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ABSTRACT: Using a previously described FRET technique, we measured the distance between the ends of
DNA fragments on which nucleosomes were reconstituted from recombinant and native histones. This
distance was analyzed in its dependence on the DNA fragment length, concentration of mono- and divalent
counterions, presence of linker histone H1, and histone modifications. We found that the linker DNA
arms do not cross under all conditions studied but diverge slightly as they leave the histone core surface.
Histone H1 leads to a global approach of the linker DNA arms, confirming the notion of a “stem structure”.
Increasing salt concentration also leads to an approach of the linker DNAs. To study the effect of acetylation,
we compared chemically acetylated recombinant histones with histones prepared from HeLa cells,
characterizing the sites of acetylation by mass spectroscopy. Nucleosomes from chemically acetylated
histones have few modifications in the core domain and form nucleosomes normally. Acetylating all
histones or selectively only H3 causes an opening of the nucleosome structure, indicated by the larger
distances between the linker DNA ends. Selective acetylation of H4 distances the linker ends for short
fragments but causes them to approach each other for fragments longer than 180 bp.

The conformation of chromatin in the living cell is strongly
correlated with gene activity and is controlled by many
physicochemical and biochemical factors. To elucidate the
mechanism of this control, many in vitro analytical studies
have been published where the compaction of isolated
chromatin fibers and isolated or reconstituted oligonucleo-
somes was characterized by imaging (for a recent review,
see ref 1), solution scattering (2, 3), or hydrodynamic
methods (4, 5). Slight changes in the ionic strengths of the
environment and the presence of linker histones became
apparent as important inducers of in vitro compaction.
Moreover, the correlation between increased genetic activity
and elevated levels of core histone acetylation makes it
probable that acetylation and other histone modifications also
play a central role in chromatin compaction. Since all of these
factors influence the electrostatic landscape of the nucleo-
somes, we asked whether these changes might already be
manifested at the mononucleosome level, e.g., by changing
the geometry of the linker DNA arms.

The ionic environment is the most studied parameter
influencing chromatin compaction. Although one can hardly
imitate in vitro the intracellular environment, typical compact
and open chromatin fibers are reproducibly isolated and may
be interconverted by varying the type and concentration of
monovalent and divalent salts (6). The fiber compactness is
characterized by its diameter as measured on electron
micrographs. Values of around 30 and 10 nm are typical for
the compact and loose conformation. The 30 nm fiber form
is reached above 20-50 mM monovalent ion concentration
or with more than 0.2 mM Mg2+ ions (6). Salt-dependent
compaction has been reproduced also on di- or trinucleo-

somes. Here a decrease of the internucleosomal distances
and angles has been observed by hydrodynamic and micro-
scopic methods between 5 and 20 mM NaCl without further
compaction at higher concentrations (7-9). Our neutron
small angle scattering data indicate even a further compaction
up to 100 mM NaCl (10). These results imply salt-induced
closing of the linker DNA arms in oligonucleosomes. We
aim to study this effect here on mononucleosomes, where
only an unfolding effect of very low ionic strength (below 1
mM) was reported earlier (11, 12).

Another well-studied inducer of compaction is the linker
histone. In the absence of linker histones only few examples
of compact chromatin structures exist in nature. Knockout
experiments have shown that linker histones are not essential
for cell viability, but their absence modifies the size and
structure of the nuclei (13). In vitro chromatin condensation
can be obtained even in their absence, but regularly
compacted stable structures need the correct attachment of
stoichiometric amounts of linker histones (14). How the
linker histones modify the path of the linker DNA is seen
on cryo-electron microscopy images: a stem structure could
be observed on mono- and oligonucleosomes (15, 16). Our
FRET1 distance measurements on reconstituted mononu-
cleosomes at low ionic strength (5 mM NaCl) have already
shown that the incorporation of H1 linker histone decreases
the distance between the linker arms over their whole length
(17). This paper investigates further this effect in combination
with the other compaction factors.

