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ABSTRACT: Nucleosomes are a major impediment to regulatory factor activities and therefore to the operation
of genomic processes in eukaryotes. One suggested mechanism for overcoming in ViVo nucleosomal
repression is factor-mediated removal of H2A/H2B from nucleosomes. Using nucleosomes labeled internally
with FRET fluorophores, we previously observed significant, DNA sequence-dependent variation in stability
and dynamics under conditions (subnanomolar concentrations) reported to produce H2A/H2B release from
nucleosomes. Here, the same analytical approaches are repeated using 5S and MMTV-B nucleosomes
containing FRET labels that monitor the terminal regions. The results show that stability and dynamics
vary significantly within the nucleosome; terminally labeled constructs report significantly reduced stability
and enhanced DNA dynamics compared to internally labeled constructs. The data also strongly support
previous suggestions (1) that subnanomolar concentrations cause H2A/H2B release from nucleosomes,
including the 5S, and (2) that stabilities in the internal regions of 5S and two promoter-derived nucleosomes
(MMTV-B, GAL10) differ. Sequence-dependent nucleosome stability/dynamics differences could produce
inherent variations in the accessibility of histone-associated DNA in ViVo. Such intrinsic variation could
also provide a mechanism for producing enhanced effects on specific nucleosomes by processes affecting
large chromatin regions, thus facilitating the localized targeting of alterations to nucleosomes on crucial
regulatory sequences. The results demonstrate clearly the importance of studying physiologically relevant
nucleosomes.

Nucleosomes are the basic units of eukaryotic chromosome
structure. They consist of a histone octamer, one H3/H4
tetramer, and two H2A/H2B dimers, wrapped by slightly less
than two superturns (∼147 bp) of DNA (1, 2). The tetramer
contacts mainly the central DNA region, ∼60 bp around the
nucleosome dyad; H2A/H2B dimers bind to adjacent, ∼30
bp DNA regions located toward the termini (Figure 1; (2)).
The high genomic levels of nucleosome coverage (cf. 3, 4),
including their presence on regulatory DNA sequences such
as promoters (5–9), and the pronounced tendency of nucleo-
somes to restrict regulatory factor access to DNA have
combined to generate intense interest in mechanisms that
can produce nucleosomal DNA exposure, because of their
potential impact on the operation of in ViVo processes.

The nucleosome is dynamic and its structure can change
as a result of intrinsic or factor-mediated processes (10). For
example, nucleosomal DNA exists transiently in a reversible,
partially histone-dissociated state (11–13), providing an
intrinsic mechanism for DNA exposure. The histones also
exhibit dynamic behavior. H2A/H2B undergo rapid exchange
in and out of nucleosomes in ViVo (14) and H2A/H2B release
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FIGURE 1: FRET-labeled nucleosomes. To apply FRET approaches
(cf. ref 48.) to nucleosomes, ∼150-160 bp DNA fragments
(Materials and Methods) were labeled with FRET donor (Cy3) and
acceptor (Cy5) fluorophores at internal sites ∼80 bp apart (30).
Reconstitution of this DNA into nucleosomes brings the fluoro-
phores close, due to the 80 bp/gyre nucleosomal wrap, producing
efficient energy transfer between the fluorophores (stars) and a
strong FRET signal. The regions of H2A/H2B histone-DNA (dashed
line) and H3/H4 histone-DNA contact (solid line) in the top half
of the nucleosome (based on ref 2) are identified schematically.
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is produced by the action of transcription-associated com-
plexes in Vitro, including RNA polymerase (15), transcription
elongation complexes (16), ATP-dependent nucleosome
remodeling complexes (17, 18) and the histone chaperone
yNAP-1 (19). H2A/H2B loss could provide a way to enhance
DNA accessibility, at least in the regions where H2A/H2B
bind (Figure 1), while still maintaining a histone presence
via the H3/H4 tetramer.

Variability in the inherent properties of individual nucleo-
somes in a chromatin fiber could play a role in the in ViVo
regulation of genomic processes (20). Nucleosomes with
unique intrinsic DNA dynamics could create sites with
inherently enhanced (or diminished) factor accessibility.
Nucleosomes with unique stability properties could create
sites with inherently enhanced (or diminished) ability to
undergo the kinds of transitions occurring during factor-
mediated, nucleosome alteration processes.

DNA sequence-associated differences are an obvious
potential source of nucleosome variation in ViVo and
sequence-dependent features have been observed in Vitro
using various biochemical approaches (21). Recently, using
Förster resonance energy transfer (FRET1) techniques, we
have detected some significant, DNA sequence-dependent
stability and dynamics variations in nucleosomes (13, 21).
FRET is a powerful and sensitive approach for the study of
conformational features in biological macromolecules. FRET
occurs when an excited donor fluorophore lies close (typi-
cally 1-5 nm) to an appropriate acceptor fluorophore. A sixth
power dependence on fluorophore separation makes FRET
extremely sensitive to the kinds of distance changes (donor
to acceptor) that occur during conformational transitions,
whether spontaneous or factor-induced. FRET-based ap-
proaches can be applied at single molecule or bulk levels
and have been used in several nucleosome studies (11, 22–29).

