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ABSTRACT: Nucleosomes, the basic unit of eukaryotic chromosome structure, cover most of the DNA in
eukaryotes, including regulatory sequences. Here, a recently developed Fo¨rster resonance energy transfer
approach is used to compare structure and stability features of sea urchin 5S nucleosomes and nucleosomes
reconstituted on two promoter sequences that are nucleosomal in vivo, containing the yeastGAL10TATA
or the major transcription response elements from the mouse mammary tumor virus promoter. All three
sequences form mononucleosomes with similar gel mobilities and similar stabilities at moderate salt
concentrations. However, the two promoter nucleosomes differ from 5S nucleosomes in (1) diffusion
coefficient values, which suggest differences in nucleosome compaction, (2) intrinsic FRET efficiencies
(in solution or in gels), and (3) the response of FRET efficiency to high (g600 mM) NaCl concentrations,
subnanomolar nucleosome concentrations, and elevated temperatures (to 42°C). These results indicate
that nucleosome features can vary depending on the DNA sequence they contain and show that this
fluorescence approach is sufficiently sensitive to detect such differences. Sequence-dependent variations
in nucleosome structure or stability could facilitate specific nucleosome recognition, working together
with other known genomic regulatory mechanisms. The variations in salt-, concentration-, and temperature-
dependent responses all occur under conditions that have been shown previously to produce release of
H2A-H2B dimers or terminal DNA from nucleosomes and could thus involve differences in those
processes, as well as in other features.

The nucleosome is the basic unit of eukaryotic chromo-
some structure. It is formed by a histone octamer consisting
of an H3-H4 tetramer and two H2A-H2B dimers, wrapped
by 147 bp of DNA, in slightly fewer than two superturns
around the octamer (1, 2). Nucleosomes in vivo can differ
in the types of covalent modifications present on the
N-terminal histone tails (3-5) and in the presence of histone
variants (3, 6). The presence of variant histones is able to
create structural differences in nucleosomes. For example,
H2A variant H2A.Z, which is enriched in heterochromatin,
makes nucleosomes more salt stable (7), and variant H2A.Bbd,
which is proposed to be associated with transcriptionally
active chromatin, causes less than the canonical length of
DNA to be wrapped around an octamer containing it (8).
The ability of specific histone variants to alter nucleosome
properties could help make specific nucleosomes or nucleo-
somal regions distinctive and thus identifiable within the
genomic population.

DNA sequence-dependent variations are another obvious
potential source of nucleosome differences. Eukaryotic DNA
is thought to be extensively covered by nucleosomes in vivo
(9), including regulatory elements like gene promoters (10-
14) and replication origins (15-17). Sequence-dependent
variations in nucleosome structure could endow nucleosomes
at specific DNA sites with unique properties that aid in their
recognition or alteration by established regulatory mecha-
nisms (3, 4, 18).

Indeed, there are known DNA sequence-associated varia-
tions in some nucleosome features, such as reconstitution
efficiencies (19-22), nucleosome occupancy of promoter
DNA in vivo and in vitro (reviewed in ref23), nucleosome
repositioning and Swi-Snf remodeling (20, 24, 25), the
contributions of histone tails to nucleosome stability (26),
torsional and dynamic properties of nucleosomal DNA (20,
27, 28), and the forces required to unravel nucleosomes (29).
Obviously, it would be of great interest to develop a system
that can sensitively explore sequence-associated variations
for a wide range of intrinsic nucleosome features.

We have recently developed a FRET1-based approach that
can monitor nucleosome conformational features (30). FRET
is a powerful approach for the study of conformational
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changes in biological macromolecules, and it can be used in
various ways (31-43). Energy transfer (FRET) occurs when
an excited donor fluorophore is in the proximity (∼1-5 nm)
of an appropriate acceptor fluorophore. Because the ef-
ficiency of energy transfer depends on the sixth power of
the donor-acceptor distance, FRET is very sensitive to
distance changes between the donor and acceptor, for
example, the types of changes occurring during conforma-
tional transitions in biomolecules. FRET approaches can be
used in combination with fluorescence correlation spectros-
copy (FCS) techniques to determine diffusion coefficients,
which provide insights into the shape properties of complex
biomolecules.

Our approach involves labeling a DNA fragment with the
donor fluorophore, Cy3, and an acceptor fluorophore, Cy5,
at sites 80 bp apart on the DNA sequence (“PCR product”,
Figure 1a). When this labeled DNA is reconstituted into
nucleosomes, the donor and acceptor are brought close
enough, by the nucleosomal wrap (Figure 1b), to produce
efficient energy transfer and a strong FRET signal when the
donor is excited (30). This system is a sensitive monitor of
nucleosome conformational changes, such as those induced
by salt (30) or by the action of ATP-dependent nucleosome
remodeling complexes (L. Kelbauskas et al., unpublished
observations). These labeled nucleosomes are also appropri-
ate for single-molecule studies (30, 44).

Here we use this approach to study the intrinsic properties
of nucleosomes reconstituted on three natural DNA se-
quences, a TATA-containing sequence from the yeastGAL10
promoter (45), a crucial regulatory sequence (MMTV-B)
from the MMTV promoter (46), and a fragment from the
sea urchin 5S rDNA gene (47). TheGAL10and MMTV-B
fragments were chosen because they are examples of in vivo
sequences that reside in nucleosomes in the inactive tran-
scriptional state but undergo significant structural changes
in association with gene activation. For example, MMTV
nucleosome B, which contains four of the six glucocorticoid
receptor (GR) binding sites on this promoter, undergoes a
structural transition that is crucial to the GR-induced gene
activation process (46). The 5S rDNA sequence is probably
the most widely used model for both mononucleosome and
nucleosomal array studies (48) and provides a standard of
comparison for the other two sequences. All three sequences
exhibit at least some ability to position nucleosomes (12,
20, 45, 49-52).