The general view for more than 30 years has been that
histone acetylation is correlated with increased genetic
activity and that hyperacetylation sometimes correlates with
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cancer. However, the structural basis of the effect is not
known yet. The degree and sites of acetylation vary widely
with cell type and cell cycle phase. Acetylation is found to
be moderate in the presence of H1 linker histones (18). An
arsenal of histone acetyltransferases (HATs) and deacetylases
has been discovered, and several antibodies helped to identify
their sites of action. Most of the naturally acetylated sites
were identified as lysines on the N-terminal tails of the core
histones, the most important being those on the H3 and H4
tails. Recent studies showed, however, an acetylation of
lysine 91 in the globular part of histone H4 (19). The exact
path and DNA contacts of the histone tails are not yet known,
but it has been shown that without tails the chromatin
compaction is not correct (20). It was postulated that histone
tails play a role in the nucleosome-nucleosome interaction
either directly or through the linker DNA. Due to the known
charge neutralization upon acetylation, it was suggested that
these interactions would be weakened and consequently the
chromatin structure should open locally, allowing access for
different enzymes and transcription machines. Whether
charge neutralization alone can induce the observed biologi-
cal effects has not yet been analyzed.

Despite early expectations based on gel retardation dif-
ferences (21), the global structural parameters of isolated or
reconstituted chromatin fibers failed to show significant
changes upon hyperacetylation. Hydrodynamic parameters
of mono- or oligonucleosomes do not change upon acety-
lation in the presence of H1 (22), but decreased compactness
is measured for acetylated oligonucleosomes in the absence
of H1 (23). This last observation correlates with electron
microscopic results by the same authors. The thermal stability
of acetylated oligo- and mononucleosomes (24), as well as
the mechanical stability as measured by stretching (25), is
slightly decreased. TheR helicity of the H4 histone tail
increases upon acetylation (26, 27) and so is responsible for
small CD changes found in acetylated nucleosomes (22).
Nevertheless, the interaction of the H4 tail with the linker
DNA persists even after acetylation, as shown by UV cross-
linking experiments (28). Acetylation does not affect the
capacity of histones to form oligonucleosomes (29, 30), the
nucleosome repetition length, and the rate of H1 incorpora-
tion (31). Acetylation is not indispensable for chromatin
remodeling (32), but ATP-dependent remodeling is found
to be more effective on acetylated chromatin fibers (33). The
DNA of the chromatin-containing hyperacetylated histones
shows some interesting features. Upon histone acetylation,
a significant but small increase is observed in equilibrium
accessibility of very different parts of the nucleosomal DNA
(34), and its DNase sensitivity and flexibility are also
increased (31).

Most of the above-mentioned observations were obtained
with chromatin isolated from hyperacetylated cells or
reconstituted by hyperacetylated octamers, in both cases all
four core histones being more or less acetylated. One other
complication is that the acetylases may also act on non-
histone proteins, and their acetylation effect is sometimes
inseparable from other posttranslational histone modifica-
tions. To study the effect of selective acetylation of the
different core histones, we have acetylated the recombinant
histones chemically prior to nucleosome reconstitution. This
approach has the advantage that we can have the nonacety-
lated states as a comparison and we can acetylate the histones

selectively. A second benefit is that other histone modifica-
tions do not influence our comparison. The disadvantage is
that the chemically acetylated sites are not necessarily the
same as those acetylated in vivo. To account for such
differences, isolated hyperacetylated and less acetylated
“normal” octamers of HeLa cells were compared.

The combination of the effect of acetylation, ionic condi-
tions, and the presence of linker histones on the path of the
linker DNA was measured with fluorescence resonance
energy transfer, using double end-labeled fragments as in
our earlier work (17).

