 ks
k23 k34
S+ERES S E 4P (2b)

ks

for nuclease digestion of nucleosomal or naked
DNA, respectively.

Real nucleosomes in vitro behave as though such
uncoiling processes are occurring constantly yet
transiently, in a rapid pre-equilibrium. As a conse-
quence of this behavior, even sites which are
buried within the middle of the nucleosome are
constantly but transiently accessible, with equili-
brium constant for accessibility (site exposure)
K™ =kyy/kyy. The apparent equilibrium binding
affinity for proteins to nucleosomal target sites,
and the observed rate constants for digestion of
nucleosomal DNA, are reduced from their values
on naked DNA by a factor equal to K&M. For
further discussion of the site exposure mogiel, see
Polach & Widom, (1998) and Widom (1998).

In the site exposure model, equilibrium constants
for site exposure are related to sums of free ener-
gies for all of the histone-DNA contacts that need
to be broken in order to expose the site. This
implies that the DNA sequence could be a major
determinant of site exposure equilibrium constants.
Sequences having especially high affinity for the
histone octamer (or equivalently, strong nucleo-
some positioning sequences (Lowary & Widom,
1997)) should exhibit significantly reduced equili-
brium site accessibility. DNA sequence motifs
implicated in nucleosome positioning are found
with statistically significant enhanced probability
in eukaryotic genomes (Widom, 1996; Lowary &
Widom, 1998) and are known to actually confer
increased nucleosome-positioning power on the
DNA segments that contain these motifs (Lowary
& Widom, 1998; Thastrom et al., 1999). If such
high-affinity sequences could strongly suppress
site exposure equilibria, this could contribute
importantly to gene regulation in two novel ways
(see Discussion). Thus, one aim here is to test
whether the choice of specific DNA sequence actu-
ally can have any significant effect on site exposure
equilibrium constants.

A second aim of the study is to examine the pos-
ition-dependence of equilibrium constants for site
exposure. The site exposure model supposes that
access to sites internal to a nucleosome is provided
by progressive (transient) release of DNA from the
octamer surface starting from an end of the nucleo-
somal DNA. Our earlier study analyzed sites
within one side of the nucleosomal DNA, and
obtained results consistent with this hypothesis:
K& decreased progressively with distance from
the end of the nucleosomal DNA in toward the
middle. However, the DNA constructs analyzed in
that study had several limitations. They lacked

appropriate sites in the other half, hence they did
not allow measurements to be made along the full
nucleosomal DNA length. Moreover, each DNA
construct used contained only a small number of
sites; results from several related, but different,
DNA constructs were combined to yield the final
picture. Hence, a second goal here is to allow
measurement of K™ over the full length of the
nucleosomal DNA using a single nucleosome
population, to facilitate a clear analysis of the
nature of position-dependences to K.

Results

Purification and characterization of
reconstituted nucleosomes

A new DNA sequence (601.2, Figure 1(a)) was
developed for these studies, based on the following
considerations. (i) It is derived from a non-natural
sequence that was selected for especially high-affi-
nity binding to histone octamer in nucleosome
reconstitution (Lowary & Widom, 1998). Such a
sequence is also expected to be a strong nucleo-
some-positioning sequence (useful for creating
homogeneous samples) and to exhibit dramatically
any DNA-sequence-dependent effects on equili-
brium constants for site exposure that might be
obtained (Lowary & Widom, 1997). (ii) The DNA
has short extensions at each end beyond the
expected nucleosome position, used for the map-
ping studies that establish the actual nucleosome
positioning. (iii) We make specific base changes to
the DNA sequence to introduce sites for restriction
enzymes at locations throughout the nucleosome.
These restriction enzymes can then be used to
measure the corresponding position-dependent
equilibrium constants for site exposure, as
described in our earlier studies.