In the work described below, we analyze several basic
features of mononucleosomes reconstituted on the three
sequences mentioned above. The goal is to use the power
and sensitivity of FRET approaches to test the hypothesis
that DNA sequence-associated effects can cause clear and
detectable variations in nucleosome structure and stability.
This will involve comparing nucleosomes made with these
three DNA sequences but fluorescently labeled in the same
way, reconstituted with the same histones, and analyzed in
exactly the same way. The features that were analyzed
include diffusion coefficients (by FCS) and intrinsic FRET
efficiencies, both of which should monitor structural features,
and variations of FRET efficiency as a function of NaCl
concentration, nucleosome concentration, and temperature
(up to 42 °C), which should monitor various facets of
nucleosome stability. All three sequences form nucleosomes
that are similar in some ways (gel mobilities and stabilities
to moderate NaCl concentrations) but clearly different in
others [diffusion coefficients, intrinsic FRET efficiencies, and
FRET efficiency variations in response to nucleosome
dilution, temperature increase (42°C), and high (g600 mM)
NaCl concentrations]. These results show that nucleosome
structure and stability features can vary with DNA sequence
and that these FRET approaches are sufficiently sensitive to
permit detection of such variations.

MATERIALS AND METHODS

DNA and Nucleosome Preparation. The fluorescently
labeled dsDNA fragments were made by PCR, using two
labeled primers and the appropriate template DNA as
illustrated in Figure 1a (see also ref30). The template for
preparing the 160 bpGAL10 fragment was a 907 bpGAL
1-10 promoter fragment (53), and the two primers that
were used were biotin-5′-ttctaatccgtacttcaatatagcaatga-
gcagttaagcgtatXactgaaagttccaaag-3′ and 5′-attacatggcattac-
caccatatacatatccatatcXaatcttacttatatgttgtggaa-3′. The template
for preparing the 160 bp MMTV B fragment was the
6115 bp pGEM3ZFM-LTRCAT fragment that contains
an MMTV promoter fragment (54); the two primers
were biotin-5′-ttggcccaaccttgcggttcccaaggcttaagtaagttttt-
ggtXacaaactgttcttaa-3′ and 5′-ataaattccaaaagaacataggaaaatag-
aacacXcagagctcagatcagaacctttgat-3′. The template for making
the 154 bp sea urchin 5S rDNA fragment [which corresponds

FIGURE 1: FRET-labeled nucleosomes. Panel a shows how the
DNA fragments used in this study (5S, MMTV, andGAL10) were
labeled with Cy3 and Cy5 fluorophores at sites 80 bp apart. PCR
was performed with DNA template fragments and appropriate
sequence primers with Cy3 or Cy5 at sites∼40 bp from each end.
After ∼35 cycles, the product is mainly full-length (∼160 bp)
doubly labeled dsDNA, which is then gel purified. Panel b illustrates
how the wrapping of DNA in a canonical nucleosome will place
FRET donor and acceptor sites that lie 80 bp apart on a DNA
fragment close enough to permit high-efficiency energy transfer
when the DNA is reconstituted into a nucleosome. Conformational
changes that significantly alter the donor-acceptor distance will
result in changes in energy transfer efficiency. The stars represent
fluorophores Cy3 and Cy5.
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to the region between the 5′ EcoRI restriction site and the
BanII restriction site (51)] was a 195 bpEcoRI-EcoRI
fragment; the two primers were biotin-5′-ccaacgaataacttc-
cagggatttataagccgaXgacgtcataacctccctgacccttta-3′ and 5′-agc-
cctatgctgcttgacttcggtgatcggacgagaaccggtataXtcagcatggtatgg-
3′ [note that for historical reasons in the lab, a slightly altered
(1 bp difference) 5S rDNA sequence was used in these
studies, compared to the original reference]. In all the primers
that were used, X represents a thymine-labeled base with
either Cy3 (first primer) or Cy5 (second primer). Primers
were obtained from IBA GmbH (Go¨ttingen, Germany).

After labeling had been carried out, the DNA was gel-
purified and reconstituted into nucleosomes with purified
HeLa octamer histones or recombinantXenopus laeVis
octamer histones using salt-step dialysis, as described previ-
ously (55), with the exception that the final buffer for dialysis
was 10 mM HEPES (pH 7.8) instead of 1 mM EDTA (pH
8.0). The preparation of HeLa histones has been previously
described (56); Xenopushistones were obtained from Upstate
(Charlotesville, VA) and renatured as described in ref57.
The histone:DNA ratios that gave mostly mononucleosomes,
with little free DNA or higher bands on polyacrylamide gels,
were empirically determined.

The primers were chosen so that the fluorophores would
be located roughly 30 bp from each terminus in the
reconstituted nucleosome, based on in vitro nucleosome
positioning data for the 5S sequence (51, 52), in vivo and in
vitro nucleosome positioning data for the MMTV-B sequence
(12, 54, 58), and in vivo nucleosome positioning data for
theGAL10sequence (cf. ref45). For each of these sequences,
one major nucleosome position was observed (Figure 2),
despite previous reports of positioning heterogeneity [5S (51)
or MMTV (12, 58)].