MATERIALS AND METHODS

DNA Fragments. DNA fragments from 150 to 223 base
pairs increasing in 10-11 bp steps, containing the nucleo-
some positioning sequence of theXenopus borealis5S
ribosomal RNA gene in the center, were prepared by PCR
amplification (template kindly provided by S. Dimitrov,
Grenoble). The primers were labeled through a C6 carbon
linker on their 5′ end either with rhodamine X (Thermo
Hybaid GmbH, Ulm, Germany) or with Alexa 488 (in our
laboratory). The PCR products were HPLC-purified (ion-
exchange column Gen-Pak FAX, Waters) until they showed
only one band on a polyacrylamide gel, either by ethidium
staining or by direct fluorescence of the label. After buffer
exchange on a NAP-5 column (Pharmacia), fragments were
concentrated to 0.1-0.5 mg/mL in a vacuum centrifuge
(Uniequip) and stored at-20 °C in TE buffer (10 mM Tris,
pH 7.5, 0.1 mM EDTA) containing 5 mM NaCl. Nonlabeled
and single-labeled DNAs of the same sequences were
similarly prepared.

Histones. Recombinant core histones ofXenopus laeVis
were expressed inEscherichia colias described in refs35
and 36. The isolation from the exclusion bodies and
purification were performed as described in ref36. The four
histones were lyophilized and stored separately at-80 °C.
The histones were acetylated individually by incubating with
0.1 M acetyl phosphate (Sigma) at 1 mg/mL histone
concentration for 3 h at 50°C in TE-â buffer (10 mM Tris-
HCl, pH 7.4, 0.1 mM EDTA, 0.5 mMâ-mercaptoethanol).

Octamers were prepared from recombinant core histones
containing all histones in nonacetylated form, all histones
acetylated, or only H4, H3, or both H3 and H4 acetylated.
Prior to octamer formation, equimolar concentrations of the
four histones were unfolded by dissolving in unfolding buffer
(7 M guanidine hydrochloride, 20 mM Tris-HCl, 10 mM
dithiothreitol) or repeated buffer exchange by Vivaspin 20
(MWCO 10000) centrifugation. After 30 min of unfolding,
the octamers were formed during an overnight dialysis
against refolding buffer (TE-â with 2 M NaCl) in Slide-A-
Lyser cassettes (MWCO 7000, Pierce) at 4°C. Aggregates
were separated by 5 min centrifugation at 5000 rpm followed
by FPLC separation of tetramers and other smaller fragments
(36).

For comparison, histone octamers were isolated from
normal and hyperacetylated HeLa cell nuclei and purified
in nonacidic conditions of the histones as described in our
previous paper (17). Hyperacetylation was achieved by
incubating the cells for 6 h with 6 mM sodium butyrate.

Linker histone H1 from calf thymus was purchased from
Roche Diagnostics (Mannheim, Germany) and used after
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purification on Sepharose and a NAP-5 column (Pharmacia,
Germany). Aliquots of histone H1 were stored at-80 °C in
TE buffer containing 5 mM NaCl and 0.5 mM PMSF.

The quality of the histone preparations was controlled on
a silver-stained 18% SDS-polyacrylamide gel. Comparison
with nucleosomes isolated from natural chromatin (COS-7
cells) showed that in our preparations all histones were
present in equimolar concentrations and without degradation.
The degree of acetylation was controlled on silver-stained
Triton-acetic acid-urea (TAU) gel run overnight with a
maximum of 30 mA at room temperature (37).

Nucleosome Reconstitution. Histone octamers and DNA
fragments were mixed in TE buffer at 2 M NaCl concentra-
tion. Typical reaction volumes were 50-100 µL; the DNA
fragment concentration was 0.4µM. The DNA:octamer
proportion varied between 1:1.8 and 1:2.2, as optimized for
every histone preparation. The reconstitution was started for
30 min in silanized sterile Eppendorf tubes at room temper-
ature; then it was dialyzed at 4°C against stepwise decreasing
concentrations of NaCl down to 5 mM in minidialyzing tubes
(Pierce). If H1 was to be incorporated, it was added at 0.6
M NaCl concentration.