Our FRET approach involves labeling a DNA fragment
(∼160 bp) with donor (Cy3) and acceptor (Cy5) fluorophores
at sites 80 bp apart within the DNA fragment (30). When
such labeled DNA is reconstituted into a nucleosome, donor
and acceptor fluorophores are brought into close proximity
by the nucleosomal wrap (Figure 1), allowing efficient energy
transfer and producing a strong FRET signal. Nucleosome
conformational changes can be detected as FRET changes,
usually decreases. Note that free (non-nucleosomal) DNA
gives no FRET signal in our system (30).

We have used this approach to compare nucleosomes
reconstituted on three natural DNA sequences (21): a TATA-
containing sequence from the yeast GAL10 promoter (31);
a sequence containing four of the six glucocorticoid receptor
(GR) binding elements from the MMTV promoter (32); and
5S rDNA, a widely used standard (33). The two pol II
promoter fragments were chosen for study because in ViVo
those sequences reside in nucleosomes that undergo signifi-
cant and functionally important structural changes during
transcription activation (31, 32). All three sequences recon-
stitute into typical nucleosomes and for each, a single,
dominant position is observed on gels (13, 21), in accord
with the known ability of each sequence to position nucleo-
somes (5S (34, 35), MMTV-B (36, 37), and GAL10 (31)).

We have found that 5S and the pol II promoter nucleo-
somes differ in a number of structural (diffusion coefficients/
intrinsic FRET efficiencies), stability (with respect to salt,
temperature, and concentration), and dynamics (reversible
DNA-histone association) features (13, 21). Differences may
be even greater than those we observe because the fluoro-
phores are located at the maximum FRET-yielding positions
in the MMTV-B and GAL10 nucleosomes but not in the 5S
(for technical reasons). All the differences indicate that 5S
nucleosomal complexes are more stable and less dynamic
than MMTV-B or GAL10 complexes, including greater
stability under conditions reported to cause H2A/H2B release
from nucleosomes. Given the association of H2A/H2B
release with transcription factor activity (above) and the roles
of GAL10 and MMTV-B nucleosome structural changes in
the in ViVo transcription activation process on their associated
genes (31, 32), these differences (versus the 5S) could have
functional significance.

In our previous work, DNA fragments were labeled so
that the fluorophores would bracket the center and thus lie
well within the reconstituted nucleosome, ∼30-40 bp from
each terminus ((21); Figure 2). However, the location of H2A/
H2B-DNA binding sites in the nucleosome (Figure 1)
suggests that H2A/H2B loss might have greater effects on
the terminal than on the internal regions. Thus, here, we have
placed the FRET fluorophores in locations that can directly
monitor responses of the terminal nucleosomal regions.

The results show that terminally labeled complexes, 5S
or MMTV-B, exhibit a number of features indicating that

1 Abbreviations: FRET, Förster resonance energy transfer; PCR,
polymerase chain reaction; MMTV-B, mouse mammary tumor virus
nucleosome B; FCS, fluorescence correlation spectroscopy; pol II, RNA
polymerase II.

FIGURE 2: Fluorophore placements. Fluorophore positions (stars)
are located to scale on the DNA fragments (black lines), with
numbers given in bp from the left end of the fragment, and on the
major nucleosome positions (gray bars) for 5S (panel a) and
MMTV-B (panel b). Internally labeled nucleosomes (int): DNA
fragments are labeled so that the fluorophores lie within the
nucleosome, ∼30-40 bp from each terminus. Note that fluoro-
phores cannot always be placed exactly 80 bp apart because of
sequence restrictions. End-middle labeled nucleosomes (e-m):
DNA fragments are labeled so that one fluorophore lies near the
nucleosome terminus and the other close to the nucleosome center,
again as close to 80 bp apart as possible. End-end labeled 5S
nucleosomes (e-e): DNA fragments are labeled so that fluorophores
lie close to each nucleosome terminus. Nucleosomes with terminal
DNAlabelshavebeenwidelyusedinFRETstudies (11,22–26,28,29),
but the combination of an internal and a terminal DNA label (e-m)
is less common (49).
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the terminal regions have reduced stability and elevated DNA
dynamics compared to the internal regions. Thus, dynamics
and stability can vary significantly within the nucleosome,
at least between the regions monitored here (see Figures 2
and S1 (Supporting Information). Results with the 5S
constructs provide strong support for our suggestion that
H2A/H2B loss produces different effects in 5S compared to
the promoter-derived nucleosomes due to differential strengths
of DNA-histone binding in the internal regions of the

complexes. This set of results has potentially important
consequences for mechanisms of nucleosomal DNA access.