Bulk FRET Measurements and Salt Titrations.Bulk
solution fluorescence emission spectra were recorded on a

home-built fluorimeter consisting of a xenon lamp as the
excitation source, excitation and emission monochromators
(SpectraPro-150, Acton Research, Dayton, OH), a sample
holder, and a CCD array detector (NTE/CCD-1340/100-
EMB..FG, Princeton Instruments, Monmouth Junction, NJ).
Quartz microcuvettes with covers (16.40F-Q-10/Z15, Starna
Cells, Inc., Atascadero, CA) were used to measure the
fluorescence intensity of 100µL samples excited at 515 nm.

For the salt titrations, emission spectra were recorded for
both the sample and a control with reference naked DNA
(the same 5S rDNA was used throughout), and then an
appropriate volume of 5 M NaCl was added to the nucleo-
some sample and the sample allowed to equilibrate for 30
min [the time required to allow equilibrium, i.e., steady level
of FRET, to be achieved (30)]. Then the emission spectra
of the nucleosome sample and the DNA reference were
measured again. Addition of salt (to the nucleosome sample)
was continued until there was no longer a detectable Cy5
peak in the emission spectrum. Cy5:Cy3 ratios for the
nucleosome sample were corrected for lamp intensity
fluctuations (determined from the reference DNA emission
values) and for volume changes due to salt addition.

Measuring Concentration and Temperature Dependence
of FRET and FRET Efficiency of Gel Bands.FRET measure-
ments as a function of concentration or temperature were
conducted using a microscope (ECLIPSE TE2000-U, Nikon,
Melville, NY) operated in a confocal configuration. An
intracavity frequency-doubled CW Nd:YVO4 laser (Millenia
Xs, Coherent, Santa Clara, CA) operating at 532 nm was
used as the excitation source. The excitation beam was
focused, and the fluorescence was collected using a 100×
oil-immersion objective lens with a numerical aperture of
1.4 (Plan Apo 100×/1.40 Oil, Nikon, Melville, NY). The
emission photons were separated into the donor and acceptor
channel by a dichroic mirror (Chroma Technology Corp.,
Rockingham, VT). The photons in each channel were
detected with silicon avalanche photodiodes (SPCM-AQR-
12, Perkin-Elmer, Fremont, CA) using emission filter sets
designed for Cy3 or Cy5 emission placed in front of each
detector. The signals were recorded using a data acquisition
card (DAQ-6017, National Instruments, Austin, TX), and the
data analysis was performed using home-written software
based on LabView (version 7.1, National Instruments). The
concentration and temperature dependence measurements
were carried out in 10 mM Tris and 1 mM EDTA buffer
with the pH adjusted to 8. The temperature was adjusted
using an objective heater (Bioptech, Butler, PA). For
fluorescence measurements of bands in polyacrylamide gels,
the same experimental arrangement equipped with a 20×,
NA ) 0.5 objective lens (Plan Fluor 20×/0.50, Nikon) was
used. For all experiments, the FRET efficiency was calcu-
lated using the standard equation

whereIA andID are the fluorescence intensities measured in
the acceptor and donor channel, respectively, andγ is a factor
correcting for the cross talk between the detection channels
and direct acceptor excitation contributions.

Controls. It is possible that increases in temperature or
salt concentration may affect the basic emission properties

FIGURE 2: Gel analyses of reconstituted nucleosome samples.
Reconstituted 5S (track 1), MMTV-B (track 2), andGAL10(track
3) nucleosome samples were run on a polyacrylamide gel, with
pBR-BstN1 DNA markers (track 4 with band sizes given at the
right). The labels d, n, and h identify free DNA, the mononucleo-
some band, and higher-molecular weight components (see the text),
respectively. The fractional numbers below the gel are the FRET
efficiencies for the specific mononucleosome bands and one free
DNA band measured directly in the gel (see the text). The samples
for in-gel analysis were the same ones whose ethidium bromide
profiles are shown here, run on the same type of gel but not stained
with ethidium bromide.

EFRET )
IA

IA + γID
(1)
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of fluorophores like Cy3 and Cy5. Such effects could produce
changes in the FRET signal that could be misinterpreted as
a conformational change reflecting alterations in the donor-
acceptor distance on the nucleosome. To account for possible
temperature and salt effects on the dyes, control measure-
ments were conducted under the same experimental condi-
tions using nucleosomes singly labeled either with Cy3 or
Cy5 at the same DNA positions as on the doubly labeled
nucleosomes. We measured the emission intensity depen-
dence on temperature (20-42 °C) and NaCl concentration
(0-1.6 M) of Cy3-only and Cy5-only labeled nucleosomes.
The results showed that the emission intensity of both dyes,
Cy3 and Cy5, decreases at nearly equal rates with a
temperature increase. This is what one would expect; Cy3
and Cy5 dyes have similar molecular structure, and it is
reasonable that temperature and salt should have similar
effects on the emission properties of both dyes. Because of
this, the emission intensity changes due to temperature or
salt should cancel each other when FRET efficiency is
calculated (see eq 1). The calculated relative change in FRET
efficiency resulting from the temperature effect on the dyes
is <2% at 40°C and<1% at 30°C. The emission intensity
dependence on NaCl concentration also revealed a nearly
identical behavior of Cy3- and Cy5-only labeled nucleo-
somes. The resulting relative change in the FRET signal due
to NaCl concentration was calculated to be<2% in the
concentration range between 600 and 1600 mM and<0.5%
in the range of 0-400 mM. The results show that both
temperature and NaCl effects on Cy3 and Cy5 dyes can be
neglected when the relative quantity, FRET efficiency, is
calculated.