The quality of the reconstitution was checked with gel
electrophoresis either on 6% polyacrylamide gel (60:1
acrylamide:bisacrylamide) in TBE buffer at 10 V/cm or on
2% agarose gel in 0.5× TBE buffer at 10 V/cm. Gels were
stained by ethidium, and a video image was taken on an
UV transilluminator. The video images were quantified using
the program IQ (Bio Image), taking into account that the
emission of ethidium is about 30% weaker in the case of
nucleosomes than for free DNA (38). To demonstrate the
incorporation of H1 linker histone, we looked for the slowing
down of the migration of nucleosomes in agarose gel and
also made MNase digestion. MNase (Roche Diagnostics,
Mannheim, Germany) was added at 5 units/mL to the
nucleosome solutions. Digestion by MNase was done in the
presence of 1 mM CaCl2 for different incubation times at
25 °C and was stopped by EDTA. The length of the
nondigested DNA fragments was analyzed on 8% PAGE (29:
1) after phenolization.

Absorption and Emission Spectra. For all measurements
the samples were thermostated at 20°C. Quartz cuvettes with
a path length of 3 mm were silanized in order to avoid
adhesion of the dye or proteins. Sample concentrations below
0.5 µM were used to avoid inner filter effect in the
fluorescence measurements. Absorption spectra were mea-
sured on a Cary 4E spectrometer (Varian, Mulgrave,
Australia) between 220 and 750 nm, with an absorbance
accuracy of 0.001. Fluorescence emission spectra were
measured with an SLM-AMINCO 8100 fluorescence spec-
trometer (SLM, Urbana, IL) using a 150 W xenon lamp.
Emission spectra were collected between 500 and 750 nm
with 4 nm monochromator slit width for excitation and
emission. Excitation wavelengths were 495 nm for the donor
and 585 nm for the acceptor. Spectra were measured relative
to the lamp intensity and corrected for the instrument
response and buffer signal. Numerical treatment of the
collected data was done with the Kaleidagraph program.
Integrated spectral regions were used for the determination
of the energy transfer efficiency. The integration extended
over (5 nm in the absorption spectra and(10 nm in the
emission spectra. Fluorescence resonance energy transfer

(FRET) efficiency was determined from the enhanced
emission of the acceptor.

Determination of the FRET Efficiency and the Dye-to-Dye
Distance. Two emission spectra were recorded for the
calculation of the FRET efficiency at between 500 and 750
nm with excitations at 495 and 585 nm, respectively. The
integrated emissions (I1 andI2) around the maxima 520 and
610 nm of the first spectrum and around 610 nm of the
second spectrum (I3) were used in the calculations. The
measuredI2 is the sum of the enhanced emission (EE), the
tail of the donor emission (T), and the emission from direct
excitation (D) of the acceptor. MeasuringI1 and I2 on a
donor-only labeled sample, one can calculate the ratio of
the maximum to the tailFT ) I1/I2, which is a constant. It is
then used to calculate the hidden tail from the measuredI1

for every sample:T ) I1/FT . Similarly, a factorFD ) I3/I2

measured on an acceptor-only labeled sample is used to
calculate the hidden direct emission of the acceptorD )
I3/FD.

The relative absorption at the excitation wavelength (495
nm) of the donor and acceptor molecules in the complex
was taken from the absorption ratio of the acceptor at its
maximum and at the excitation wavelength in single-labeled
double-stranded DNA:FA ) {AA

585}/{AA
495}. In the absorp-

tion spectra of the double-labeled double-stranded DNA
samples the measured absorption at the fluorescence excita-
tion wavelengthA495 is the sum of the donor and acceptor
absorptionsA495 ) AD

495 + AA
495. Their proportion is

calculated from the measured absorptions on the double-
labeled samples:

The efficiency of the energy transfer is then

expressed through the measured values and the proportion
factors:

Using HPLC-purified labeled primers and a second HPLC
step after PCR preparation, we were able to estimate the
double labeling of our DNA fragments as 100%. A small
part of the fragments usually did not form nucleosomes. This
fraction was quantified by gel analysis, and the measured
ET was corrected for it. Only samples with less than 25%
free DNA were measured.

