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Abstract
A protein-protein Förster resonance energy transfer (FRET) system, employing probes at multiple
positions, was designed to specifically monitor the dissociation of the H2A-H2B dimer from the
nucleosome core particle (NCP). Tryptophan donors and Cys-AEDANS acceptors were chosen
because, in comparison to fluorophores used in previous NCP FRET studies, they: 1) are smaller and
less hydrophobic which should minimize perturbations of histone and NCP structure; and 2) have
an R0 of 20 Å, which is much less than the dimensions of the NCP (~50 Å width and ~100 Å diameter).
CD and FL equilibrium protein unfolding titrations indicate that the donor and acceptor moieties
have minimal effects on the stability of the H2A-H2B dimer and (H3-H4)2 tetramer. NCPs containing
the various FRET pairs were reconstituted with the 601 artificial positioning DNA sequence.
Equilibrium NaCl-induced dissociation of the modified NCPs showed that the 601 sequence
stabilized the NCP to dimer dissociation as compared to previous studies using weaker positioning
sequences. This finding implies a significant role for the H2A-H2B dimers in determining the DNA
sequence dependence of NCP stability. The free energy of dissociation determined from reversible
and well-defined sigmoidal transitions revealed two distinct phases reflecting the dissociation of each
H2A-H2B dimer, confirming cooperativity in dimer dissociation. While cooperativity in the
association/dissociation of the H2A-H2B dimers has been suggested previously, these data allow its
quantitative description. The protein-protein FRET system was then used to study the effects of the
histone variant H2A.Z on NCP stability; previous studies have reported both destabilizing and
stabilizing effects. Comparison of the H2A and H2A.Z FRET NCP dissociation transitions suggest
a slight increase in stability but a significant increase in cooperativity for dimer dissociation from
H2A.Z NCPs. Thus, the utility of this protein-protein FRET system to monitor the effects of histone
variants on NCP dynamics has been demonstrated, and the system appears equally well-suited for
dissection of the kinetic processes of dimer association and dissociation from the NCP.
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The nucleosome core particle (NCP) is the fundamental repeating unit for packaging DNA into
chromatin. Approximately 150 bp of DNA are wrapped around an octamer of histones,
containing two copies each of H2A, H2B, H3 and H4. Although it was initially thought to be
a static, highly regular packaging system, the nucleosome is now known to be a dynamic
structure.1–3 Changes in the properties of the NCP are critical in the regulation of DNA-
dependent processes, such as transcription, replication, recombination and repair. The
misregulation of NCP structure and function leads to a range of diseases, particularly cancer.
4–6

The histones of the core nucleosome contain N-terminal tails and a conserved three helix
heterodimerization motif, as well as C-terminal extensions in the H2A-H2B dimer.7 The H3-
H4 dimer further oligomerizes to a tetramer through a four helix bundle comprised of the C-
terminal helical regions of H3 and H3′. In the NCP, the C-terminal regions of H2B and H4
form two additional four helix bundles within the octamer.8; 9 Salt bridges and hydrogen bonds
between buried charged side chains stabilize the four-helix bundles, as well as burial of
hydrophobic surface area. The L1 loop and C-terminus of H2A also participate in important
intermolecular interfaces. The L1 loops of H2A and H2A′ interact with each other through
multiple hydrogen bonds; it has been hypothesized that stabilization arising from these loop
interactions may contribute to the cooperative association of the H2A-H2B dimers in formation
of the NCP.8; 10 The “docking domain” of the C-terminal tail of H2A also makes extensive
contacts with the H3-H4 dimer and contributes to the helical ramp for the DNA.

The process of NCP assembly from purified proteins is similar to that observed in the cell.11;
12 The (H3-H4)2 tetramer binds first and positions the central portion of the DNA wrapped in
the NCP. The H2A-H2B dimers bind to surfaces on each side of the tetramer, completing the
two helical ramps that position the 1.65 superhelical turns of DNA. In the cell, histone
deposition is controlled by histone chaperones such as CAF-1, RCAF and NAP-1 (for
review13). Cell-free reconstitutions of the NCP generally rely on the different sensitivities to
ionic strength of the assembly/disassembly steps. The NaCl-induced disassembly process is
shown in Scheme 1: At NaCl concentrations approaching physiological ionic strength, the
mobility of the DNA ends increase. As the NaCl concentrations are increased, the H2A-H2B
dimers dissociate, and finally the (H3-H4)2 tetramer. Dissociation of the H2A-H2B dimers
begins at ~0.4 M NaCl for many DNA sequences, including the commonly used sea urchin 5S
gene sequence. The (H3-H4)2 tetramer dissociates above 1.4 M NaCl.11; 14; 15 The transient
formation of a hexameric intermediate, shown in brackets in Scheme 2, is not directly detected
by most current methods.

The intrinsic dynamics of the NCP result from movement of either the DNA or the histone
oligomers in the absence of extrinsic proteins. Widom and colleagues showed that target sites
wrapped inside the NCP are transiently exposed to DNA-binding proteins of various sizes.
16; 17 Equilibrium and kinetic studies of DNA-DNA FRET (Förster resonance energy transfer)
systems have been used to monitor the dynamic mobility of the DNA in the NCP.18–20
Spontaneous wrapping and unwrapping of the DNA ends as well as larger scale movements
near the dyad axis occur on timescales from tens to hundreds of milliseconds. The NCP is in
a closed state ~95% of the time, but unwrapping permits access of non-histone proteins to
various DNA sequences. Clearly, the nucleosome is in a constant flux between wrapped and
unwrapped states. The magnitude and rate of this dynamic flux is influenced by extrinsic
factors, including the incorporation of histone variants, post-translational modifications,
histone chaperones and ATP-dependent remodeling complexes. FRET experiments have been
and will continue to be a powerful tool to dissect NCP dynamics.