MATERIALS AND METHODS

DNA and Nucleosome Preparation. Fluorescently labeled
dsDNA fragments (∼160 bp in length) were made by PCR
techniques, using the appropriate DNA templates and fluo-
rescently labeled primers (30). The DNA fragments used in
this work have been described in detail (21): a 154 bp sea
urchin 5S rDNA fragment corresponding to the region
between the 5′ EcoRI and Ban II sites (34); an MMTV
fragment (-70 to -230 bp on the promoter) that corresponds
to the in ViVo position of nucleosome B (36).

In previous work, DNA fragments were labeled so that
the fluorophores would be internal, ∼30-40 bp from each
nucleosome terminus (21). Fluorophore locations in the
nucleosome can be varied by changing the fluorophore
positions in the primers used to make the labeled DNA
fragments. In this work, two types of terminally labeled
nucleosomes were made. End-middle labeled (e-m) nucleo-
somes contain fluorophores located 63 bp and 4 bp from the
nucleosome termini (63 bp and 11 bp from the DNA
fragment termini) for 5S (Figure 2a) and 5 bp and 64 bp
from the nucleosome termini (12 bp and 72 bp from the DNA
fragment termini) for MMTV-B (Figure 2b). End-end
labeled 5S nucleosomes (Figure 2a e-e) contain fluorophores
located 6 bp and 2 bp from the nucleosome termini (6 bp
and 9 bp from the DNA fragment termini). In the internally
labeled nucleosomes (int, Figure 2a, 2b), fluorophores lie
34 bp and 39 bp from the nucleosome termini (34 bp and
46 bp from the DNA fragment termini) for 5S and 38 bp
and 27 bp from the nucleosome termini (45 and 35 bp from
the DNA fragment termini) for MMTV-B. Note that fluo-
rophores cannot always be placed exactly 80 bp apart because
of labeling restrictions. After PCR, the labeled DNA is gel-
purified, then reconstituted into nucleosomes by salt-step
dialysis using HeLa histone octamers, as described previously
(38). The histone octamers were a generous gift from Dr. J.
Yodh. The histone/DNA ratios that gave mostly mononu-
cleosomes, with little free DNA or higher bands on poly-
acrylamide gels, were empirically determined.

Fluorescence Techniques. Concentration dependence, tem-
perature dependence, single molecule distributions and
fluorescence correlation spectroscopy (FCS) were all carried
out as described previously (13, 21) in 10 mM Tris/1 mM
EDTA buffer at pH 8. Nucleosome concentrations were
determined by comparing the relative fluorescence intensities
of free DNA samples at known concentrations and nucleo-
some samples of unknown concentration using the following
formalism:

IDNA ) gCDNA, Inucl ) gCnucl ⇒
IDNA

CDNA
)

Inucl

Cnucl
⇒

Cnucl )
InuclCDNA

IDNA
(1)

where IDNA and Inucl are the total fluorescence intensities
obtained from the free DNA sample (known concentration)
and the nucleosome sample of interest (unknown concentra-
tion), respectively, CDNA and Cnucl are the concentrations of
the free DNA and the nucleosome samples, respectively, and

FIGURE 3: Terminally-labeled 5S nucleosomes are quite sensitive
to dilution or heating. FRET efficiency (energy transfer, see
Materials and Methods) is plotted as a function of nucleosome
concentration (panels A and B) or temperature (panel C) for
internally labeled 5S or MMTV-B (9, solid lines), end-middle
labeled 5S or MMTV-B (O, dashed lines), or end-end labeled 5S
(4, dotted lines) samples. Values are normalized to initial condi-
tions, high concentration/22 °C (panels A and B) and 22 °C/0.2
nM nucleosome concentrations (panel C). The temperature studies
are carried out at subnanomolar concentrations, to provide more
information on nucleosomal particles under these (depletion)
conditions. Raw, unnormalized data is shown in Supporting
Information, Figures S2a-c.
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g represents a factor that accounts for the excitation intensity,
fluorescence quantum yield of the markers, and emission
collection/detection efficiency The fluorescence quantum
yields of naked DNA and nucleosome samples did not show
significant differences.

FRET efficiency was calculated using the following
equation:

EFRET )
IA

IA + γID
(2)

where IA and ID are the fluorescence intensities measured in
the acceptor and donor channel, respectively, and γ ) 1.12
is a factor correcting for the cross-talk between the detection
channels, differences in detection efficiency, or in fluores-
cence quantum yield, and any contribution from direct
excitation of the acceptor. EFRET errors were calculated as
the standard error of mean (S.E.M.) using ∆EFRET ) σ/N1/2,
where σ is the standard deviation and N is the number of
independent measurements.