The averaged dye-to-dye distanceR is determined through
the Förster radiusR0:

The factorsFT andFD are independent of the salt environ-
ment whereasFA andR0 change slightly; the salt dependence
of FA was measured and taken into account in the calcula-
tions. The salt-dependentR0 values were determined relative
to the low saltR0 from the overlap integrals, using measured
donor quantum yields and emission spectra of double-labeled

AD
495/AA

495 ) (A495/A585)FA - 1 (1)

ET )
I2 - T - D

D (AA
495

AD
495) (2)

ET )
I2 - I1/FT - I3/FD

(I3/FD)[(A495/A585)FA - 1]
(3)

R ) R0
6x1/ET - 1 (4)
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160 bp long DNA fragments in the respective buffers. The
slight increase of the refractive index was also taken into
account. The orientation factor was controlled through the
anisotropy of the bound dyes and was found to be insensitive
to salt in the studied range. The calculatedR0 value decreased
from 55 to 52.8 Å by increasing the NaCl up to 200 mM.

To exclude samples with eventual aggregation presenting
an internucleosomal FRET, we controlled the flatness of the
absorption spectra outside the absorption bands for each
sample and the proportion of the Rayleigh band relative to
the fluorescence in the fluorescence spectra.

As presented above, the ET values contain measured data
from two spectra and from one gel quantification, as well
as several constants. The errors were calculated from parallel
measurements for several (5-10) preparations and were
found to be below 0.5 nm in the dye-to-dye distance. Possible
errors in the calculation factors did not affect the relative
changes.

The measured FRET values are averages on a whole
sample. Distance fluctuations of the dyes may appear from
different sources: the largest are due to asymmetric position-
ing; on smaller scales the mobility of the longer linker DNAs
plays a role and lastly the dye mobility. Due to theR6

dependence of the FRET the average is strongly weighted
for the shorter distances, so ourR-values can be regarded as
lower limits.

RESULTS AND DISCUSSION

No Crossing of the Linker DNAs.Nucleosomes were
reconstituted from recombinant histones and DNA fragments
of different lengths. The linker DNA end-to-end distance of
the samples was then determined by FRET in low salt (5
mM NaCl) and also after addition of concentrated NaCl to
more elevated concentrations. Figure 1 shows as example
the linker end-to-end distance of nucleosomes reconstituted
on DNA fragments of different lengths at low salt (5 mM
NaCl) from recombinant and isolated histone octamers. It
may be seen that the distance between the linker DNA ends
increases monotonically, which means that, similarly to our
earlier studies done with histone octamers isolated from HeLa
cells (17), the linker DNAs of the mononucleosomes
prepared here from recombinant histones diverge without
apparent crossing. The data for all of the other experimental
conditions, shown below, confirm this finding. This result
is in good agreement with recent studies on the higher order
structure of chromatin fibers (39) and tetranucleosomes (40).

Salts Lead to a Moderate Approach by the Linker DNAs.
Increasing salt concentrations lead to a monotonic decrease
of the dye-to-dye distances, corresponding to an approach
of the linker DNAs for all different fragment lengths, with
or without linker histones and for all acetylation states of
the core histones. An example for two DNA fragment lengths
with and without linker histones is given in Figure 2. Mg2+

causes this approach at much smaller concentration, as shown
in Figure 3. This effect confirms the decrease of the
electrostatic repulsive interaction of the linker DNAs due to
the charge neutralization by the counterions. The measured
distances do not allow a construction of a unique spatial path
for the linker DNAs, but even in the more compact form
our distance data are only compatible with a noncrossing
geometry as was described earlier for low salt conditions
(17).