Histone variants constitute a small, but essential fraction of a cell’s histone complement and
play distinct functional, and presumably structural, roles in chromatin dynamics.21–25 The
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greatest number of variants have been identified for H2A including the major H2A (H2A.1),
H2A.Z, H2A.X, H2A-Bbd, and MacroH2A. The variants constitute ≤ 20% of the total H2A
population and vary from 60% to 90% sequence identity with the major H2A. The main
differences relative to H2A.1 are the sequence and length of the C-terminal α-helix and
extended tail as well as significant changes in the L1 loop. Of these variants, H2A.Z has the
highest abundance in the proteome and has been highly studied. While H2A.Z deficient strains
of Saccharomyces cerevisiae are viable, this variant is essential in all higher eukaryotes.23
Various studies have implicated H2A.Z in both transcriptional activation and repression
(e.g. 26–31). An emerging view is that H2A.Z plays a role in defining and maintaining the
boundaries of heterochromatin.32; 33

The X-ray crystal structure of H2A.Z NCP is very similar to that of NCPs containing the major
H2A with minimal changes in protein-DNA contacts.10 Two regions exhibited subtle
structural differences that may influence the stability and dynamics of individual NCPs: 1) The
interface between the C-terminal docking domain of H2A which binds the H3-H4 dimer; and
2) The H2A-H2A′ L1 loop interactions. Firstly, the sequence differences in the C-terminal
docking domains caused small localized changes, such that three hydrogen bonds observed in
the H2A NCP were absent in the H2A.Z NCP structure—which may potentially destabilize
the H2A.Z NCP. Secondly, the relative orientations of the L1 and L1′ loops are altered,
changing the intermolecular hydrogen bonding between H2A-H2A′ and H2A.Z-H2A.Z′—two
and six hydrogen bonds, respectively. These changes may increase the binding cooperativity
for H2A.Z-H2B dimers and disfavor “mixed” NCPs containing both major H2A and H2A.Z
histones.10; 15

There is some controversy about the relative stability of H2A and H2A.Z NCPs. Initial studies
suggested that H2A.Z decreased the stability of the NCP to salt induced dissociation.34
Subsequent studies, using salt-induced dissociation,15 and sucrose gradient or hydroxyapatite
chromatin fractionations35 have suggested minor stabilization upon incorporation of
unacetylated H2A.Z while temperature-dependent NCP mobility suggests that H2A.Z is
destabilizing.36 Additional biophysical studies are required to clarify the determinants of the
relative stabilities of NCPs containing H2A and H2A.Z.

To further characterize NCP assembly/disassembly with major and variant histones, a FRET
system was developed to monitor protein-protein interactions within the NCP. Unique Trp
donors were engineered into the H3 and H4 histones. Unique Cys residues, targets for
IAEDANS modification, were engineered into H2A and H2B. Five different FRET Trp donor/
Cys-AEDANS acceptor pairs were reconstituted into NCPs with the 601 artificial positioning
sequence.37 NCP assembly/disassembly was monitored by salt-induced dissociation. Two
important features of this FRET system permitted an estimation of the free energy for H2A-
H2B dissociation. Firstly, FRET is sensitive to the dissociation of the dimer and relatively
insensitive to other transitions such as DNA breathing or tetramer dissociation. Secondly, the
salt-induced dissociation of the H2A-H2B dimer is highly reversible.

RESULTS
Design of components of the NCP FRET system

The histone octamer wraps ~150 bp of DNA, and many sequences can populate multiple
translational and rotational positions. To ensure a homogeneous NCP population, the strong
positioning 601 sequence identified by the Widom lab was used.37; 38 The affinity of the 601
sequence for the histone octamer is ~150 times greater than that of the well-characterized
positioning sequence from the sea urchin 5S rRNA gene, used in a previous NCP FRET
equilibrium study.15
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Previous NCP FRET systems have used derivatives of coumarin, fluorescein, Cy3 and Cy5
with Förster distances of 50 to 60 Å.15; 18–20; 39; 40 The Trp to Cys-AEDANS pair was
chosen because: 1) the relatively small size and hydrophobic surface area of the fluorophores
will minimize any tendency of the fluorophores to interact with hydrophobic patches on or
near the surface of the proteins; and 2) the R0 of 20 Å41 is substantially less than the dimensions
of the NCP (~50 Å width and ~100 Å diameter).

The sites for the FRET donors (Trp on H3 and H4) and acceptors (Cys-AEDANS on H2A and
H2B), depicted in Table 1 and Figure 1, were chosen based on inspection of the NCP crystal
structure.8 The choices were based on four factors: 1) the absence of Trp residues in all four
histones and Cys in H2A, H2B and H4; 2) high solvent accessibility of the WT side chain to
permit rotational freedom of the fluorophore; 3) hydrophobicity of the WT residue to minimize
structural perturbation; 4) proximity of the Cβ atoms of the donor and acceptor sites. The H2A-
L108C mutation is at the beginning of the C-terminal tail, which is in close proximity to the
structured regions of the histone octamer. The H2B-S109C mutation is on the surface of the
C-terminal helix, beyond the canonical histone fold. The H3-F78W mutation is the C-terminal
residue of the α1 helix of the canonical histone fold. Because of distance considerations, Trp
residues were introduced on the surface of the central α2 helix of the H4 histone fold by
mutation of Leu-49 and Val-60. Five protein-protein FRET NCPs (Table 1) were designed to
monitor the dissociation of H2A-H2B dimer. The distances from one donor to each acceptor
(D-A and D-A′) are similar for FRET NCPs with H2A Cys-AEDANS acceptors, but dissimilar
for H2B-acceptor NCPs.

Fluorescence spectra and anisotropy of the Cys-AEDANS and Trp residues
Fluorescence emission spectra of folded and denaturant-unfolded oligomers were compared
to assess the solvent accessibility of the FRET donors and acceptors. The emission wavelength
maximum should red shift very little upon the addition of denaturants if the fluorophore is
highly exposed to solvent in the native oligomer. The folded H2A-H2B dimers containing the
Cys-AEDANS acceptor had emission maxima of 485 to 490 nm; upon unfolding, there was a
minimal red shift of 5 nm. The Trp FL of the folded H3-H4 tetramers exhibited emission
maxima of 345 to 350 nm, with 5 nm red shifts upon GdmCl-induced unfolding. These data
demonstrate that the FRET donors and acceptors have relatively high solvent accessibility in
the folded histone oligomers.