Fluorescence Correlation Spectroscopy (FCS) Measure-
ments.FCS measurements were carried out using the same
experimental setup as described above. Correlation curves
were measured using a hardware dual-channel digital corr-
elator with a sample time of 12.5 ns (Flex2k-12x2, Corr-
elator, Bridgewater, NJ) and the vendor’s software. The
analysis was performed using home-written software based
on LabView (version 7.1, National Instruments). For all
measurements, the nucleosome and free DNA concentrations
were in the subnanomolar range. The cross correlation results
were generated through simultaneous analysis of the donor
(Cy3) and acceptor (Cy5) channels. In this way, detector
afterpulsing effects that often occur in uncorrected autocor-
relation traces were avoided. Performing cross correlation
also ignores any contributions from free (non-nucleosomal)
DNA. The data were fit to a single-component free three-
dimensional diffusion model using the equation (59)

whereN is the average number of molecules in the detection
volume,D is the diffusion constant, andr0 and z0 are the
radial and axial radii of the detection volumes, respectively.
During the fit,N andD were varied freely, whereasr0 and
z0 were kept fixed. The radial and axial radii were determined
from an independent measurement using fluorescent beads
of a known size as a reference.

RESULTS

Gel Characterization. Figure 2 shows polyacrylamide gel
profiles of the three types of reconstituted samples, 5S (track
1), MMTV-B (track 2), andGAL10(track 3). The mobilities
of the three mononucleosome bands (“n”) relative to DNA
markers (track 4) or to the naked DNA fragments used in
the reconstitution (“d”) are typical for mononucleosomes on
these types of gels, indicating that all three form typical
nucleosomes. The mobilities of the three are also similar.
On these types of gels, reconstituted samples can exhibit
multiple bands in the mononucleosome region, reflecting
heterogeneity in nucleosome positioning on the DNA, and
small amounts of intensity at higher positions, which is
thought to reflect two nucleosomes on a single DNA
fragment (60, 61). Other, minor bands in the mononucleo-
some region are occasionally observed in our samples, but
this is not common. Minor amounts of higher-molecular
weight material are usually present to a similar extent in all
three types of samples (“h”, Figure 2). The significant amount
of free DNA in theGAL10sample shown in Figure 2 was
useful for an analysis carried out on these samples (see
below) but is not characteristic of theGAL10samples used
in this work (for example, see the inset of Figure 4a).

Bulk FRET Measurements. Figure 3 shows bulk solution
emission spectra for the three types of labeled nucleosomes.
The donor (Cy3) emission maximum is at 570 nm, and the
acceptor (Cy5) emission maximum is at 670 nm. The peak
positions and general shape of the spectra are similar,
indicating that in all three nucleosomes, the two fluorophores
have similar photophysical properties. Excitation is at 515
nm, a wavelength at which Cy5 emission due to direct
excitation is negligible. Thus, the ratios of Cy5:Cy3 peak
intensities in these spectra reflect the efficiency of energy
transfer; the higher the ratio, the more efficient the transfer.

The Cy5:Cy3 ratio is highest for the 5S sample and lower
for MMTV-B and GAL10. The same trend is seen in the
composite data set, i.e., the entire set of reconstituted
nucleosome samples of each type analyzed in this work
(Table 1). Differences in the efficiency of DNA labeling do
not explain these results; 5S DNA is typically a bit less

G(τ) ) 1
N

1

1 + 4Dτ
r0

2

1

(1 + 4Dτ
z0

2 )1/2
(2)

FIGURE 3: Bulk fluorescence. The bulk solution fluorescence
emission spectra for 5S, MMTV-B, andGAL10 nucleosome
samples are shown. Excitation was carried out at 515 nm. The peak
at ∼570 nm corresponds to the Cy3 (donor) emission maximum,
and the peak at∼670 nm is the Cy5 (acceptor) emission maximum.
Spectra were normalized to one another at the Cy3 emission
maximum value. The 5S and MMTV-B samples are the same ones
shown in Figure 2. TheGAL10 sample is shown in the inset of
Figure 4a.
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efficiently labeled than the other two DNAs (based on
analysis of the absorbance spectrum of the gel-purified PCR
products). The 5S and MMTV-B spectra in Figure 3 are from
the samples shown in Figure 2, and theGAL10spectrum is
from the sample whose gel profile is shown in the inset of
Figure 4a. The large amounts of free DNA, which have Cy3
emission but no possibility for energy transfer (30), would
skew the Cy5:Cy3 ratio (underestimating the FRET ef-
ficiency) if the GAL10sample in Figure 2 were used.

We also measured FRET efficiencies for the mononucleo-
some and free DNA bands directly in gels, using a scanning
microscope; these are the numbers shown below the gel in
Figure 2. FRET efficiency is highest for the 5S mononu-
cleosome (0.65) and lowest for theGAL10mononucleosome
(0.46). Efficiency for the MMTV-B mononucleosome falls
between the other two values (0.56). The FRET efficiency
in the free DNA band is∼0.12. Again, composite values
show the same trend: 5S> MMTV > GAL10 (Table 1).
Thus, in-gel analyses, which specifically analyze the mono-
nucleosome band, also detect energy transfer efficiency
differences for the three types of nucleosomes, as suggested
by bulk solution results. FRET efficiency differences reflect
variations in the average distance between the two fluoro-
phores in the nucleosome structure. Thus, there are structural
variations among the three types of nucleosomes even though
their gel mobilities, and thus their gross structures, are
similar.