As noted previously (21), the effects of temperature on
the emission properties of fluorophores were found to be
comparable for both the Cy3 and Cy5 dyes. Because the
calculation of the FRET efficiency is based on the ratios of
donor and acceptor emission intensity and not on their
absolute values, the emission intensity changes caused by
temperature increase should cancel each other. We found
that the relative change in FRET efficiency resulting from
the temperature effect is <2% at 40 °C and <1% at 30 °C.
Also, the key observations in our analyses involve differences
between nucleosome types and fluorophore locations in the
constructs; such differences should not be due to dye
photophysical effects since all three types were made and
studied in the same way. For the FRET distributions, the
binning time was 1 ms. We have shown that under these
conditions of analysis, the system shows two-state behavior
(13). It is possible that under other analysis conditions, such
as faster time scales, nucleosome transition behavior would
show greater complexity. However, this should not signifi-
cantly affect the data analysis shown here in terms of a two
state model.

Fluorescence Correlation Spectroscopy (FCS). We previ-
ously used FCS techniques to study nucleosome dynamics
(13). The transitions that our probes monitor in these particles
occur between a high-FRET, closed state (C) and a low-
FRET open state (O) and show two-state behavior. Thus,

C {\}
k12

k21

O (3)

where k12 and k21 are the rate constants for forward and
backward conformational changes, respectively, in the
complexes. FCS detects fluctuations in FRET signals, which
can arise from particle diffusion and/or conformational
transitions. We found that in solution, diffusion dominated
the FCS signal; therefore, measurements were performed on
particles embedded in agarose gels to decrease the diffusion
rates. To separate the two contributions to the FCS signal,
molecules with a single label (Cy3-labeled, diffusion only)
and double-labeled molecules (Cy3/Cy5, conformational
transitions that change the FRET plus diffusion) were
analyzed (separately). This allows the use of standard
techniques to analyze the FCS signal (see eq S1, Supporting

Information). The analysis yields values for the average time
a particle spends in the open and the closed states. Ref 13
and http://www.public.asu.edu/∼lkelbaus/ can be consulted
for more detail about this analysis. Note that our goal in
this work is to obtain relative values of these parameters for
the three types of particles not absolute values.

RESULTS

Terminally-Labeled Nucleosomes. Internally labeled 5S
and MMTV-B (or GAL10) nucleosomes differ in their
response to subnanomolar concentrations or treatment with
the histone chaperone yNAP-1 (13, 21). Since both condi-
tions cause H2A/H2B release from the nucleosome (39, 19),
these differences were attributed to differing effects produced
by the loss of H2A/H2B. To monitor the regions that should
be the most strongly affected by H2A/H2B loss and thus
test this conclusion, terminally labeled nucleosome constructs
were made by placing fluorophores either (1) near the
terminus and the nucleosome center, ∼80 bp apart (e-m,
Figure 2a and b), or (2) near each terminus (e-e, Figure 2a).
Both types of terminally labeled nucleosomes show gel
mobilities that are very similar to those of the corresponding
internally labeled nucleosomes and thus form similar nu-
cleosome structures. However, average FRET values are
lower (data not shown), which would be expected given the
suggested lability of DNA around nucleosome termini
(40–42).

Many of our studies are carried out at subnanomolar
concentrations, that is, concentrations even lower than those
shown to cause H2A/H2B release (39). Complexes at
subnanomolar concentrations (H2A/H2B-depleted nucleo-
somes) will be referred to as particles to distinguish them
from intact nucleosomes. Subnanomolar concentrations are
required in some cases (cf. Figure 4) or give more consistent
results (cf. Table 1). These conditions also stress the H3/
H4-H2A/H2B association-dissociation equilibrium, thus
allowing a comparison of the response of the three different
types of nucleosomes to that stress.

Dilution Studies of Nucleosomes. Terminally labeled
(end-middle, e-m; Figure 2a) 5S nucleosomes show sig-
nificant FRET decreases with increasing dilution (Figure 3a,
open circles). The normalized FRET efficiency (defined in
Materials and Methods (eq 2)) begins to drop sharply at ∼10
nM and decreases consistently with further dilution. In
contrast, internally labeled 5S nucleosomes (Figure 3a, filled
squares) show no FRET decreases down to 100 pM
concentration. This is ∼40-fold lower than the concentrations
that produce major H2A/H2B loss in 601 nucleosomes (39).

The data in Figure 3a demonstrates clearly that 5S
nucleosomes do undergo a substantial change in response
to dilution to nanomolar and subnanomolar concentrations,
but it is necessary to monitor the terminal regions to detect
the change. Note that terminally and internally labeled
nucleosomes are identical except for the positions of the
fluorophores. Studies with 601 nucleosomes reported major
H2A/H2B loss by ∼5 nM (39), the same concentration range
in which terminally labeled 5S nucleosomes (Figure 3a) and
internally labeled MMTV-B and GAL10 nucleosomes (13)
show strong FRET decreases. This similarity indicates that
H2A/H2B loss is probably responsible for the FRET
decreases in all three complexes. H2A/H2B ease of dissocia-
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tion should depend mainly on the strength of the H2A/
H2B-H3/H4 interaction and thus should be similar among
nucleosomes since this interaction is probably well-conserved
(1, 2). The response differences in Figure 3a thus indicate
that H2A/H2B is lost at subnanomolar concentrations (Figure
3a, e-m) but this loss has little effect on the internal regions
of 5S complexes Figure 3a, int).