If the fluorophores are not restricted by partial burial or interactions with hydrophobic surfaces
on the histones or the NCP, they should exhibit a high degree of rotational freedom, which is
important for FRET efficiency. The FL anisotropy parameter, r, is a measure of a fluorophore’s
rotational freedom. The relative magnitude of the r value depends on the environment of the
fluorophore and the size of the complex to which it is attached; i.e. whether it is: 1) buried and
rotation is limited by the tumbling of the macromolecular complex; 2) surface exposed and
tumbles somewhat faster than the macromolecular complex; or 3) freely rotating in solvent
with a rate that is independent of the tumbling time of the complex. Typical r values for
immobilized Trp (propylene glycol, −50 °C) are ~0.25.42

The anisotropy of the FRET fluorophores (Table 2) were determined for histones under native
and unfolded conditions; the latter should reflect the maximal rotational freedom. The r values
for the Cys-AEDANS fluorophores are ~0.06 in the native H2A-H2B dimers and decrease to
~0.02 upon unfolding. Consistent with a larger molecular weight oligomer and a shorter linker
length between the fluorophore and the protein, the Trp residues in the H3-H4 tetramer exhibit
slightly higher r values: 0.08 to 0.1 and 0.06 to 0.04 in the native and unfolded species,
respectively. In sum, the fluorescence anisotropies and emission maxima are consistent with
FRET fluorophores that are solvent-exposed with substantial rotational freedom.
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The stabilities of the engineered histone oligomers are not significantly altered
It is important to assess the effect of the FRET fluorophores on histone stability; changes in
protein stability may indicate significant structural alterations, which could alter NCP stability
and dynamics. The stability to denaturant-induced unfolding of the engineered histone
oligomers was determined by monitoring far-UV circular dichroism (CD) and tyrosine or
tryptophan FL. Like the WT histones, the equilibrium unfolding of the FRET-engineered
histones was highly reversible, two-state and protein concentration dependent (see
Supplementary data). The reversibility and absence of hysteresis was indicated by the
coincidence of transitions of folded protein titrated with denaturant-unfolded protein and
unfolded protein titrated with folded protein. Two-state unfolding was indicated by the
similarity of far-UV CD and FL transitions, which report on secondary and tertiary/quaternary
structure, respectively. The high quality of the global fits of the protein-concentration
dependence of the data provided further support for the absence of equilibrium intermediates.

The stabilities of the Cys-AEDANS H2A-H2B variants were determined from urea-induced
unfolding titrations at 5 and 10 μM monomer, monitored by both far-UV CD and Tyr FL. The
fluorescence of the Cys-AEDANS moiety was not sensitive to unfolding, as expected for a
solvent exposed, highly mobile fluorophore. For each variant, a data set of six titrations (two
monomer concentrations, two spectroscopic probes with folding and unfolding titrations) was
analyzed by global fitting. The fitted parameters are given in Table 2, and representative
Fapp transitions are shown in Figure 2A. The stabilities of the modified H2A-H2B dimers are
very similar to the WT dimer, exhibiting similar transition midpoints, CM, ΔG°(H2O) and m
values. These data indicate that the FRET acceptors cause no significant changes in structure.

The H3-H4 Trp variants were denatured with guanidinium chloride, GdmCl, as in previous
studies on the WT histones.43 The instability of the H3-H4 oligomers prevented the precise
definition of native baselines, which is necessary for quantitative analyses; therefore the
osmolyte trimethylamine-N-oxide (TMAO) was used. TMAO stabilizes the native state and
extends the native, pre-transition baseline region in equilibrium denaturation studies.43–46

Denaturation of the H3-H4 variants at 2 and 4 μM monomer was monitored by far-UV CD and
Trp FL. Data sets of 5 to 6 titrations were analyzed by global fits for each H3-H4 Trp variant.
Despite their solvent-exposure, the FL of the Trp residues was sensitive to the unfolding
transition. As suggested by FL anisotropy, the Trp residues may be more closely tethered to
the central histone fold than the Cys-AEDANS residues on H2A and H2B. The far-UV CD
signal of WT H3-H4 was insensitive to the dissociation of the tetramer to native heterodimers,
and the unfolding transitions were well described by a two-state dimeric mechanism.43 The
FL from multiple Tyr residues in WT H3-H4 reported on both tetramer dissociation and dimer
unfolding, requiring fits to a three-state mechanism. The FL of the single Trp residues are
insensitive to tetramer dissociation, which is consistent with their lack of proximity to the H3-
H3′ tetramer interface. The transitions monitored by Trp FL and far-UV CD were coincident
for the variant H3-H4 oligomers, and their protein concentration dependence was well-
described by global fits to a two-state dimer unfolding model (Supplementary Material Figure
2). Fits to a three-state model with tetramer dissociation and dimer unfolding did not
significantly improve the reduced Chi-squared values. The fitted parameters for the two-state
global fits and representative Fapp transitions are presented in Table 2 and Figure 2B,
respectively. The ΔG°(H2O) values for the H3-78W and H4-60W heterodimers were identical
to that of the WT H3-H4 dimer; the m values are slightly increased, resulting in minor changes
in the CM values. Trp-49 in the α2 helix of H4 slightly stabilizes the heterodimer as assessed
by the ΔG°(H2O) and m values, although the CM value is identical to WT H3-H4. In summary,
introduction of Trp residues into H3 and H4 has minimal effects on the stability, and
presumably the structure, of the H3-H4 heterodimer.
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Salt induced dissociation of the WT NCP
As in protein folding studies, perturbation methods are used to characterize NCP stability; the
most commonly employed perturbant is salt, specifically NaCl. The stabilities of unmodified
NCPs have been monitored previously by the intrinsic FL of the 30 Tyr residues distributed
throughout the eight core histones.14; 15; 47 At low ionic strength, Tyr FL is quenched by the
DNA in the fully assembled NCP. Salt-induced dissociation of the histone oligomers results
in an increase in the Tyr FL intensity. A minor transition is observed around 0.2 M NaCl from
increased DNA breathing (Scheme 1). Two major transitions occur at higher NaCl
concentrations and have been shown to arise from dissociation of the H2A-H2B dimers and
then the (H3-H4)2 tetramer.

The 601 sequence has been used for kinetic FRET studies,18; 19 but the salt-dependent
dissociation of 601-NCPs with unmodified histones hasn’t been reported. For comparison to
published studies with other DNA sequences, the salt-induced disassembly of NCPs
reconstituted from WT histones and the 601 sequence were monitored by Tyr FL (Fig. 3).
Multiple transitions were observed as described previously (for example, 14; 47). The low salt
transition known to be DNA breathing (Scheme 1) is not apparent. The first major transition,
which previous studies have demonstrated to be H2A-H2B release, begins at ~0.6 M NaCl,
compared to 0.3 to 0.4 M for NCPs reconstituted with the commonly used sea urchin 5S gene
sequence.15 This suggests that the H2A-H2B dimer forms a more stable protein-DNA complex
in the 601 NCPs. A recent DNA-DNA NCP FRET system also suggested the potential for
different DNA sequences to alter the affinity of the H2A-H2B dimers for the (H3-H4)2·DNA
complex.39 The second Tyr FL transition, corresponding to (H3-H4)2 dissociation, begins at
~1.5 M NaCl. Complete histone dissociation is achieved by 2 M NaCl for NCPs with either
601 or 5S rRNA DNA sequences.