Salt Stability.The salt stability for these three types of
nucleosomes was characterized by monitoring the Cy5:Cy3
ratio as the salt concentration was increased from initial low
values (∼1 mM). Figure 4a shows an example of such a
response (“titration”) for theGAL10 sample shown in the
inset. The Cy5:Cy3 ratio increases slightly as the NaCl
concentration is increased from 1 to 200 mM and then
progressively decreases as the concentration is increased
above 200 mM. By 1000 mM NaCl, the Cy5:Cy3 ratio, and
thus energy transfer, is<10% of the low-salt values.

To facilitate comparisons among the three types of
samples, composite titration curves were generated (Figure
4b). By averaging over all the determinations for a given
type of nucleosome sample, this approach can take into
account experiment-to-experiment and sample-to-sample
variations. To make such a curve, the Cy5:Cy3 ratio was
set to 1.0 at the lowest NaCl concentration, and the Cy5:
Cy3 ratios at higher NaCl concentrations were normalized
against this value to generate a normalized titration curve

for an individual sample. Then these individual normalized
curves were averaged together to generate the composite
curve for that type of nucleosome. Note that this approach
largely removes the influence of free DNA present in the
sample. These titrations have been carried out carefully, with
internal controls (see Materials and Methods), and multiple
samples were analyzed in multiple trials, for each type of
sample. Thus, the differences described below are statistically
significant (Figure 4b).

The three composite salt titration curves are roughly
similar, indicating that the salt stabilities of the three types
of nucleosomes are similar. However, there are some
differences. In the range from 600 to 1000 mM, 5S
nucleosome samples retain higher energy transfer (Cy5:Cy3)
levels and are therefore somewhat less sensitive to salt
disruption thanGAL10or MMTV nucleosome samples. For
example, 5S Cy5:Cy3 ratios fall below 10% of their initial
value at NaCl concentrations of>1000 mM, whereasGAL10
ratios do so by∼900 mM and MMTV ratios by 800 mM.
Thus, MMTV andGAL10nucleosomes more easily undergo
a change that results in FRET decreases, i.e., at lower NaCl
concentrations, than 5S nucleosomes. These ratio decreases
at high salt concentrations must reflect changes in nucleo-

Table 1: Composite FRET and FCS Valuesa

nucleosome
type

bulk solution
Cy5:Cy3 ratiob

FRET
efficiency

in solutiond

FRET
efficiency

in gele

diffusion
coefficient
(µm2/s)f

5S 1.5( 0.2 0.52( 0.03 0.66( 0.01 21( 1
MMTV 1.1 ( 0.1 0.38( 0.04 0.57( 0.04 15( 1
GAL10 1.0( 0.1 0.37( 0.03 0.49( 0.03 15( 1

(1.1( 0.1)c

a All error values were calculated as the standard error of the mean.
b Value of the Cy5:Cy3 emission ratio in bulk measurements in the
fluorimeter (cf. Figure 3).c Average value at 200 mM NaCl.d Energy
transfer efficiency measured at initial concentrations (cf. Figure 4) or
25 °C (cf. Figure 5) in the concentration and temperature experiments.
e Energy transfer efficiency measured directly on bands in gels (cf.
Figure 2).f Average values of diffusion coefficients from FCS measure-
ments (cf. Figure 6).

FIGURE 4: Salt titrations. In panel a, an example of a salt titration,
i.e., the change in emission spectra with an increase in NaCl
concentration, is presented for aGAL10nucleosome sample. The
various salt concentrations at which spectra were recorded are
identified. All were normalized to the Cy3 peak emission. The
sample is shown in the leftmost track of the inset gel. The other
tracks in that gel contain, from left to right, aGAL10 free DNA
sample, d, and DNA markers (numbers denote size in base pairs).
Panel b shows plots of the normalized Cy5:Cy3 ratio, obtained from
individual salt titrations such as the one in panel a, for 5S (9),
MMTV-B ( b), andGAL10 (2) samples. Each curve shown is a
composite, the average of all the individual titrations done for that
type of sample, i.e., various reconstitutes and various trials for each
reconstitute (see the text). The inset shows composite titration curves
of 5S andGAL10 nucleosomes reconstituted with recombinant
Xenopushistones [5S (0) andGAL10 (4)].
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some conformation because formaldehyde or glutaraldehyde-
cross-linkedGAL10, MMTV, or 5S nucleosomes maintain
high energy transfer levels (Cy5:Cy3 ratios) even at 1 M
NaCl (data not shown). Thus, the differing responses of these
three types of nucleosomes suggest stability differences above
600 mM NaCl.

There are also variations in the FRET response between
1 and 200 mM (Figure 4b). Most noticeably, the FRET level
actually increases between 1 and 200 mM NaCl for the
GAL10 nucleosome sample, whereas the FRET level is
constant for MMTV and decreases for 5S in this salt range.
Most of theGAL10 increase has occurred by 50 mM NaCl
(L. Kelbauskas et al. unpublished observations). These
variations may reflect differential tendencies to undergo the
types of nucleosome conformational changes detected previ-
ously in these low salt ranges using other approaches and
mixed sequence nucleosomes purified from cells (62, 63).
Note that the maximum Cy5:Cy3 ratio forGAL10nucleo-
somes, i.e., at 200 mM NaCl, is still significantly lower than
the maximum Cy5:Cy3 ratio for 5S nucleosomes (Table 1).
In sum, these salt titration results indicate that all three types
of nucleosomes have roughly similar salt stabilities and thus
must form roughly similar nucleosomes, consistent with the
gel mobility results, but there are some salt-dependent
stability variations among the three.