Nucleosomes are prepared by gradual salt dialy-
sis from 2.0 M NaCl and purified by sucrose gradi-
ent centrifugation. A typical sucrose gradient
profile is shown in Figure 1(b). Reconstituted
nucleosomes comigrate with native nucleosomes
and are well resolved from residual naked DNA.
Peak nucleosome-containing fractions were pooled
and further characterized by native gel electro-
phoresis (Figure 1(b)). A single shifted band was
observed, consistent with a strong statistical bias
for occupancy by the histone octamer at a single
preferred position along the DNA, as would be
expected for a DNA sequence with particularly
high affinity (Lowary & Widom, 1997). Quantitat-
ive analysis revealed negligible contamination of
the purified nucleosomes by free DNA (<0.5 %).

Since we wished to quantify K™ as a function
of position within the nucleosome, it was import-
ant to map where the nucleosome is. We antici-
pated that the high affinity sequence might
facilitate mapping using exonuclease III by creating
an especially strong “pause” at the protected core
particle boundary (Protacio et al., 1997). This
proved to be the case. Whereas naked DNA was



Sequence and Position-dependence of Site Exposure 981

A = z _ B C
72 & g 2z E
e @ = @ e DNA Nucleosome
clgggouggn GoATCS TTAACCGCCAAGG cacata T 1 T 1
GACGTCTTCGAA ccuos |astrcocaatice GTGCAC
\ 7 \ M1 2345¢678M910111213141516M
\ / \ I \ / \ / - - -
15\ / \' 1 Dyad A\ / [ 160
A /37 a4 \ /e o5 \ / 131134 |/
] ___H |
1 21 32 v 69 74 108 1200 | | 143148 174
1 I t \ [ !
nucleosome \ | \ l \ nucleosome
boundary / \ boundary
I I \
ccceeeoc Irccucemccccc cmc 622
Goeeeeos Acirrocimicco GAEC 507 - 2 -
83 N 2 “ S = i
T -
307 4 &
242
1 2 238 W - -
B Nucleosomes Naked DNA 217 - ot B
w 201 - - -
190 & - -
180 & a .,‘. - -
e 8.
160 . - AEAmE - -
E 147 == - -
5] . 4
[
2 - R ;
ks 123 = = =
fir .
o

90

10 15 20 25
Fraction #

Figure 1. Construction and characterization of reconstituted nucleosomes. (a) Schematic representation of DNA
construct 601.2. The 174 bp-long DNA sequence is illustrated as a rectangle. The histone octamer was mapped (see
the text) to a single detectable position covering positions 15 to 160 (bp), indicated by the black vertical bars. The cor-
responding location of the nucleosomal dyad symmetry axis is indicated. Sequences around each nested set of restric-
tion sites are projected above and below the diagram, and specific restriction sites are indicated. The numbers
bordering each hatched box indicate the precise locations of those stretches of sequence within the overall 174 bp-
long sequence (bp 1 is defined as the left end of the DNA sequence). (b) Sucrose gradient purification and re-analysis
by sucrose gradient (left-hand panel) and native gel electrophoresis (right-hand panel). Nucleosomes are reconstituted
by gradual salt dialysis and separated from naked DNA and any non-nucleosomal contaminants on 5 %-30% (v/w)
sucrose gradients. M, Preparative run of reconstituted core particles; A, marked DNA run in an identical gradient;
[, re-analysis of gradient purified particles. Native gel analysis: W, the location of the loading wells; R, the mobility
of the reconstituted nucleosomes; D, the mobility of naked DNA. Lane 1, naked DNA; lane 2, purified nucleosomes.
The isolated nucleosomes show the appropriate mobility shift (in comparison to other nucleosomes and DNA size
standards, not shown). Phosphorimager analysis of the gel reveals contamination by free DNA and other non-nucleo-
somal aggregates to be <0.5%. (c) Exonuclease III mapping. Aliquots from digestion reactions of singly 5 end-
labeled naked DNA (left-hand panel) and nucleosome core particles (right-hand panel) were run on 8 % denaturing
polyacrylamide DNA sequencing gels. Samples were taken prior to initiation (0 minute), and at 1, 2, 4, 8, 16, 32, and
64 minutes after addition of enzyme, corresponding to lanes 1 to 8 for naked DNA and lanes 9 to 16 for nucleosome
core particles, respectively. Markers (M) are Mspl-digested pBR322 fragments (New England Biolabs). Naked DNA is
digested rapidly to nucleotides; nucleosome core particles are digested rapidly to the edge of the particles (sharp new
band, arrow), whereupon further digestion is greatly slowed. The next digestion pause site can be seen faintly in
lanes 13 to 18, corresponding to digestion approximately 10 bp inward from the edge of the particle.