The increase of the salt concentration showed two side
effects: the ratio between nucleosome to free DNA decreased
monotonically with the salt concentration, and at some stage
the samples began to aggregate, disturbing the optical
measurements. Both effects varied depending on the linker
DNA length and the type of the histone octamers. We could
observe these effects with recombinant and isolated octamers
and not only the reconstituted, but also isolated nonfluores-
cent mononucleosomes of HeLa cells showed disintegration
and aggregation in function of the NaCl concentration. We
assume that this salt-dependent disintegration is due to the
low nucleosome concentration (<0.5µM) as proposed earlier
(41) and not as an artifact of reconstitution or octamer
refolding. The disintegration was observed and quantified
by agarose gel electrophoresis (Figure 4) and was taken into
account by the calculation of the FRET value. Aggregation

FIGURE 1: Dependence of the end-to-end distance of the nucleo-
somal DNA on the fragment length, calculated from FRET
measurements. Nucleosomes were prepared from recombinant
histones (solid line) and from isolated histone octamers of HeLa
cells (dashed line).

FIGURE 2: Effect of NaCl concentration on the linker DNA end-
to-end distances in the absence (black) and presence (red) of linker
histone H1. Values were calculated from FRET measurements on
nucleosomes prepared from 203 bp (squares) and 171 bp (triangles)
long DNA fragments.

FIGURE 3: Effect of MgCl2 on the linker DNA distances in the
absence (black) and presence (red) of linker histone H1. DNA
fragments of 180 bp were used.
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was detected in the absorption spectrum through the in-
creased baseline, and those samples were centrifuged or
eliminated.

Compaction by Salts and by Linker Histones Is AdditiVe.
As earlier demonstrated for nonrecombinant histones at low
salt (17), incorporation of linker histone H1 induces an
approach of the linker DNA arms in mononucleosomes at
all different fragment lengths and already at low salt
concentration, as seen by the strongly increased FRET signal.
A further slight approach is observed by increasing the ionic
strength, similar to the case without linker histones (Figure
2). H1 incorporation was confirmed by gel retardation shift
and MNase digestion stop at approximately 170 bp, proving
the correct positioning (data not shown). Both of these
methods are qualitative so we cannot tell whether the
incorporation is fully stoichiometric, but we observed a
monotonic increase of the incorporated H1 as a function of
the added concentration and used the highest nonaggregating
H1 concentration. We could observe under these conditions
that the DNA closing effect of salts and linker histone go in
the same direction.

Effects of Histone Acetylation on Nucleosome Compaction.
Analysis of Histone Acetylation.Electrophoresis on TAU gel
was used for separating histones with different acetylation
states (Figure 5). The annotation of the bands was done
according to ref37. In the lanes of the acetylated octamers
we observed a weakening (H4) or total disappearance (H2A)
of the nonacetylated bands and the appearance of several
(three to six) differently acetylated fractions, corresponding
to observations seen when the acetylation is performed by
enzymes.

The gel also shows that the recombinant histones are not
totally uniform, a second slower fraction of H4 and H2B
being clearly seen above the nonacetylated bands and less
visibly separated but present for the other two slower histones
as well. The migration speed of these fractions correlates
with that of the singly acetylated histones. Recombinant
histones received from other laboratories presented this shift
as well. Since there is no evidence in the literature for
acetylation or other types of histone modification in bacteria,
mass spectrometry was used to investigate this effect.
Reflectron-in-source decay (reISD) experiments have shown
a shift of 43 Da for the N-terminal residues in part of all

four recombinant histones (42). This could correspond to a
carbamylation of these termini; a purification artifact neither
excluded nor reported yet for recombinant histones. It seems
that this modification does not affect the octamer- and
nucleosome-forming capacity of the histones. In the mass
spectra of isolated normal and hyperacetylated HeLa octam-
ers, the shift is not present.