End-end labeled 5S nucleosomes (e-e, Figure 2a) show
even larger FRET decreases upon dilution (Figure 3a, open
triangles). The significant lability of terminal DNA (40, 42)
plus greater inherent fluorophore separation due to particle
geometry (see Figure 1) probably account for the greatly
enhanced sensitivities noted with end-end labeled nucleo-
somes. Equilibrium constants are also much lower for
end-end than for end-middle labeled 5S nucleosomes (data
not shown). Low FRET and extreme sensitivity make
end-end labeled constructs much less suitable for study than
end-middle labeled constructs. End-middle labeled con-
structs also have other advantages. Fluorophores are 80 bp
apart, as in internally labeled constructs; and the behavior
of a single terminus is monitored.

Terminally labeled (end-middle, e-m; Figure 2b) MMTV-B
nucleosomes are also more sensitive to dilution than inter-
nally labeled constructs (Figure 3b, filled squares vs open
circles) and more dilution-sensitive than terminally labeled
5S nucleosomes (Figure 3a vs b). The latter indicates lower
stability for MMTV-B versus 5S nucleosomes; a similar
conclusion was made for internally labeled 5S and MMTV-B
nucleosomes (21).

Complete DNA dissociation from the histone octamer has
also been reported at subnanomolar concentrations, using gel
analyses (cf. (43)). This process could contribute to the FRET

decreases observed during dilution in our solution studies
(Figure 3a and b). However, if complete DNA dissociation
were the only process being monitored in our studies, then
altering the location of the FRET labels in nucleosomes that
are otherwise identical should not strongly affect the results;
complete dissociation of DNA would give the same FRET
loss no matter where the fluorophores were located. However,
label location clearly matters (Figure 3a and b). Thus, dilution
must induce a change that strongly and specifically affects
the terminal regions, such as H2A/H2B loss. Moreover,
studies carried out at the end-point concentration of the
dilution studies, 0.2 nM, show clear evidence for the presence
of (large numbers of) DNA-histone complexes (see below).
Note also that the solution conditions used in ref 43 differ
from those used here.

Heating Studies of Particles. Heating to ∼40 °C frees ∼20
bp of DNA around each nucleosome terminus (40). Heating
produces major FRET decreases, starting well below 40 °C,
in terminally labeled (end-middle) but not in internally
labeled 5S particles (Figure 3c, open circles vs filled squares).
This difference directly demonstrates that in 5S particles,
DNA-histone binding in the internal regions is strong
enough to keep internal fluorophores close together, even
when the terminal regions are highly mobile, as they would
be at elevated temperatures. In contrast, heating of internally
labeled MMTV-B (Figure 3c) or GAL10 (21) particles causes
significant FRET decreases. Thus, DNA-histone binding in
the internal regions of these particles is not strong enough
to keep internal fluorophores close together. Terminally
labeled MMTV-B particles are more sensitive to heating than
internally labeled MMTV-B particles (data not shown).

Single Molecule Distributions. Single molecule optical
techniques (see Materials and Methods) applied at low
enough particle concentrations (>1 nM) allow FRET signals
to be detected one molecule at a time. By counting large
numbers of individual molecules, one can obtain a single
molecule population distribution, the relative numbers of
molecules vs FRET efficiency, for a given sample. This plot
shows the precise distribution of molecular conformations
in the sample, as monitored by the FRET fluorophores in
the constructs.

Such distributions show significant numbers of high FRET
efficiency (0.8-1.0) molecules, for all three types of
internally labeled complexes (cf. Figure 4, int (13)). High
FRET efficiency indicates a canonically wrapped and
dynamically stable structure, at least with respect to DNA
(and fluorophores) in the internal regions of the particle.

However, distributions for samples of terminally labeled
5S complexes show no (end-end) or very low (end-middle)
numbers of high FRET efficiency molecules (Figure 4, e-e,
e-m). Again these constructs are identical except for the
fluorophore positions. This data illustrates the enhanced
strength of the DNA-histone interaction in the internal
versus the terminal regions of 5S particles. MMTV-B
samples also show a major loss of high FRET efficiency
molecules in distributions from terminally (end-middle)
versus internally labeled complexes (Supporting Information,
Figure S3).