rapidly digested into small oligomers, the nucleo-
somal DNA was rapidly shortened to a new sharp
band corresponding to the end of the core particle
(Figure 1(c), lanes 11-16), which persisted for the
remainder of the digestion. Similar experiments
with the opposite strand labeled (not shown)
yielded an independent determination of the other
end of the nucleosome. In three separate pairs of
such experiments, the nucleosome was mapped to
the same stretch of DNA, from position 15-160 on
the DNA, as illustrated in Figure 1(a). Evidently,
exonuclease III is capable of near base-pair resol-
ution mapping of the strongly preferred nucleo-
some position on such high affinity DNA
molecules.

These exonuclease experiments were designed
for mapping, hence were not carried out in such a
way as to allow a quantitative measurement of
K™, Qualitatively, however, the protection that
we observed for this sequence was far stronger
than any that we have seen previously, consistent
with a substantially decreased K™ at the core par-
ticle ends for this high affinity sequence (Protacio
et al., 1997).

Free energy measurements

The DNA sequence designed for this new study
(601.2) was based on a high affinity sequence (601)
isolated in earlier studies (Lowary & Widom,
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1998), but incorporated multiple nucleotide
changes so as to introduce restriction sites through-
out its length. It is likely that these sequence
changes will decrease the affinity, hence it was
important to measure the affinity of the new
sequence. We also measured the affinities of the
various sequences used in our earlier measure-
ments of K™, since these sequences also incorpor-
ated slight modifications of their corresponding
natural 5S RNA gene nucleosome positioning
sequence. We wused the standard competitive
nucleosome reconstitution assay to measure the
affinities (free energies) of these various DNA mol-
ecules for the histone octamer (Shrader & Crothers,
1989; Lowary & Widom, 1998; Thastrom et al.,
1999). In this assay, trace amounts of radiolabeled
DNA competes with a large excess of unlabeled
competitor DNA for limiting amounts of histone
octamer. The ratio of nucleosomal to free tracer
DNA defines an equilibrium constant (affinity) and
a corresponding free energy for the tracer that is
valid for that competitive environment. To facili-
tate comparisons between experiments, we report
difference free energies (AAG’s), measuring the
free energy of the tracer relative to that of a refer-
ence sequence measured at the same time in the
identical competitive environment. We used a frag-
ment of the sea urchin 5 S ribosomal RNA gene
nucleosome positioning sequence (Simpson &
Stafford, 1983) as a reference tracer DNA.

The results of one such experiment are illus-
trated in Figure 2 and are summarized quantitat-
ively in Table 1. An important control, in which
the radiolabeled tracer DNA is a sample of the
bulk core particle competitor DNA itself, is shown
in lane 1. The ratio of counts in shifted (nucleoso-
mal) products to total counts is in close agreement
with the 1:20 molar ratio of octamer supplied in
the reaction, confirming that the system is behav-
ing properly. As a second control, we repeated our
earlier measurements on the original 601 sequence.
Despite differences in details of the competitive
environments used in the two studies, our new

Table 1. Quantitative free energy measurements

DNA sequence AAG° 2 kcal mol™! (n)

601.2 —1.0 £ 0.04 (9)
601° —2.8+0.03 (6)
Construct a© +0.19 + 0.17 (10)
Construct b¢ +0.30 £ 0.06 (8)
Construct c© +0.39 + 0.38 (6)

Values are expressed as mean £SD; #n, number of indepen-
dent measurements. Whereas AG values are specific to particu-
lar competitive environments, AAG values reflect intrinsic
propertes of the molecules independent of the particular com-
petitive environment.