Characterization of FRET nucleosome core particles
NCPs were reconstituted with the appropriate FRET donors and acceptors (Table 1) as well as
with only donor- or acceptor-containing histones. Native polyacrylamide gel electrophoresis
was used to assess the homogeneity of the NCP reconstitutions. PAGE mobility is also a
sensitive probe of the integrity of the NCP.48 DNA was visualized by ethidium bromide
staining (Figure 4A). Coomassie Blue staining showed that the protein component co-migrated
with the DNA (data not shown). Similar gel mobility and homogeneity were observed for
unmodified NCPs and those containing only donors or acceptors (data not shown).

The salt-dependent fluorescence of NCPs containing only donor or acceptor fluorophores was
examined. There was no significant FL change for any of the Trp donors between 0 and 2.4 M
NaCl. This demonstrates that the FL of the Trp donors is insensitive to tetramer dissociation,
which is consistent with their placement at distances sufficiently distant from the DNA to avoid
the quenching observed for intrinsic Tyr residues (Figure 3). This insensitivity is a requirement
for a FRET donor, allowing donor FL changes to be attributed solely to quenching by proximity
to the acceptor, and not to local conformational changes.

The acceptor-only NCPs showed minor salt dependent FL changes. H2A-108Cys-AEDANS
NCPs exhibited a small linear FL increase of ~10% between 0 and 2 M NaCl. This slight salt
dependence most likely reflects a solvent effect, rather than any structural transitions. The FL
of the H2B-109Cys-AEDANS decreased ~20% between 0.5 and 1.5 M NaCl, suggesting a
minor FL response to histone dissociation or a conformational change. However, this FL
change is much less than that observed in the FRET experiments (see below). Quantitative
analyses of the salt-induced dissociation of FRET NCPs with the H2B acceptor focused on
Trp donor data to avoid complications from this small acceptor FL change.
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The anisotropy of NCPs containing only donor or acceptor fluorophores are given in Table 2.
In the NCP, H2A and H2B Cys-AEDANS residues exhibit r values that are intermediate
between those of the folded dimer and unfolded monomer. The Trp r values in the NCP decrease
slightly (H4-49W) or exhibit slight to moderate increases (H4-60W and H3-78W, respectively)
relative to the folded (H3-H4)2 tetramer.

In summary, native gel electrophoresis and fluorescence anisotropy demonstrate that the FRET
probes do not perturb NCP assembly, homogeneity or integrity at low ionic strength and are
solvent-accessible with rotational freedom. Two essential features required for efficient FRET
have been demonstrated: 1) The FL intensity of the Trp donors is independent of the state of
NCP assembly; and 2) the FRET fluorophores, particularly the Cys-AEDANS acceptors,
exhibit extensive rotational freedom.

H2A-H2B dimer dissociation monitored by FRET
Representative emission scans of FRET NCPs at low and high NaCl concentrations are shown
in Figure 5A. With excitation at 290 nm, the intact NCP exhibits quenched Trp FL and
substantial Cys-AEDANS FL at 490 nm. Upon addition of sufficient NaCl to dissociate the
H2A-H2B dimer, the Cys-AEDANS FL decreases, with a resulting increase in Trp FL at 350
nm. For the five NCP FRET pairs, decreases of 1.4 to 2.7 fold were observed for the Cys-
AEDANS FL while the Trp FL increases by 1.7 to 3.8-fold. The range of FL changes correlates
with the calculated Cβ donor-acceptor distances and whether the D-A and D-A′ distances are
similar (as for the H2A Cys-AEDANS acceptors). The observed Cys-AEDANS FL at 1.5 M
NaCl arises from an acceptor absorbance band around 275 nm,49 which yields some FL
excitation at 490 nm, even upon excitation of the Trp donor at 290 nm. The FL intensity at 490
nm at 1.5 M NaCl in FRET NCPs is comparable to that observed for acceptor-only NCPs.

The donor and acceptor FL intensities exhibit a sigmoidal dependence on [NaCl].
Representative transitions are shown in Figures 5B and 5C. Similar data were obtained for the
other three NCP FRET pairs. The relatively steep, sigmoidal transitions observed by FRET are
coincident with the first major transition detected by intrinsic Tyr FL of WT histones between
0.6 and 1.5 M NaCl (Figure 3). This coincidence strongly suggests that the FRET probes don’t
alter NCP stability. The second transition observed by Tyr FL, above 1.5 M NaCl, reflects
tetramer dissociation from DNA; as expected, the FRET signals are not sensitive to this
dissociation step. Representative linear pre- and post-transition baselines are indicated in
Figures 5B and 5C. The folded, pre-transition baselines were fitted using at least ten NaCl
concentrations. The post-transition baselines were determined from at least five, and usually
ten, NaCl concentrations. Between 0 and 0.2 M, the 490 nm FL of NCPs with the H2B-109Cys-
AEDANS acceptor exhibited a small non-linear increase of ≤ 6% (Figure 5C). This curvature
was not included in determination of the pre-transition baselines. No curvature was observed
in the Trp FL baselines. The H2B-acceptor FL changes below 0.2 M NaCl may reflect local
structural rearrangements or DNA breathing as observed in previous NCP FRET studies.15;
18