Using reISD spectra on solution of single histones, we
could analyze the proportion of once or several times
acetylated species and we could then specify the most
probable sites of acetylation in the first 50 amino acids
separately on the N- and C-termini (42). We found that the
acetylation occurs mostly on the N-terminus (up to five
lysines), whereas at most one lysine is modified at the inner
C-terminus. In comparison, analysis of HeLa H4 histone
revealed one acetylated and one dimethylated lysine at the
N-terminus on the normal samples and only one additional
acetylation for the hyperacetylated samples. The site of this
biochemical acetylation is the same in the entire sample,
contrary to the statistical distribution upon chemical acety-
lation. On the other hand, the chemical acetylation allows a
comparison between purely nonacetylated and histone-
selectively acetylated cases without any other modification.
Further mass spectrometry from differently acetylated gel
bands is under way.

On the basis of these results we are confident that the
chemical acetylation is an adequate method for the study of
specific effects of the selective acetylation of the different
histones, although not of site-specific acetylation.

Chemical Acetylation Does Not Impede Nucleosome
Formation.Figure 6 shows a native agarose gel of nucleo-
somes formed with differently acetylated recombinant his-
tones using the same 223 bp DNA fragment. We have not
found any significant difference in the efficiency of histone
incorporation as seen in the ratio of the free DNA and
nucleosomes. On the other hand, the relative proportion of

FIGURE 4: Nucleosome disintegration by increasing NaCl concen-
tration calculated from agarose gel images. The nucleosome
concentrations were between 300 and 800 nM. Nucleosomes were
reconstituted from recombinant histones without modification (black
solid line), with acetylation of H3 histone (green), H4 histone (blue)
only, all histones (red), and from histone octamers isolated from
HeLa cells (black dashed line) as well as isolated nonlabeled
nucleosomes from HeLa cells (black dotted line).

FIGURE 5: Characterization of histone octamer acetylation states
by TAU (Triton-acetate-urea) gel. From left to right, lanes 1 and
7 contain octamers of unmodified recombinant histones. In lane 2
only histone H3 is acetylated, in lane 3 only H4, in lane 4 histones
H3 and H4, and in lane 5 all four core histones. In lane 6 is isolated
histone octamer from HeLa cells.
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the differently retarded nucleosome bands depends strongly
on the acetylation. It has been shown earlier (43) that for
mononucleosomes the gel retardation depends on the sym-
metry of the positioning of the octamer. In the case of
nucleosomes with linker DNAs of the length used here,
asymmetrically positioned nucleosomes move faster due to
the longer mobile DNA part. We observed that the octamers
containing acetylated H3 form more of these faster migrating
nucleosomes. The faster migration can be explained by a
more asymmetric localization or reduced contact between
DNA and histones. Incomplete nucleosomes containing only
histone tetramers migrate also faster, but under our conditions
this would result in a much faster band (data not shown).

The Linker DNA Distance Is Influenced by Histone
Acetylation.This influence is very complex, depends on
which histone is acetylated, differs depending on the frag-
ment length, and is influenced by the surrounding ionic
conditions. Figure 7A presents the end-to-end distance of
the nucleosomal linker DNA as a function of the fragment
length at 5 mM NaCl. For the 160 bp fragment where the
DNA ends are close to the histone core, we find that
acetylation of any histone opens the DNA arms. The extent
of this opening depends on the acetylated histones: the effect
of H4 acetylation is weaker than that of H3. Extending from
the core, the geometry change depends on the acetylated
histone: with H4 acetylated the linker arms stay even closer
than with nonacetylated histones; with H3 or all histones
acetylated the opening is more pronounced. The effect of
the acetylation of H3 only or of all histones is similar above
180 base pairs, suggesting that H3 dominates over the H2A
and H2B histones in determining the linker DNA path. Figure
7B shows the end-to-end distances obtained at 100 mM
NaCl. Compared to low salt conditions, the closing effect
of acetylated H4 begins already for shorter DNAs, closer to
the histone core. The salt-dependent compaction of the
differently acetylated nucleosomes for short (160 bp) and
longer distances (223 bp) is plotted on Figure 8. We observed
that the slopes are very similar for the different acetylation
states and DNA lengths; thus the charge reduction of the

histones does not seem to interfere much with the electro-
static interaction of the linker DNA arms.