2 AAG® values measured relative to the 5S reference
sequence (Simpson & Stafford, 1983), and calculated as
AGlmple — AGs. AG® (= —RT In K,,) values obtained using
the indicated radiolabeled tracer with chicken erythrocyte core
particle DNA as competitor.

b See Lowary & Widom (1998).

¢ See Polach & Widom (1995).

Figure 2. Native gel analysis of competitive reconsti-
tution assays. Radiolabeled tracer competes with a large
excess of unlabeled natural nucleosome core particle
DNA for limiting quantities of histone octamer in dialy-
sis from concentrated NaCl. Lane 1, some of the natural
nucleosome core particle DNA is labeled and used as
tracer. Lane 2, a derivative of the well-characterized
natural nucleosome-positioning sequence from sea
urchin 5 S rRNA gene (Simpson & Stafford, 1983). Lane
3, high affinity sequence 601.2. M, 100 bp ladder; D,
mobility of naked DNA; R, reconstituted nucleosome
mobilities. The diverse mobilities represent reflect a
range of positionings on the different molecules. Also,
the core particle DNA tracer is not homogenous in
length. The 5 S derivative yields several distinct nucleo-
somal positions, whereas 601.2 shows one predominant
position. The raw data show that 601.2 competes much
more effectively for the limiting histone octamer than
does the 5 S sequence (greater ratio of counts in band R
versus counts in D).

measurements are in close agreement with the ear-
lier results, providing further evidence that the
assay is behaving properly. Results for the 601.2
sequence are shown in lane 3, compared to the 5 S
reference molecule in lane 2. The 601.2 sequence
has a (negative) free energy 1.0(+0.04) kcal mol™
greater than that of the 55 sequence. The three
variants of the 5 S sequence used in our earlier stu-
dies have free energies that are positive (reduced
affinity) relative to that of the unmodified 5 S
sequence, with AAG values of +0.19(+0.17)
kcal mol™', +40.30(£0.06) kcal mol™!, and +
0.39(£0.38) kcal mol™'. The corresponding affinity
of sequence 601.2 is thus ~10-fold greater than the
affinities of these 5 S sequence variants. The site
exposure model predicts that K™ values will
decrease correspondingly.
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Restriction enzyme kinetics assays for K33"

We used the restriction enzyme digestion kin-
etics assay (Polach & Widom, 1995) to measure
K& at target sites throughout the nucleosome.
Parallel digestions of nucleosomal and free DNA
were carried out in identical solution conditions.
The results of one such experiment, probing a
restriction site 40 base-pairs into the nucleosome,
are illustrated in Figure 3(a) and (b) for naked
DNA and nucleosomes, respectively. The corre-
sponding rate constants for digestion obtained
from exponential fits to plots of fraction of
uncleaved substrate versus time (Figure 3(c) and
(d)). In accordance with the prediction of the site
exposure model, when compared to our earlier stu-
dies on the modified 5 S sequences, nucleosomes
containing the high affinity sequence (601.2) are
much more slowly cleaved by the restriction
enzymes. Because of this increased resistance to
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digestion, it is not possible to obtain cleavage of
the entire sample over any reasonable period of
time. Longer periods of digestion become proble-
matic because of decay of the restriction enzyme
activity, not to mention concerns about the integ-
rity of nucleosomes were they to be left for long
periods at 37°C. For these reasons, we monitor
only the early stages of digestion of the nucleo-
somes. Possible concerns that these digested
nucleosomes might not be representative of the
entire sample are refuted by the overall pattern of
results (see Discussion).