The salt-dependencies of the FRET data were analyzed by methods analogous to those
established for protein folding studies. The assembled and disassembled baselines were used
to convert the FL data to Fapp values (apparent fraction of the unfolded/dissociated species,
Eq. 2, Methods section), allowing comparison of different FRET NCPs. These comparisons
generally used Trp donor FL because the linearity of this signal from 0 to 0.5 M NaCl provided
a less ambiguous determination of the pre-transition baselines. Figure 6 shows the Fapp values
as a function of NaCl concentration for the five FRET NCPs. The three NCPs with the
H2A-108Cys-AEDANS acceptor, but different Trp donors, are nearly coincident, with
midpoints of ~0.95 M NaCl. The similarity in these transitions argues that the Trp donors,
incorporated at different positions, have little effect on NCP stability.
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Broader NaCl-induced transitions are observed for NCPs with the H2B acceptor than for NCPs
with the H2A acceptor, despite common Trp donors. This acceptor-dependent difference in
the steepness of the transitions may reflect differences in the D-A and D-A′ distances for H2A
and H2B acceptors. These distances are similar for NCPs containing the H2A 108Cys-
AEDANS acceptor. In contrast, ≥ 95% of the FRET signal for the H2B-109Cys-AEDANS
NCPs arise from just one D-A pair. For the H2A-acceptor NCPs, both Trp donors are still
within FRET distance of a potential acceptor (A or A′) in the hexameric species formed by
dissociation of the first H2A-H2B dimer (Scheme 2). Thus, the donors in the hexameric
population should be nearly homogeneous with respect to FRET signal. In contrast, half of the
Trp donors are no longer quenched in the H2B-acceptor hexameric population. Two
spectroscopically distinct donors in the hexameric species is akin to an unfolding intermediate,
giving rise to a broader transition.50; 51 The small FL change of the H2B-Cys-AEDANS
between 0.5 and 1.5 M NaCl may also contribute this heterogeneity and broadening of the
transition region.

Free energy for the dissociation of the H2A-H2B dimer from the NCP
In this experimental system, the dissociation of the H2A-H2B dimers appears to be reversible.
Samples were prepared at 1.0 to 1.2 M NaCl, where the dimer is 50% to 90% dissociated.
Under these concentrations, Tyr FL indicates that the tetramer-DNA complex is still highly
populated (Figure 3). These partially dissociated samples were diluted to 0.2 to 0.5 M NaCl
by manual mixing and allowed to re-equilibrate for 10 min. The FL signals observed after
refolding were within 5% of those of undissociated samples. This reversibility suggested that
a thermodynamic free energy could be determined for the dissociation of the H2A-H2B dimers
from the NCP.

Thermodynamic analyses of transitions monitored by intrinsic Tyr FL and DNA-protein
FRET15 are complicated by broad transitions that reflect contributions from the multiple steps:
DNA breathing, dimer and tetramer dissociation. Thus, the relative concentrations of the
various species can’t be accurately determined. An advantage of this protein-protein FRET
system is that a single sigmoidal transition is observed which reports specifically on H2A-H2B
dissociation. This allows determination of the relative populations of assembled and
dissociated NCP species and estimation of equilibrium constant and free energy of dissociation
at various NaCl concentrations (Eq. 3). Figure 7A shows a representative plot of the salt-
dependent ΔG° values calculated for the transition region (0.6 to 1.3 M NaCl). The ΔG° values
do not depend linearly on the NaCl concentration. The dependence of ΔG values for
electrostatic interactions is often linear as a function of the square root of the ionic strength
(for review52); this is not observed for the FRET NCP data (Supplementary material).
However, the data for the five FRET NCPs were well described by two lines that intersect near
the midpoint of the dissociation transition, 0.9 to 1 M NaCl. The two linear phases presumably
reflect the dissociation of the first and then second H2A-H2B dimer. The fitted lines yield
slopes which are analogous to the m values from protein folding studies, as well as estimates
of the free energy of dissociation in the absence of NaCl, ΔG°(H2O) values (Eq. 1, Methods
section). For the H2A-108Cys-AEDANS NCPs, with nearly coincident Fapp curves, the
average slopes for the first and second transition regions were −15.8 ± 1.5 and −9.0 ± 0.8 kcal
mol−1 M−1. The corresponding ΔG°(H2O) values were 32.5 ± 1.2 and 26.5 ± 0.8 kcal mol−1

at a 1 M standard state.

The ΔG° values for NCPs with the H2B-109Cys-AEDANS are overlaid in Figure 7B. The free
energies for the first transition are in good agreement, although the slopes differ by ~30% (11.9
and 8.8 kcal mol−1 M−1 with the H3 and H4 donors, respectively). In contrast, the slopes and
ΔG° values for the second transitions differ by ≤ 6% (slopes of 5.1 and 4.8 kcal mol−1 M−1 for
the H3 and H4 donors, respectively). Based on the slopes of the two transitions, dimer
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dissociation from the H2B acceptor NCPs appears to be less cooperative than from the H2A
acceptor NCPs. This is consistent with a mixed population of hexameric species with
differential donor quenching, as discussed above. When extrapolated to a physiological ionic
strength of ~0.2 M, ΔG° values for the five FRET NCPs range between 25 and 29 kcal
mol−1 (average = 28.6; standard deviation = 1.6) and 22 to 25 kcal mol−1 (average = 24.0;
standard deviation = 1.4) for the first and second transitions, respectively.

FRET characterization of NCPs containing H2A.Z
This multiple protein-protein FRET system is well-suited to characterize the effects of
incorporation of histone variants on NCP equilibrium properties. H2A.Z was chosen because
of contradictions in the literature regarding its biological function and effects on NCP stability.
H2A.Z/H2B-109Cys-AEDANS dimers were reconstituted into NCPs with either H3-78W or
H4-60W FRET donors. Native PAGE showed the quality and homogeneity of these NCPs
were equivalent to those containing the major H2A (Figure 4B). Figure 8 shows a comparison
of the salt-induced dissociation of H2A.Z and H2A NCPs. The transitions are fairly similar;
the largest apparent difference is the steeper slope in the Fapp plots of the H2A.Z NCPs.

The stability of the NCPs were also assessed by altering the NCP concentration in 1.0 M NaCl,
approximately the transition midpoint for the H2B acceptor NCPs (Figure 6). The ratios of the
donor:acceptor FL as a function of NCP concentration are shown as insets in Figure 8. The FL
ratio was used to compensate for the protein concentration dependence of the FL intensities,
and normalized using Equation 2 (Methods) with YNCP set at the ratio for assembled NCP at
0.2 M and YT,D set at the ratio observed at 2.0 M NaCl (dimer fully dissociated from the NCP).
Hence, a ratio of 0 is expected for the intact NCP, and the NCPs re-assemble at higher
concentrations. Like the salt-dependent transitions, the FL ratios show very little difference in
the stabilities of H2A and H2A.Z NCPs.