Figure 9 gives an overview of all data: we observe that
the DNA diverging from the core as well as the salt-induced
linker DNA closing are independent of the acetylation state
and that the acetylation of H4 histone has a special closing
effect on the distant DNA parts. The effect of histone H1

FIGURE 6: Agarose gel analysis of nucleosome reconstitution from
differently acetylated recombinant histones and 223 bp DNA. From
left to right, lanes 1 and 6 contain 100 bp DNA markers, lane 2
contains samples prepared with nonmodified recombinant histones,
lane 3 with H3, and lane 4 with H4 acetylated, and in lane 5 all
four histones were acetylated.

FIGURE 7: Dependence of the linker DNA end-to-end distances
on the length of the DNA fragments. Nucleosomes were reconsti-
tuted from recombinant unmodified octamers (black) and from
octamers where only histone H3 was acetylated (green) or only
histone H4 (blue) as well as where all histones were acetylated
(red). Values are presented from measurements in low salt, 5 mM
NaCl (A), and in high salt, 100 mM NaCl, concentration (B).

FIGURE 8: Dependence of the linker DNA end-to-end distances
on the NaCl concentration for short DNA fragments of 160 bp (A)
and for long DNA fragments of 223 bp (B). Purple symbols
represent nucleosomes containing acetylated H3 and H4 histones;
the other colors are the same as for Figure 7.
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on the linker DNA is not influenced significantly by the
acetylation (data not shown).

The distance of the DNA linker arms is predominantly
determined by the electrostatic DNA-DNA repulsion and
by its shielding through the positive ions and the proximity
of the histones. The increased distance by acetylated H3 can
be explained by the neutralization of the positive tails. This
can be regarded as an elementary step for chromatin
decompaction through DNA repulsion. The decreased DNA
distance in the case of acetylated H4 histone corresponds to
a compaction. This necessitates looking for some other, more
direct interaction between the linker DNA and the H4 histone
tail.

What may explain the different effects of H3 and H4
acetylation? The tails of H3 histone are longer and protrude
closer to the beginning of the linker DNA, whereas the
shorter H4 tails start further from the DNA. We recall the
observations that the distance between the H4 tail and linker
DNA seems not to change upon acetylation and, furthermore,
that the H4 tail shortens due to increasedR helicity. The
distances obtained for nucleosomes of HeLa histones (Figure
1) are most comparable with that of the H4-only acetylated
sample. With histones isolated from butyrate-treated HeLa
cells, the distances are in general 3-5 Å higher than for
normal HeLa cells (not shown). Further studies are underway
to characterize the effect of posttranslational histone modi-
fications on nucleosome structure by FRET and mass
spectrometry.

CONCLUSION

The studies presented here show that besides the effects
of salt and linker histone binding, histone acetylation
profoundly influences chromatin structure at the mononu-
cleosome level. Global histone acetylation, or acetylation of
H3 only, leads to an opening of the nucleosome structure in
agreement with the observed chromatin fiber opening. In
contrast, acetylation of H4 causes a more complex behavior
where the linker DNA arms seem to open up only locally
and actually approach each other more closely when they
are further from the histone core. Such differential effects
may play an important role in determining the precise

function of histone modifications, and their further charac-
terization will advance our understanding of the histone code.
To elucidate the structural changes on the mononucleosome
level in more detail, bulk FRET measurements have the
disadvantage that only an average distance can be measured.
Single molecule FRET studies on mono- and trinucleosomes
are underway to overcome this limitation.
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