Values of K™ obtained from many such exper-
iments are shown in Figure 4, tied to their corre-
sponding nucleosomal location on the abscissa
(bottom). These results are shown superimposed
on our earlier results obtained using the modified
5 S sequences (tied to a separate abscissa, top), to
facilitate a comparison.
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Figure 3. Representative kinetic analysis, probing site-exposure at a site 40 bp from the right-hand end of the core
particle. (a), (b) Denaturing polyacrylamide gel analysis of the time-course of digestion using the enzyme StylL
(a) Naked DNA, digested with StyI at 2 units ml™*. (b) Nucleosomes, digested with Styl at 2000 units ml~*. Lanes 0
through to 8 are obtained from samples removed 0, 1, 2, 4, 8, 12, 16, 24, 32, and 48 minutes for both naked DNA and
nucleosomes. In each case, the substrate (174 nt, S) is converted over time to two products (120 nt, P1, and 54 nt, P2).
The sizes of S, P1, and P2 expected from the DNA sequence are confirmed on other gels, not shown, in which their
mobilities are compared to the mobilities of size standards. Size standards are routinely omitted on experimental gels
simply to increase the number of timepoints that may be quantified under identical conditions. (c), (d) Quantitative
analysis of the time-course of digestion from the data in (a) and (b), respectively. The fraction uncut is plotted on a
log scale versus time. The superimposed lines represent the results of least-squares fits to single exponential decays.
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Figure 4. Summary of measured equilibrium constants for site exposure (K3™). Means and standard deviations are
plotted as a function of location in the nucleosome, for the high affinity sequence 601.2 (dark shading, tied to the cor-
responding nucleosomal locations below the plot) and for the reference 5 S sequences (light shading, tied to their cor-
responding nucleosomal locations above the plot). The data for the 5S reference sequences, including the
corresponding nucleosome mapping studies, are from our earlier study (Polach & Widom, 1995).

Discussion

Two aspects of the results are striking. First, the
high affinity sequence exhibits greatly reduced
K" at all sites throughout the nucleosome. Com-
pared to the sequences studied earlier, the high
affinity sequence suppresses K™ by ten- to 100-
fold throughout the nucleosome. Second, the over-
all pattern of Kgg“f versus nucleosomal location is
roughly symmetric about the mapped location of
the nucleosomal center (dyad axis). Values of Kgg“f
decrease progressively from either end in toward
the middle of the nucleosome. The implications of
these two findings are discussed in more detail
below.

Are the digested DNA molecules
representative of the sample?

A detailed set of control experiments testing
alternative interpretations of the restriction enzyme
assay have previously been reported (Polach &
Widom, 1995). Those studies demonstrated, among
other points, that: the fraction of DNA molecules

participating in the reactions was far greater than
the fraction of DNA present as contaminating
DNA; nucleosomes remained intact during the
digestion; the reactions are first-order in (enzyme),
consistent with the assumption of a rapid pre-equi-
librium (and implying that the enzymes are not
driving the process being monitored); and the rate
does not depend on the presence of additional
enzymes that lack specific sites (providing
additional evidence that in the [enzyme] range
used in these studies, neither specific nor non-
specific enzyme binding contribute to the site
exposure process being studied, but rather the
enzymes serve as neutral probes of a naturally
occurring dynamic conformational equilibrium).
Here, we focus on three points in particular.
First, the accessibilities (actually, rates of cleavage)
measured at all sites differ by three to six orders of
magnitude from those of naked DNA (Figures 3
and 4). This observation directly rules out the
hypothesis that the digestions occur only on pre-
existing naked DNA. Also, the extents of digestion
measured on these high affinity sequences are still
much greater than the fraction of naked DNA
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present in the sample, which is typically <0.5%
(Figure 1(b), right-hand panel), again ruling out
that hypothesis.

Second, as an additional check for the present
studies, a mock-digestion control was carried out
for each reaction to measure the amount of nucleo-
some dissociation occurring over the course of the
experiment. An aliquot was removed from the
sample tube prior to addition of restriction
enzyme, and was mock-digested through the
addition of identical reagents (with the exception
of the enzyme itself) as in the actual digestion.
After the real digestion reactions were complete,
the mock digestion controls were immediately run
on a native polyacrylamide gel. Typically, a very
small amount of free DNA was detected, in the
order of 0.5% or less (data not shown), far less
than the total fraction of substrate digested in the
real reactions (Figure 3). These results confirm that
nucleosome dissociation contributes negligibly to
the process monitored in the present study by the
restriction enzyme digestion assay.