We tested the histone dependence of the salt stability
differences by reconstituting 5S andGAL10 nucleosomes
with Xenopus(recombinant) histones instead of human
histones. The inset of Figure 4b shows that the same
differences are observed, a FRET increase between 1 and
200 mM NaCl in GAL10 but not 5S nucleosomes and a
decreased FRET level (decreased stability) above 600 mM
in GAL10relative to 5S. Thus, these salt stability differences
are independent of histone type. Since recombinant histones
lack histone tail modifications, this result also excludes any
contribution of such modifications to the observed differ-
ences.

Temperature Dependence of FRET. As nucleosomes are
heated to 40-45 °C, the∼20 bp of DNA near each terminus
is released from the nucleosome (64). These terminal regions
have relatively fewer DNA-histone contacts, and the DNA
would be expected to be preferentially released from these
regions (65). Thus, we have monitored the temperature
dependence of the FRET signal in this temperature range
for the three types of nucleosomes.

Figure 5 shows temperature profiles of the energy transfer
efficiencies up to 42°C, the upper temperature limit for our
experimental setup. As the temperature is increased to 42
°C, the FRET efficiency values for the MMTV andGAL10
nucleosome samples fall by 20-30% whereas the 5S values
remain high. Thus, on the basis of these FRET efficiency
changes, 5S nucleosomes respond differently than MMTV
andGAL10nucleosomes to this temperature increase. The
FRET level decrease in MMTV andGAL10nucleosomes is
only partial, falling to at most 70% of the value at 25°C
(for GAL10), showing that theGAL10 and MMTV-B
nucleosomes are still sufficiently intact to produce strong
energy transfer at 42°C. A partial FRET change is consistent
with a partial change in nucleosome structure, such as release
of terminal DNA. Decreases of 20-30% in FRET efficiency
(MMTV-B and GAL10) correspond to relatively small
average increases in interprobe separation (see Discussion).

Control measurements of singly labeled nucleosomes have
shown that any temperature-dependent effects on the proper-
ties of the dyes themselves do not affect the FRET signal
significantly (see Materials and Methods).

The slight increase in FRET efficiency with temperature
for 5S nucleosomes is consistently observed. We have found
that at temperatures around 40°C, 5S nucleosomes are in a
state that produces a higher level of FRET but is less salt-
stable (L. Kelbauskas et al., manuscript in preparation). Thus,
instead of undergoing the types of changes that reduce the
FRET efficiencies of MMTV andGAL10 nucleosomes at
∼40 °C, 5S nucleosomes go into a state with slightly
enhanced FRET (compared to ambient conditions). This is
another behavioral difference. The 5S and MMTV samples
are those shown in Figure 2; theGAL10 sample shown is
similar (gel profile etc) to those.

Concentration-Dependent Stability.An important consid-
eration for single-molecule studies is the stability of the
nucleosome to dissociation. Both histone-histone [H3-H4
tetramers from H2A-H2B dimers (2)] and DNA-histone
dissociation (partial or complete) can take place in nucleo-
somes. To monitor this aspect of stability, we measured
the FRET efficiency for these three nucleosome samples
as a function of concentration, by serial dilution studies
(Figure 6).

FRET efficiencies for 5S nucleosome samples remain high
down to 100 pM levels, whereas MMTV andGAL10
nucleosomes show a decrease in FRET efficiency with
dilution. The GAL10 decrease is consistently greater than
the MMTV decrease, but even it is only partial, falling at
most to ∼65% of the initial values. Thus, as for the
temperature changes, these concentration-dependent changes
must reflect only a partial change in the nucleosome, not its
complete disruption. The 5S and MMTV samples are the
same ones shown in Figure 2; theGAL10sample is similar
(gel profile) to those samples. The slight increase in FRET
efficiency with dilution for the 5S sample is a consistent
observation. It may reflect a transition to a structure with a
slightly higher FRET efficiency, as for the temperature
response (above).

FCS Studies.FCS measurements were carried out to
determine diffusion properties for the three types of nucleo-

FIGURE 5: FRET efficiency as a function of temperature. 5S (9),
MMTV-B ( b), andGAL10(2) nucleosome samples were diluted
to similar subnanomolar concentrations in 10 mM Tris with 1 mM
EDTA buffer at pH 8.0, and the temperature of the solution
increased progressively. FRET efficiency was determined from the
fluorescence intensities in the Cy3 and Cy5 detection channels (see
Materials and Methods) at each temperature that is shown.

2244 Biochemistry, Vol. 46, No. 8, 2007 Kelbauskas et al.



somes in solution, to gain insight into this aspect of
nucleosome conformation. An example of raw cross cor-
relation data and a theoretical fit to the data (see Materials
and Methods) are shown in Figure 7a, and curves showing
examples of data fits for all three types of nucleosomes as
well as naked DNA (donor channel autocorrelation) are
shown in Figure 7b. Both the specific results presented in
Figure 7b and composite results (Table 1) show that 5S
nucleosomes have a higher diffusion coefficient than MMTV
and GAL10 nucleosomes, which both have similar values.
The data presented in Figure 7b are from the same three
samples shown in Figure 2 (the presence of free DNA has
no effect on FCS cross correlation values; see Materials and
Methods). Diffusion coefficients for 5S nucleosomes average
21 ( 1 µm2/s, versus 15( 1 µm2/s for GAL10and MMTV
nucleosomes. Since the lengths of DNA used to reconstitute
these nucleosomes are similar and the same histones were
used in the reconstitution, this result indicates that the 5S
nucleosomes are somewhat more compact than MMTV and
GAL10 nucleosomes. The diffusion coefficients for naked
DNA are typically smaller (cf. Figure 7b). Note that for these
studies, the important data are the relative diffusion coef-
ficient values, not the absolute values.