DNA Dynamics in Particles. Fluorescence Correlation
Spectroscopy (FCS) techniques were used previously (13)
to compare the dynamics in internally labeled 5S, MMTV-B
and GAL10 particles (subnanomolar concentrations). The

FIGURE 4: Single molecule FRET efficiency population distributions.
The FRET efficiencies of individual nucleosome complexes were
determined in solution at 0.2 nM concentration. Distributions of
FRET efficiency for internally labeled (int), end-middle labeled
(e-m), or end-end labeled (e-e) 5S particles are shown, with FRET
efficiency plotted on the x-axis and the normalized frequency
(normalized to the total number of individual molecules observed
in the experiment) plotted on the y-axis. Note that only molecules
with DNA wrapped around histones, e.g., H2A/H2B-depleted
particles, can give FRET; free DNA gives no FRET signal (30).
Molecules with low or no FRET can reflect unreconstituted DNA
(present in similar amounts in all samples), particles from which
the DNA has dissociated or particles that were transiently unfolded
as they went through the excitation beam (13). The presence of
(the few) intermediate FRET molecules in the distribution may
reflect particles undergoing transitions while in the beam, less than
infinite cooperativity in the system, etc.
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dynamic process monitored by these DNA-linked fluoro-
phores involves reversible, transient fluorophore separation
and probably reflects a DNA-histone association-dissocia-
tion process. This process exhibits two-state behavior (13).
Transitions occur between a high FRET efficiency (g0.8),
closed state in which the DNA is canonically and stably
wrapped on the particle, keeping the fluorophores close
enough together, on average, for strong energy transfer, and
a low FRET efficiency (<0.2), open state in which the
fluorophores are too far apart, on average, for significant
energy transfer to occur. There is no significant population
of molecules in intermediate conformational states.

FCS studies can provide biologically useful information
about such transitions, such as the average residence times
in the open (τopen) and the closed (τclosed) states. In the open
state, DNA should be partially unbound from histones and
thus more available for factor binding. In the closed state,
DNA should be less available or even unavailable for factor
binding. Average residence times in the closed state are
similar for the three types of internally labeled particles, but
residence times in the open state vary significantly, with 5S
having the shortest and GAL10 the longest open residence
time (Table 1).

The dynamics monitored in terminally labeled constructs
differ (Table 1). Closed residence times are shorter, and open
residence times are much longer than in internally labeled
particles, both 5S and MMTV-B. Such changes in inherent
DNA dynamics are consistent with the enhanced FRET
decreases during dilution or heating (Figure 3) and the
reduction in high FRET efficiency molecules in population
distributions (Figure 4) of terminally labeled 5S or MMTV-B
particles. Shorter closed and longer open residence times are
also consistent with a loss of H2A/H2B-DNA contacts (see
Figure 1) arising from H2A/H2B release at subnanomolar
concentrations.

Equilibrium Constants. Equilibrium constant values were
determined for intact nucleosomes (bulk concentrations) and
particles (subnanomolar concentrations), for both internally
labeled and terminally labeled constructs (Table 1). These
values refer again to the reversible DNA-histone association-
dissociation process monitored by our FRET probes. The
data support the results described above. Most notably, for
both 5S and MMTV-B complexes, Keq values differ only

slightly between terminally and internally labeled intact
nucleosomes, but there are very large differences in Keq

values between terminally and internally labeled particles
(Table 1). This indicates clearly that a stabilizing feature of
the terminal regions is removed by dilution of nucleosomes
to subnanomolar concentrations. H2A/H2B is known to
stabilize the nucleosome, and H2A/H2B interacts with DNA
regions that lie toward the termini (see Figure 1). Thus, Keq

data provide very strong support for the conclusion that H2A/
H2B is lost from the nucleosome at subnanomolar concen-
trations. Moreover, the similar (low) Keq values for terminally
labeled 5S or MMTV-B particles suggest similar levels of
H2A/H2B loss in the two.

These data provide additional insights. The Keq variations
for internally labeled particles, 5S > MMTV-B > GAL10
(Table 1), correlate with open residence time differences (5S
< MMTV-B > GAL10), that is, the larger the equilibrium
constant, the shorter the open residence time. That correlation
could indicate that H3/H4 tetramer-DNA affinity (tetramers
would be the major histones in H2A/H2B-depleted com-
plexes) is a determinant of open residence times. Equilibrium
constant values for intact nucleosomes show the same
variation, 5S > MMTV-B > GAL10, which is consistent
with the significant role of the tetramer in stabilizing
nucleosomes (40). Keq values for internally labeled 5S
nucleosomes or particles are the same (Table 1), indicating
that H2A/H2B-depleted 5S nucleosomes are very stable and
maintain strong DNA-histone binding. However, Keq values
for internally labeled MMTV-B or GAL10 particles are lower
than those for the corresponding intact nucleosomes, indicat-
ing a lower stability (and weaker internal region DNA-histone
binding) for those particles compared to the nucleosome.

DISCUSSION

In the work presented here, FRET-based approaches were
used to study nucleosomes labeled with fluorophores (Cy3/
Cy5) in locations that monitor the terminal nucleosomal
regions (Figures 2 and S1, Supporting Information). These
studies were undertaken for several reasons. First, previous
studies comparing internally labeled 5S and two promoter-
derived nucleosomes (MMTV-B or GAL10) suggested varia-
tions associated with H2A/H2B loss. The association of H2A/
H2B loss with transcription factor activity (see Introduction)

Table 1: Equilibrium and DNA Dynamics Data For Nucleosomes and Nucleosomal Particlesa

complex type Κpart
b (rel. u.) kconf

c (s-1) τopen
d (ms) τclosed

e (ms) Κnucl
f (rel. u.)