Finally, the collective results in Figure 4 refute
the concern that the nucleosomes that are cleaved,
i.e. those molecules actually contributing to the
measurement, might not be representative of the
entire sample, but might instead represent a small
fraction of unstable particles, or perhaps nucleo-
somes with very different positionings. The results
in Figure 4 show that, on the very same samples,
there is a greater than 100-fold difference in K™
between differing sites. In order for non-represen-
tative species to account for this overall pattern of
accessibility, one would have to argue that there
are many distinct non-nucleosomal species, one for
every different value of K™ obtained; further-
more, one would have to suppose that this ensem-
ble of distinct species had the quite remarkable
property of progressively decreasing the accessibil-
ity between the DNA ends and middle. We con-
sider these scenarios as unlikely. Rather, in
accordance with the presence of a single peak in a
sucrose gradient (Figure 1(b), left-hand panel), a
single band on native gels (Figure 1(b), right-hand
panel), and a single strong pause site
at each end during exonuclease III digestion
(Figure 1(c)) (delineating, moreover, a ~146 bp
protected core region; Figure 1(a)), we conclude
that the sample is homogeneous, and that the rela-
tively limited extents of digestion followed during
the kinetic analysis are nevertheless representative
of all of the molecules in the sample.

Site exposure via progressive displacement
starting from one end

The progressive decrease in equilibrium constant
with distance inside the nucleosome supports the
hypothesis that access to sites internal to a nucleo-
some is provided by progressive (transient) release
of DNA from the octamer surface, starting from
one end of the nucleosomal DNA. A simple picture
based on the structure of the nucleosome (Luger

et al., 1997) that accounts for these results supposes
that there are favorable contact-patches (“bonds”)
between DNA and histone residue every ~10 bp,
as the DNA backbone (minor groove) wraps
around and faces the histone residue surface.
Stepwise uncoiling, with each step corresponding
to breaking one of these “bonds” (with
associated cost in free energy), would lead to the
observed position-dependent pattern of equili-
brium accessibility.

Two distinct mechanisms could lead to such a
progressive displacement of DNA starting from an
end (Polach & Widom, 1995). One possibility is
that the DNA partially uncoils, with the remaining
contacts between histone octamer and DNA left
unchanged. One can imagine this as partial uncoil-
ing of a chain that is wrapped (without any slack)
around a gear.

A quite different possibility is that the histone
octamer could translocate along the DNA (also
called sliding), moving along the DNA toward the
left in order to progressively expose sites on the
right, and vice versa.

The distinction between these two models is
subtle. At present we have no direct evidence
favoring or contradicting either one. We have pre-
viously pointed out (Polach & Widom, 1995) that
an indirect argument supports the former (uncoil-
ing) mechanism for site exposure: the rate of site
exposure appears to be fast in comparison to the
rate of sliding (Protacio et al., 1997), suggesting
that sliding cannot account for site exposure in
those experiments. Indeed, we proposed instead
that uncoiling could provide a mechanism for
translocation. If DNA that had partially uncoiled
from an end were recaptured at a different position
along that DNA (most likely displaced by a
roughly integral multiple of a DNA helical turn) to
create a bulged loop, then propagation of the loop
out to either end would result in a net transloca-
tion of the histone octamer. These two models
could be distinguished in future studies that inves-
tigate the effects of appending stretches (e.g.
nucleosome or half-nucleosome lengths) of naked
DNA on apparent equilibrium constants for site
exposure.

Genomic DNA sequence: a major determinant
of the equilibrium accessibility of regulatory
target sites in chromatin