The salt-dependence of the ΔG° values for the H2A and H2A.Z NCPs with the H2B-109Cys-
AEDANS acceptors are compared in Figure 9. As observed for H2A-containing NCPs, the
ΔG° salt-dependencies are best described by two linear phases, which intersect near the
transition midpoint. In the transition region, the ΔG° values for H2A and H2A.Z NCPs differ
by ≤ 10%. Comparisons of the H2A and H2A.Z NCPs with the H3 and H4 FRET donors give
slightly different results, but three generalities are apparent. 1) Extrapolations to physiological
ionic strength suggest that dimer dissociation from the H2A.Z NCPs proceeds with an equal
or somewhat greater ΔG° than from the H2A NCPs. 2) The H2A.Z NCPs with either Trp donor
exhibit consistently lower ΔG° values for the second linear phase, i.e. dissociation of the second
dimer is more favorable in H2A.Z NCPs, suggesting increased cooperativity. 3) The H2A.Z
NCPs exhibit steeper slopes for both the first and second linear phases, 1.1 to 1.3-fold and 1.2
to 1.6-fold greater, respectively, which is also consistent with greater cooperativity in the
disassembly of the H2A.Z NCP. In summary, although the stability differences between H2A
and H2A.Z are small, there is an apparent increase in the cooperativity of dimer dissociation
from the H2A.Z NCPs.

DISCUSSION
Design of a protein-protein FRET system

An optimal FRET system employs solvent accessible fluorophores with substantial rotational
freedom which do not significantly alter histone stability, and thus presumably histone or NCP
structure. Comparison of the FL emission maxima and anisotropy r values for the folded and
unfolded histones (Table 2) and the equilibrium stability of the modified histones (Figure 2),
demonstrate that the engineered Trp and Cys-AEDANS residues exhibit these optimal
properties. The native PAGE mobility of the variant NCPs (Figure 4) confirm that the FRET
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probes do not significantly alter NCP structure. Additional support for the absence of
perturbation of NCP structure or stability is provided by the similarity of NaCl-induced
transitions monitored by different spectral probes. The NaCl concentration range over which
dissociation is observed in the five NCP FRET pairs overlap with the first transition observed
for the WT 601-NCP monitored by Tyr Fl (0.6 to 1.5 M, Figures 3 and 6). The high similarity
between FRET transitions with different Trp donors, especially with the H2A-108Cys-
AEDANS acceptor, is also consistent with the FRET probes causing minimal changes in NCP
structure or stability.

The salt-dependent loss of the FRET signal has been attributed to dissociation of the H2A-
H2B dimers. It is conceivable that the FRET signal arises instead from a conformational change
which increases the distances between the dimers and tetramer to substantially greater than the
20 Å Ro, without dimer dissociation. However, three lines of evidence argue strongly against
this interpretation. Firstly, the FRET signal in the middle of the transition exhibits substantial
protein concentration dependence as expected for a dissociation reaction (insets of Figure 8).
Secondly, the transitions monitored by FRET overlap with that monitored by Tyr FL, which
has been well-established as arising from H2A-H2B dissociation.53 Thirdly, probes which
monitor distances between a range of intra-nucleosomal positions yield overlapping FRET
transitions. It is difficult to conceive of a conformational change which would similarly increase
all of these distances but not involve dissociation.

To determine a free energy, ΔG°, for the dissociation of the H2A-H2B dimers from the NCP,
the signal change must monitor a single transition, clearly separated from other reactions (such
as DNA breathing or tetramer dissociation), and the reaction must be reversible. The FL of
NCPs containing only Trp donors or Cys-AEDANS acceptors is largely insensitive to
dissociation events. In contrast, the salt dependencies of the donor and acceptor FL signals in
the FRET NCPs are sigmoidal, indicative of a single, cooperative transition corresponding to
the dissociation of the two H2A-H2B dimers. These data can then be used to determine the
relative populations of NCP and [free dimers + tetramer-DNA complex]. To accurately
determine the populations of different species from spectral changes, well-defined pre- and
post-transition baselines are required—which allows estimation of the signals expected for
fully assembled and disassembled species throughout the transition region. The greater stability
of NCPs reconstituted with the 601 positioning sequence and the insensitivity of FRET to
multiple transitions made this possible, in contrast to previous FRET systems.15; 18 The
criteria of reversibility was demonstrated by the ~95% recovery of the expected FRET signals
in samples refolded by dilution from salt concentrations at which the majority of the H2A-H2B
dimers have dissociated.

Comparisons to previously reported NCP FRET systems
FRET systems have been described previously for the study of NCP dynamics,15; 18–20
monitoring DNA-DNA, protein-DNA and protein-protein interactions, with a focus on DNA
movements and usually at least one of the FRET probes attached to the DNA. There are three
significant advantages or distinctions regarding the Trp/Cys-AEDANS FRET system
described here: 1) relatively small size and hydrophobic surface area of the D-A pair; 2) a 20
Å Förster distance that is substantially smaller than the dimensions of the NCP and ability to
specifically monitor the changes in distance between the H2A-H2B dimers and the (H3-
H4)2 tetramer; and 3) the use of the 601 NCP positioning sequence.

The D-A pairs used in previous studies were larger and more hydrophobic: coumarin/
fluorescein15 and Cy3/Cy5.18; 19; 39; 40 Such hydrophobic dyes have a tendency to sequester
themselves from solvent,54 which can perturb macromolecular structures. This may be a
concern in the coumarin/fluorescein FRET system,15 given the large increase in anisotropy of
the fluorophores in the NCP compared to the free fluorophores (~0.19 and 0.05, respectively).
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No report of the anisotropy data of the Cy3/Cy5 fluorophores is apparent. Additionally, the
larger Förster distances of previously used D-A pairs, 50 to 60 Å, are comparable to the
molecular dimensions of the NCP (100 Å in diameter by 50 Å in width). Under physiological
conditions, H2A-H2B dimers are able to undergo rapid exchange between partially assembled
NCPs and form unstable DNA/H2A-H2B complexes.55; 56 Above 0.5 M NaCl, H2A-H2B
dimers may weakly associate with DNA in the DNA-tetramer complexes in a non-NCP
conformation that would be detectable by FRET probes with R0 values of ~50Å. This
complexity is suggested by the difference in midpoints attributed to dimer dissociation from
5S-rRNA NCPs determined from DNA-DNA (~0.65 M), DNA-H4 (~0.8 M) and H4-H2B
FRET pairs (~0.6 M).15 With a shorter R0, detection of non-specific interactions should be
minimized. Conversely, a shorter R0 may be more sensitive to local conformational changes,
leading to FRET changes that do not reflect dimer dissociation; however, consistent results
between multiple protein-protein FRET pairs suggets that this potential complication is not an
issue.