DISCUSSION

Mononucleosomes were reconstituted on three physiologi-
cally relevant DNA sequences,GAL10, MMTV-B, and 5S.
In each case, an∼160 bp DNA fragment was labeled with
donor (Cy3) and acceptor fluorophores (Cy5) at sites 80 bp
apart, bracketing the center of the fragment (Figure 1a).
Reconstitution of nucleosomes with such labeled DNA brings
the donor and acceptor into spatial proximity (Figure 1b),
producing strong energy transfer when the donor is excited.
This probe system is a sensitive reporter of nucleosome
conformation (30).

The GAL10and MMTV-B sequences contain the TATA
motif (GAL10) and four of the six elements that mediate
hormone induction of MMTV gene expression (MMTV-B)
from their respective pol II promoters. They were chosen
because the nucleosomes covering these sequences in vivo

undergo conformational transitions that play crucial roles in
the gene activation process (45, 46, 66). Sea urchin 5S rDNA
(47) is a widely used template for in vitro nucleosome studies
(48), which we used as a standard of comparison.

All three sequences form nucleosomes with similar gel
mobilities and salt stabilities at moderate NaCl concentra-
tions. However, some consistent variations in properties
among the three types of nucleosomes are detected. The 5S
nucleosome has a 40% higher diffusion coefficient (Figure
7 and Table 1) and a 15-30% higher energy transfer
efficiency, in gels or in solution (Figures 2 and 3 and Table
1), than MMTV-B orGAL10nucleosomes. The FRET signal
from 5S nucleosomes is undiminished by dilution to 100 pM
or heating to 42°C, whereas those treatments reduce the
magnitude of the FRET signal from MMTV-B andGAL10
nucleosomes by 10-35% (Figures 5 and 6). 5S nucleosomes
maintain a higher level of energy transfer thanGAL10and
MMTV-B nucleosomes at elevated concentrations of NaCl
(g600 mM), and the three also behave differently at low
NaCl concentrations (Figure 4). The dilution, heating, and
high-salt results indicate that 5S nucleosomes are less
affected and are therefore more stable than MMTV orGAL10
nucleosomes to those treatments. These variations are
detected in nucleosomes containing DNA that was fluores-
cently labeled with the same dyes in the same way and

FIGURE 6: FRET efficiency as a function of nucleosome concentra-
tion. 5S (9), MMTV-B ( b), andGAL10(2) nucleosome samples
were suspended in 10 mM Tris with 1 mM EDTA buffer at pH 8.0
at the same initial nucleosome concentrations of 10 nM, as
determined from absorbance measurements. Then they were suc-
cessively diluted in the same buffer, and the FRET efficiency was
determined from the fluorescence intensities in the Cy3 and Cy5
detection channels (see Materials and Methods).

FIGURE 7: FCS studies. Panel a shows an example of a cross
correlation experiment between the Cy3 and Cy5 detection channels,
with data shown in dots and a theoretical fit to the data (single-
component three-dimensional free diffusion model; see Materials
and Methods) shown as a solid line, for a 5S nucleosome sample.
In panel b, fits to fluorescence autocorrelation data for free 5S DNA
(‚‚‚) and Cy3-Cy5 cross correlation data for 5S (- - -),GAL10,
and MMTVB (s) nucleosome samples are shown. The nucleosome
and free DNA concentrations were∼0.1 nM. The diffusion
coefficients for the nucleosomes are determined from the fit (see
Materials and Methods).
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reconstituted with the same histones; only the sequence of
the DNA varies (lengths are similar). Therefore, these results
indicate that there are clear and readily detectable DNA
sequence-associated structure and stability differences among
these three types of nucleosomes, the hypothesis we wished
to test in these experiments. Such differences should be
independent of the histones used to make the nucleosomes,
and this is the case (cf. Figure 4b, inset).

The nucleosome samples were used directly as reconsti-
tuted due to sample limitations. However, their slight
heterogeneity [minor amounts of free DNA and higher-
molecular weight material (Figure 2)] cannot undermine the
conclusion that the intrinsic properties of these mononucleo-
somes vary. First, FRET efficiency determinations performed
directly on nucleosome bands in gels show the same types
of differences detected in the whole sample (in solution).
Second, mononucleosomes eluted from gels show the same
types of single-molecule FRET efficiency and FCS variations
(data not shown) as seen for the unfractionated samples
(Figures 3 and 7 and Table 1). Thus, the FRET efficiency
and FCS differences are clearly intrinsic properties of the
three mononucleosomes. Moreover, free DNA gives no
FRET signal (30) and thus cannot contribute to the normal-
ized FRET changes shown in Figures 4-7, and the similar
(and minor) amounts of higher-molecular weight material
seen in all the samples are unlikely to account for the
substantial stability variations (Figures 4-7).