A second conclusion of the present study is that
the choice of specific genomic DNA sequence is a
major determinant of the equilibrium accessibility
of target sites within the nucleosome. The DNA
sequence influences equilibrium constants for site
exposure over several orders of magnitude, and at
sites throughout the nucleosome. This conclusion,
in turn, implies that the genomic DNA sequence,
through influences on site exposure equilibria, can
be a major determinant of the actual occupancy of
nucleosomal DNA target sites that will be achieved
by the regulatory proteins that act at them.
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This new conclusion complements our earlier
studies which revealed a distinct way in which
genomic DNA sequence can regulate the equili-
brium accessibility of DNA target sites, namely,
through influences on nucleosome positioning. Our
earlier results establish that the accessibilities of
sites within a nucleosome are strongly dependent
on the location of the site within the nucleosome
(decreasing by several orders of magnitude as one
looks from one end of the nucleosomal DNA in
toward the middle (Polach & Widom, 1995)) and
that the preferred positioning of nucleosomes is
linked to the positioning-dependent free energies
of histone-DNA interactions (Lowary & Widom,
1997), with many natural sequences biasing this
positioning by 100-fold or more (Thastrom et al.,
1999). From these facts it follows that the choice of
genomic sequence, through biases in the preferred
positioning of nucleosomes, can bias by factors of
100-fold or more whether the equilibrium constant
for site exposure of a particular target site is poten-
tially ~1 or greater, corresponding to preferential
positioning of the target site in linker regions, or
1072-1073, corresponding to preferential position-
ing of the target site near the end of the nucleoso-
mal DNA, or as low as ~107%-107°, corresponding
to preferential positioning of the target site near
the nucleosomal dyad.

These two mechanisms by which the choice of
genomic DNA sequence can strongly influence the
equilibrium accessibility of nucleosomal DNA tar-
get sites are actually linked by the site exposure
model: a subset of the histone-DNA contacts in the
nucleosome that contribute to biasing nucleosome
positioning (and thus influence site accessibility
indirectly) also contribute to the energy penalty
that must be paid to expose the site (thereby influ-
encing site accessibility directly).

If it proves to be the case that nucleosomes are
mobile in vivo (perhaps owing to the action of
macromolecular complexes that catalyze nucleo-
some mobility (Hamiche et al., 1999; Langst et al.,
1999)) and that this mobility occurs rapidly in com-
parison to time-scales of regulatory decisions, then
equilibrium occupancy of regulatory proteins may
need to be considered as a set of coupled equili-
bria. These equilibria may include the forces (free
energies) of nucleosome positioning (which
depends on DNA sequence (Lowary & Widom,
1998) and many other factors (Yao ef al., 1993)), site
exposure (which again is sequence-dependent),
and regulatory protein binding to DNA.

Materials and Methods

Preparation of DNA and histories

DNA sequence 601.2 was derived from sequence 601
(Lowary & Widom, 1998) using PCR to introduce
specific base changes. Three oligonucleotides were used,
in two successive steps of PCR synthesis (nucleotide
changes are capitalized): R601, tacatgcacaggatgtatatatct;
L601.1, gecctgCagaaGeTTggtCecgGggecgcetcaattggtegtag-

caagctctGg-ATccgettGaTcgAacgtacgegetgteeece; and
L601.2, ggaccctatacgeggGegecctgCagaaGeTTggtC. A first
step of PCR used the primer pair L601.1 and R601 with
the original 282 bp-long sequence 601 as template. The
product was purified by ion-exchange HPLC (Polach &
Widom, 1995) and used as template in the second step of
PCR with the primer pair L601.2 and R601, yielding
601.2. This product was also purified via ion-exchange
HPLC. Histone octamer was purified from chicken eryth-
rocytes as described (Feng et al., 1993).

Reconstitution and purification of nucleosomes

Nucleosomes incorporating radiolabeled tracer DNA
were reconstituted by gradual salt dialysis and purified
by sucrose gradient ultracentrifugation as described
(Polach & Widom, 1995), using 200 ng specific DNA
(including some radiolabeled as tracer), 19.2 ug chicken
erythrocyte nucleosome core particle DNA (as carrier),
and 15.5 pg purified chicken erythrocyte histone octamer
in a 50 pl volume. Peak nucleosome-containing fractions
were pooled and exchanged into 0.5 x TE on Centricon-
30 concentrators. The resulting samples were analyzed
on an additional sucrose gradient and by native poly-
acrylamide gel electrophoresis.