A third important difference between the current and previous FRET systems15; 20 is the use
of the 601 NCP positioning sequence. This sequence yields a more stable, homogeneously
positioned nucleosome38 than the historically used 5S rRNA gene sequence and is becoming
a standard positioning sequence in chromatin studies (e.g.18; 19; 57; 58). There are reports on
the kinetics of DNA breathing in the context of the 601 sequence,18; 19 but no biophysical
studies describing effects on histone dissociation. This is the first report characterizing the salt-
induced dissociation of the dimer from 601-NCPs. Interestingly, it is the dimer that is stabilized
by the 601 sequence, with little to no effect on the dissociation of the tetramer, despite the
central importance of the tetramer in NCP positioning.59 0.1 to 0.2 M higher NaCl
concentrations are required to initiate dissociation of the H2A-H2B dimers from 601 NCPs,
compared to the 5S-rRNA NCPs. In contrast, the Tyr Fl data show that there is little effect on
the initiation of the (H3-H4)2 tetramer dissociation at 1.5 M NaCl. The effect of DNA sequence
on H2A-H2B affinity for the NCP has been noted recently in a DNA-DNA FRET study.39
These results have important biological implications because of the array of complexes which
promote dissociation and/or exchange of H2A-H2B dimers from the NCP.60

Free energy of H2A-H2B dimer dissociation
Unique aspects of this FRET system (well-defined, reversible sigmoidal transition, discussed
above) allow the calculation of a free energy for dimer dissociation. Previous thermodynamic
measurements have been limited to relative binding free energies, ΔΔG, between various DNA
sequences, using competitive gel shift assays (for review61). Dilution-driven dissociation
experiments to determine an absolute equilibrium constant for nucleosome disassembly have
been unsuccessful.56; 62 The dissociation reactions were not reproducible unless destabilizing
additives were used to prevent nonspecific loss of dissociated histones; even with additives,
dilution-driven dissociation was not fully reversible, preventing the determination of histone-
DNA binding free energies. The dilution driven experiments also demonstrated that a simple
dissociation model (NCP ⇆ free DNA + histone octamer) is inappropriate, and that multiple
non-nucleosomal histone-DNA species must be considered.56 Therefore, a first step toward a
thermodynamic description of NCP assembly should begin with analysis of the ΔG° for dimer
dissociation, for which the current FRET system is ideally suited. Salt-induced dissociation,
shown to be reversible, was employed instead of dilution-driven dissociation. However,
analyses of perturbation experiments do require extrapolation to physiological ionic strengths.

Interestingly, two transitions were evident in the salt-dependence of the ΔG° values for all
FRET NCP combinations (Figures 7 and 9). This biphasic response is interpreted as
dissociation of the first and then second H2A-H2B dimer, with different affinities for the
tetramer-DNA complex. The population of hexameric NCP intermediates have been reported
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in the presence of histone chaperones63 and depletion of chicken erythrocyte core particles
under certain conditions.64 The presence of cooperativity in the dissociation of the H2A-H2B
dimers has been suggested previously, but not demonstrated quantitatively. In the current study,
the extrapolated ΔG° values for the second transition are less than for the first, indicating
positive cooperativity. The second dimer dissociates more easily than the first, with a ΔG° that
is ~20% lower at physiological ionic strength. The close proximity of the H2A L1 loops in the
NCP has been proposed to play a role in the cooperative binding of the H2A/H2B dimers.8;
10; 65

The data in this report appear to be one of the first determinations of a free energy for dimer
dissociation using a well-defined, homogeneous mono-nucleosome system. A ΔG of −15.5
kcal mol−1 was reported for association of two H2A-H2B dimers with the H3-H4 tetramer to
form the histone octamer in 2 M NaCl where the octamer is stable in the absence of DNA.53
The apparent dissociation constant for H2A-H2B dimers from chicken erythrocyte long
chromatin yielded a ΔG of ~9 kcal/mol in 1 M NaCl,14 compared to 17 to 18 kcal/mol
determined for the 601-NCP FRET system (Figure 7). Part of this difference can be attributed
to the known differential affinity of the histone octamer for random chicken erythrocyte DNA
and 601 DNA, ΔΔG = 3.5 kcal mol−1.61 The standard state concentration for the study
employing long chromatin is also unclear.

Thermodynamic comparison of H2A and H2A.Z containing NCPs
The structural and functional consequences of incorporating the H2A.Z variant into NCPs have
been controversial in the literature (for review,33). Comparison of the crystal structures of H2A
and H2A.Z NCPs suggested that some interactions may stabilize H2A.Z NCPs, while others
may be destabilizing.10 Initially, Ausio and colleagues reported a significant destabilization
of H2A.Z NCPs based on salt-dependent analytical ultracentrifugation studies.34 This study
used chicken erythrocyte histones and recombinant human H2A.1 or H2A.Z to form NCPs
with random 146 bp DNA fragments or 12mer oligonucleosome arrays with the 208 bp sea
urchin 5S DNA. A subsequent FRET study using recombinant Xenopus laevis histones,
recombinant mouse H2A.Z and the sea urchin 5S DNA suggested an increase in stability for
the H2A.Z NCPs.15 Three FRET pairs monitoring DNA-DNA, DNA-H2B and H2B-H4
interactions showed an apparent shift to higher NaCl concentrations for dissociation of the
H2A.Z/H2B dimers. However, the ΔCM values of 36 to 66 mM are close to the experimental
uncertainty of the experiments. Likewise, the slopes for the dissociation transitions were similar
or slightly smaller for the H2A.Z NCPs, suggesting a decrease in cooperativity or a difference
in the salt sensitivities of the H2A and H2A.Z molecular interactions in the NCP. However,
the ΔCM values and slopes may be influenced by the choice of baselines during normalization,
which is more ambiguous in such mutliphasic transitions, unlike the current study. A recent
study by Ausio and colleagues35 contradicted their previous report, attributing the differences
to the histone source and purification methods. This later study used histones isolated
exclusively from chicken erythrocytes. Sedimentation analytical ultracentrifugation and
separation of nucleosomal components by sucrose gradients or hydroxyapatite
chromatography were used to analyze salt dependent NCP dissociation. The H2A.Z NCPs
exhibited a subtle increase in stability, which was abolished by histone acetylation. It is
apparent from the conflicting literature reports that the context of the NCPs, i.e. the source of
the histones, their modification state and the DNA sequence used, is an important consideration.