All three sequences are known to position nucleosomes
(12, 20, 45, 49-52), and we find one major occupied position
for each, based on gel analyses (Figure 2). Also, gel profiles
and nucleosome features are unchanged (data not shown)
when samples are heated to maximize positioning equilibria
(67). The primers used to synthesize the DNA fragments
used in the reconstitution were chosen so that the fluoro-
phores would lie in similar positions,∼30 bp from each
terminus in the various nucleosomes, based on the prior
nucleosome positioning studies [5S (51, 52), MMTV-B ( 12,
58), andGAL10 (reviewed in ref45)]. A slightly different
MMTV-B position has been suggested (cf. ref20). That
position would place the probes 10 and∼50 bp from the
MMTV-B nucleosome termini. Since DNA lability decreases
with distance from the nucleosome terminus (cf. ref27), such
a probe location could itself produce differences in the FRET
responses of MMTV-B versus 5S nucleosomes and thus
contribute to the observed variations. However, the observa-
tion of only partial FRET changes in MMTV-B nucleosomes
at 42°C (20%, Figure 5) argues against the 10/50 position;
the release of 20-25 bp of DNA from each terminus at 42
°C (64) should drastically increase the average fluorophore
separation and cause a major or even complete FRET loss
at those temperatures if one fluorophore was located 10 bp
from the terminus. The observed FRET loss (20%) would
correspond to only a modest increase in average probe
separation [a couple of nanometers at most, assuming the
probes are∼1.5 nm apart in the nucleosome at 25°C (1)
and assuming static changes]. Also, the dynamic nature of
DNA-histone associations in terminal nucleosome regions,
even at room temperature (27, 68, 69), would be expected
to produce more significant conformational (and therefore
FRET) changes at lower salt concentrations and temperatures,
if one dye was located 10 bp from a terminus. Instead, the
changes occur under conditions that were shown previously

(7, 70) to cause significant nucleosome changes (see also
below). Future experiments will involve moving the fluo-
rophores around on the DNA, to see how the fluorescence
behavior varies with nucleosome location, which will address
this possibility (10/50 probe locations in MMTV) and other
(see below) issues.

Physical interpretations of the types of FRET variations
detected in these studies can be complicated and somewhat
uncertain, but several possibilities are suggested by the nature
of the changes. The diffusion coefficient (FCS) differences
indicate that 5S nucleosomes have a more compact confor-
mation than MMTV orGAL10nucleosomes under ambient
conditions, perhaps reflecting the strong histone binding
properties of the 5S sequence. FRET efficiency differences
indicate variations in the average distance between the two
fluorophores in the nucleosome structure. These could arise
from static differences, such as in the precise path of
nucleosomal DNA around the octamer, or conformational
dynamics differences or other causes (see also below).

The observed variations (FRET, FCS, or stability) could
also be caused, at least in part, by differences in intrinsic
DNA features in these three sequences. For example, recent
work has demonstrated the importance of DNA twist defects
in nucleosomes (71). This could be a source of variation in
structure or stability features. Also,GAL10and MMTV-B
sequences both have intrinsic bends near the centers of the
DNA fragments (45, 50); these may also contribute to the
MMTV-B and GAL10versus 5S differences. For example,
bending and bendability are known to affect the DNA-
histone interaction (72).

It is also noteworthy that the salt-, concentration-, and
temperature-dependent stability differences noted between
5S and MMTV-B orGAL10nucleosomes are observed under
conditions that cause dissociation of the H2A-H2B dimer
or release of terminal DNA from the nucleosome. For
example, at NaCl concentrations above 500 mM (7) and as
nucleosomes are diluted to nanomolar nucleosome concen-
trations (70), there is major dissociation of H2A-H2B dimers
from the nucleosome. At temperatures around 40°C, terminal
DNA is known to be released (64). The major stability
variations we observe occur at NaCl concentrations ofg600
mM, at subnanomolar nucleosome concentrations, and as
temperatures approach 40°C, all conditions similar to those
shown to cause H2A-H2B and terminal DNA release. This
raises the possibility (but of course does not prove) that the
stability variations among these nucleosomes may be as-
sociated with these two processes, which themselves may
be related since H2A-H2B dimers interact significantly with
the terminal regions of nucleosomal DNA (1). The partial
nature of the temperature- and concentration-dependent
changes we observe (at most 35%) is consistent with such
partial changes in nucleosome structure. It is clear that
nucleosomal DNA can affect the H2A-H2B dimer-H3-
H4 tetramer interaction and thus the ease with which H2A-
H2B dimers are lost because in the absence of DNA under
these conditions, the octamer dissociates into H2A-H2B
dimers and an H3-H4 tetramer (73). Thus, it is possible
that sequence features of DNA could affect that interaction.

Differences in the extents of H2A-H2B dissociation and
DNA release could be responsible for the stability variations.
However, 5S nucleosomes show no FRET loss with dilution
(Figure 6) even though they were reported to release H2A-
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H2B dimers under these conditions (70). Therefore, these
variations could (also) involve differences in how well effects
are propagated within the nucleosome, from the terminal
regions where the changes might be occurring to the more
internal regions where our fluorophores are most likely to
be located. Ease of propagation ought to depend on the
strength of the DNA-histone interaction, and 5S DNA-
histone binding is stronger than MMTV-B-DNA binding
(F. J. Solis et al., manuscript submitted for publication). Such
effects could also be involved in the observed salt- and
temperature-dependent stability variations. Moving the probes
around in the nucleosome should help answer this question.

Dissociation of the H2A-H2B dimer from the nucleosome
is emerging as a functionally important process. H2A-H2B
dimers are rapidly exchanged in vivo (74), and H2A-H2B
dimers have been shown to be released during the interactions
of nucleosomes with RNA polymerase (75), the transcription
elongation factor FACT (76), and ATP-dependent nucleo-
some remodeling complexes (25, 77, 78). The possible
association of sequence-dependent nucleosome variations
with the release of H2A-H2B dimers is thus intriguing.
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