Equilibrium constants for site exposure (Ko

Construct 601.2 was digested with the following
enzymes, all at 37 °C: Pstl, HindIIl, Mspl, Haelll, BamHI,
Rsal, Hhal, Msel, Styl, Bfal, and Pmlil. Taql digestions
were carried out at 65°C (for discussions of studies at
higher temperatures, see Bashkin et al., 1993; Polach &
Widom, 1995). All enzymes were obtained in their most
concentrated commercially available form from New
England Biolabs, and all digestions were carried out
with the buffer supplied by NEB. Glycerol was added to
all naked DNA digests to the same final concentration
present in the corresponding core particle digestion, and
never exceeded 5% (v/v) in any reaction. At various
timepoints during the reactions, 10 ul aliquots were
removed and quenched with 40 mM EDTA. The sub-
strate DNA (S) and the two products (P1, P2) were
resolved on denaturing polyacrylamide gels and quanti-
fied via phosphorimager. Background values were deter-
mined separately for each band and subtracted. The
fraction uncut at each timepoint was defined as (counts
in S)/(counts in S+ P14+ P2). Apparent rate constants
(kyps) for each digestion were obtained by non-linear
least-squares fitting to a single exponential decay. K™
was obtained from the ratio of k., for nucleosomal and
naked DNA digests, scaled for enzyme concentration
(Polach & Widom, 1995).

Exonuclease lll mapping of reconstituted
core particles

Exonuclease III was used to map the position of the
histone octamer in reconstituted core particles. The two
ends of the nucleosomal DNA are mapped separately
using nucleosomes reconstituted with DNA labeled at a
single end. Digestions were carried out on purified
nucleosomes and on naked DNA (containing the same
chicken erythrocyte DNA carrier) in 100 pl reactions con-
taining 75 nM nucleosomes or naked DNA and 100 units
ml~! exonuclease III in 50 mM Tris-HCl (pH 8.0), 5 mM
MgCl,, 5mM B-mercaptoethanol. Reactions were
initiated by mixing two 50 pl half reactions, one contain-
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ing enzyme, the other substrate, both preheated to 37 °C.
Volumes of 10 pl aliquots were removed over time, ana-
lyzed on a sequencing-size 8% denaturing polyacryl-
amide gel, and quantified by phosphorimager. Molecular
Dynamics Imagequant software was used to determine
the relative mobility of digestion products and (in com-
parison to molecular mass standards) the corresponding
locations of the ends of the nucleosome. In three separate
mapping experiments, the nucleosome position was
mapped to be the same 146 bp stretch of DNA.

Competitive reconstitutions and free
energy measurements

Free energies for histone binding in nucleosome recon-
stitution were measured using the double-dialysis com-
petitive reconstitution procedure as described (Lowary &
Widom, 1998; Thastrom et al., 1999). Chicken erythrocyte
core particle DNA (30 pg) and tracer amounts of the gel
purified, radiolabeled DNA tracer were mixed with 2 pg
of histone octamer in a total volume of 50 ul containing
10 mM Tris-HC1 (pH 7.5), 1 mM EDTA, 2M NaCl,
0.5 mM PMSF, 1 mM benzamidine hydrochloride (BZA).
The mixture was loaded into microdialysis buttons,
which were then loaded into a dialysis bag containing
approximately 200 ml of the same buffer. Samples were
dialyzed for >two hours at 4°C in the starting buffer,
followed by two dialyses in 0.5 x TE, including PMSF
and BZA, for >12 hours each at 4°C. Aliquots of
each competitive reconstitution were run on 5% native
polyacrylamide gels containing 1/3 x TBE (33 mM Tris-
borate, 0.67 mM EDTA) and quantified by phosphorima-
ger. Equilibrium constants were calculated as the ratios
of background subtracted counts in nucleosomal bands
(or sets of bands) to counts in free DNA bands, and free
energies were calculated from the relationship
AG’ = — RTInK,,. AAG® values represent differences
between AG® values measured for a test sequence and a
reference standard sequence, measured at the same time
in the identical competitive environment. We used a
fragment of the sea urchin 5S ribosomal RNA gene
nucleosome positioning sequence (Simpson & Stafford,
1983) as a reference tracer DNA.
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