5S (int)g 1.20 ( 0.14 54 ( 8 34 ( 7 41 ( 8 1.20 ( 0.12
5S (e-m) g 0.10 ( 0.01 9 ( 4 99 ( 40h 10 ( 4 0.96 ( 0.10
MMTV (int) 0.69 ( 0.08 42 ( 14 58 ( 19 40 ( 13 1.00 ( 0.10
MMTV (e-m) 0.2 ( 0.03 18 ( 6 108 ( 37h 22 ( 7 1.15 ( 0.20i

GAL10 (int) 0.44 ( 0.05 40 ( 10 82 ( 22 36 ( 10 0.73 ( 0.07
a All values are given as mean ( SE. Note that we have also carried out the FCS experiments at higher concentrations, conditions under which

nucleosomes remain intact, but the results have been highly variable, even for internally labeled nucleosomes. Why this should be the case remains
unclear. One possible explanation could be that at higher concentrations nucleosomal dynamics become more complex and thus cannot be approximated
by a two-state model, as required for the calculations. b Equilibrium constants (association) for DNA-histone complexes at subnanomolar
concentrations, i.e., particles. c Calculated by fitting eq S1 (Supporting Information) to the experimental data. d,e Open and closed residence times,
calculated using eq S2 (Supporting Information) and τclosed ) 1/k12, τopen ) 1/k21. f Equilibrium constants (association) for intact nucleosomes (bulk
concentration ∼150 nM). g int, internally labeled complexes; e-m, end-middle labeled complexes. End-end labeled complexes show insufficient FRET
for analysis at these concentrations. h The high uncertainties are due to the low levels of FRET in terminally labeled complexes. i The significance, if
any, of the differences in closed times for terminally labeled 5S vs MMTV nucleosomes complexes is unclear. The terminal label is closer to the end in
the 5S construct (Figure 2), and this may account for this behavior. Note that we have also carried out the FCS experiments at higher concentrations,
conditions under which nucleosomes remain intact, but the results have been highly variable, even for internally labeled nucleosomes. Why this should
be the case remains unclear. One possible explanation could be that at higher concentrations nucleosomal dynamics become more complex and thus
cannot be approximated by a two-state model, as required for the calculations.
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and the occurrence of crucial, transcription activation-
associated structural changes in these MMTV-B and GAL10
nucleosomes in ViVo make such differences (versus the 5S)
of possible functional significance. H2A/H2B loss should
strongly affect the terminal regions so that terminally labeled
constructs will directly assess those differences. Second,
comparing internally and terminally labeled constructs will
provide information on stability and dynamics variations
within nucleosome complexes. Third, results obtained with
terminally labeled constructs can more readily be compared
to work from other laboratories, which have used mainly
terminally labeled nucleosomes.

We find that terminally labeled nucleosome complexes,
both 5S and MMTV-B, yield quite different results than the
same complexes with internal labels. Terminally labeled
nucleosomes show a greater sensitivity to dilution (Figure
3a and b), and terminally labeled particles (subnanomolar
concentrations) show enhanced sensitivity to heating (Figure
3c), greatly reduced numbers of high FRET molecules
(Figure 4), much smaller equilibrium constants, and signifi-
cantly enhanced DNA dynamics, that is, longer open
residence times (Table 1). The fluorophores in these con-
structs should mainly monitor the behavior of the specific
areas in which they are located. Thus, the results show that
conformational features in the terminal and internal regions
of nucleosomal complexes can vary significantly. Although
the responses of 5S and MMTV-B complexes are qualita-
tively similar, effects are typically greater in MMTV-B
complexes. Thus, these intranucleosomal variations can show
DNA sequence dependence, that is, variations in degree in
different nucleosomes.

Results obtained with the terminally labeled 5S constructs
strongly support previous suggestions that FRET differences
at subnanomolar concentrations between internally labeled
5S and MMTV-B or GAL10 complexes arise from differing
effects produced by H2A/H2B loss (13, 21). These results
include confirmation that 5S nucleosomes do undergo change
in response to dilution (Figure 3a, e-m) and equilibrium
constant changes at subnanomolar concentrations that strongly
indicate H2A/H2B loss (see Results). The observation that
yNAP-induced H2A/H2B release produces the same response
differences as dilution (13) also supports this conclusion. The
differing responses to H2A/H2B loss are suggested to reflect
differences in internal region DNA-histone binding strength
(13); strong binding in 5S particles keeps the fluorophores
close and prevents energy transfer changes, but weaker
binding in MMTV-B and GAL10 particles is unable to do
so. Other observations support this suggestion: (1) Keq values
for (internally labeled) 5S nucleosomes and particles are
similar, but Keq values for MMTV-B or GAL10 particles are
lower than those for nucleosomes (13); (2) terminal DNA
release (by heating) causes FRET decreases in terminally or
internally labeled MMTV-B and GAL10 particles and in
terminally labeled but not in internally labeled 5S particles
(Figure 4); (3) 5S DNA binds strongly to octamers (cf. (44))
or to H3/H4 tetramers (45); (4) DNA-histone interactions
are strongest in the central ∼100 bp regions of nucleosomes
containing other strong histone-binding DNA sequences
(2, 46).

Complete DNA-octamer dissociation can also occur at
subnanomolar concentrations (cf. (43)) and would cause
FRET decreases in our dilution studies (Figure 3a and b).

However, the striking effects produced by changing probe
locations within the nucleosome (Figures 3a and b, and 4;
Table 1) are only consistent with an effect involving and
specifically destabilizing the terminal regions of the nucleo-
some, such as H2A/H2B loss (also see Results). Also, in
our system, FRET only occurs in canonically wrapped
DNA-histone complexes, nucleosomes, or particles (30);
therefore, FCS data (Table 1) or high FRET particles (Figure
4) clearly indicate the presence of such complexes.

Subnanomolar concentrations are of course not physi-
ological but must be used for some techniques, for example,
single molecule analysis. However, these conditions also
provide the opportunity to compare the relative stabilities
of these different types of nucleosomes under conditions that
stress the association/dissociation equilibrium. The informa-
tion obtained, cf. 5S vs MMTV-B, should be valid under
any conditions. Therefore, the conclusions that nucleosomes
can exhibit sequence-dependent variations in stability/
dynamics and differ in effects produced by H2A/H2B loss
should apply to physiological conditions as well as to
subnanomolar concentrations. In ViVo, factors could exploit
these kinds of differences to produce specific, localized
effects (see below).

The occurrence of DNA sequence-dependent stability and
dynamics variations between nucleosomes (13, 21) raises the
important possibility that inherent nucleosome properties
could affect the accessibility of nucleosomal DNA to
regulatory factors in ViVo. This has significant consequences
for mechanisms of nucleosome exposure and the regulation
of genomic processes. Variation in stability and dynamics
within nucleosomes, as observed here, has important con-
sequences as well. Such intranucleosomal variability implies
that simple descriptions of nucleosome properties may not
be meaningful since properties vary depending on where in
the nucleosome they are monitored. For example, the
extremely low stability and enhanced dynamics of the
constructs with both labels in terminal regions (end-end
labeled) indicates that those commonly used types of
constructs may provide an exaggerated view of nucleosome
lability and one that is not characteristic of the more internal
regions of the nucleosome. The apparent sequence depen-
dence infers that intranucleosomal variability may not be the
same in all nucleosome complexes. For example, H2A/H2B
depletion has little effect on internal region stability in 5S
complexes but significant effects on the stability of these
regions in MMTV-B and GAL10 complexes. Intranucleo-
somal variability in stability and dynamics also suggests that
the precise location of a DNA regulatory element within the
nucleosome is important and even relatively small changes
in its location, for example, from the nucleosome center to
the terminus, could have major consequences for its intrinsic
accessibility and the ability of the region in which it resides
to undergo conformational change.

Sequence-dependent variations in intrinsic stability and
dynamics, whether intra- or internucleosomal, could impact
nucleosome targeting. Enhanced DNA dynamics (longer
open residence times), cf. MMTV-B/GAL10 vs 5S particles
or terminal vs internal regions (Table 1), could significantly
enhance the intrinsic accessibility of nucleosomal DNA
sequences. Low stability could allow nucleosomes or par-
ticles to undergo structural transitions that are associated with
functional processes more easily and might even act as a de
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facto targeting mechanism, enabling nonselective, regional
chromatin alteration, such as H2A/H2B release or histone
acetylation (47), to produce enhanced (sequence-specific)
effects in particular nucleosomes. Any of these features could
facilitate specific nucleosome recognition and thus aid in the
crucial targeting process. This model would predict that
stability and/or dynamics should vary, in a function-associ-
ated manner, for the nucleosomes on a promoter. Indeed,
we have obtained evidence for such behavior on the MMTV
promoter (Kelbauskas et al., manuscript in preparation).
Thus, DNA sequence-dependent nucleosome stability and
dynamics variations could have a significant impact on
genomic regulation processes. These results also emphasize
the importance of studying nucleosomes containing physi-
ologically relevant DNA sequences.

SUPPORTING INFORMATION AVAILABLE

Description of the FCS approach used for the data analysis;
locations of the fluorescent labels in the nucleosome (Figure
S1); raw, un-normalized versions of the data presented in
Figure 3 (Figure S2); single molecule FRET distributions
of internally (middle-middle, int) and terminally labeled
(end-middle, e-m) MMTV-B particles at 200 pM concen-
tration (Figure S3). This material is available free of charge
via the Internet at http://pubs.acs.org.
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