The results presented here confirm that the effects of H2A.Z on NCP stability are small and
subtle. The H2A and H2A.Z NCP dissociation transitions have similar midpoints (Figure 8),
although the slopes in plots of Fapp and ΔG° (Figures 8 and 9) are somewhat steeper for H2A.Z
NCPs, suggesting greater cooperativity in dimer dissociation relative to H2A NCPs. Enhanced
cooperativity may reflect changes in the interactions between the L1 loops of H2A and H2A′.
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More hydrogen bonds and contacts between the L1-L1′ loops are observed in the H2A.Z NCP
structure compared to the H2A NCP structure.10 These differences were predicted to cause
more cooperativity in the dissociation of the two dimers, which is the major effect observed in
the current study. In contrast, fewer hydrogen bonds in the H2A.Z-H3 interface were predicted
to be destabilizing, but appear not to be a major determinant of stability for H2A and H2A.Z
NCPs, given the results of this and other studies15; 35 which are consistent with marginally
greater stability for H2A.Z NCPs.

The increased cooperativity observed in this study is in opposition to the apparent decreased
cooperativity observed in the previous FRET study.15 Similar recombinant histones were used,
but were complexed with different DNAs (the artificial 601 sequence here instead of the 5S
gene sequence). Decreased cooperativity in the previous study might reflect non-NCP
interactions of the H2A(.Z)/H2B dimers after dissociation, detected by virtue of the larger
Förster distance of the coumarin/fluorescein FRET pair. Alternatively, the increased
cooperativity observed in the current study may reflect the greater stability of NCPs containing
the 601 DNA. Although it is believed that positioning effects result primarily from tetramer-
DNA interactions,59 the results of this study demonstrate that the 601 sequence can enhance
the affinity of the H2A-H2B dimers for tetramer-DNA complexes. The extent to which the 601
DNA sequence dictates the stability and cooperativity of dimer dissociation can be easily
determined with this protein-protein FRET system, using different DNA sequences.

Implications and future applications of a protein-protein FRET system
The nucleosome core particle is critical in the compaction of chromatin and regulation of DNA-
templated chemistries. Significant chromatin remodeling must take place in order for the
diverse machinery of replication, transcription, recombination and repair access nucleosomal
DNA. In addition to the inherent mobility of the nucleosome, the cell employs various
mechanisms such as ATP-dependent chromatin remodeling complexes, histone chaperones,
histone variants, and post-translation modifications to modulate DNA access.3; 66 The protein-
protein FRET system described herein is well-suited for dissection of the kinetic processes of
dimer association and dissociation in the assembly and disassembly of the NCP. The utility of
this FRET system to determine the effects of histone variants on NCP dynamics has also been
demonstrated. It may also be amenable to the study of catalytic amounts of chromatin
remodeling complexes or histone chaperones. Overall, protein-protein FRET is a powerful and
versatile tool for elucidating the relationships between histone sequence and stability, DNA
sequence and NCP dynamics.

MATERIALS AND METHODS
Materials

The following chemicals were purchased from the indicated companies: ultrapure urea, MP
Biomedicals (Solon, OH); ultrapure GdmCl, EMD Chemicals (Gibbstown, NJ); 1,5-
IAEDANS, Invitrogen (Carlsbad, CA); and trimethylamine N-oxide (TMAO), Sigma (St.
Louis, MO) and prepared as described previously.43 All other chemicals were of reagent grade.
The oligonucleotides used for mutagenesis and the construction of pLMG601-23 were
purchased from MWG-BIOTECH Inc. (High Point, NC).

Methods
Sample preparation
Histone mutagenesis, expression and purification: The T7 pET expression plasmids
containing the Xenopus laevis histone genes47 were used as templates for site-directed
mutagenesis. QuikChange® II Mutagenesis Kits (Stratagene, La Jolla, CA) were used to
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generate the following mutations: H2A-L108C, H2B-S109C, H3-F78W, H4-L49W and H4-
V60W. The presence of the desired mutation and absence of other mutations were confirmed
by sequencing the entire histone gene. The recombinant histones were overexpressed in the
BL21(DE3)pLys E. coli strain and purified as described previously.43; 67 H2A.Z was
overexpressed from a pET vector containing the mouse gene10 and purified by methods
described previously.68 SDS-PAGE analyses showed that the histone preparations were ≥ 90%
pure (histone and NCP reconstitution provided further purification). Purified monomers were
dialyzed against 10 mM HCl, 3 mM β-mercaptoethanol; H3 and H4 were then lyophilized.

Histone labeling: H2A and H2B Cys mutant monomers were modified with the thiol-specific
reagent 1,5-IAEDANS in a buffer of 6 M urea, 50 mM KCl and 20 mM Tris-Cl, pH 7.5 without
any reducing agent. 4 mg/ml IAEDANS, in 20 mM Tris-Cl pH 7.5 was added slowly with
stirring to a final molar ratio of 20:1 IAEDANS to Cys. The labeling reaction was incubated
for 3 hours at room temperature (under vacuum). The reaction was quenched with a 10 fold
excess of β-ME followed by exhaustive dialysis into a buffer of 6 M urea, 0.2 M KCl, 0.1 mM
K2EDTA, 3 mM β-ME and 20 mM KPi, pH 7.2. The Cys-AEDANS content of the monomers
was calculated using an extinction coefficient of 5,700 M−1cm−1 at 336 nm, and compared to
the protein concentration determined by BCA assays (reagents from Sigma, St. Louis, MO).
The extent of labeling was ≥90%, which was also confirmed by triton/acid/urea gels, which
can resolve histone post-translational modifications.69

Histone reconstitution: Purified recombinant histones were refolded to their appropriate
hetero-oligomeric form by methods similar to those described previously.43; 67 Urea-unfolded
H2A and H2B monomers were combined in a 1:1 ratio and refolded by 5-fold dilution into
buffer without urea, and dialyzed to remove remaining urea. The refolded H2A-H2B dimers
were further purified with a Heparin column as described previously.67 Lyophilized H3 and
H4 monomers were dissolved in a buffer of 8 M GdmCl, 5 mM K2EDTA, 5 mM β-ME and
20 mM KPi, pH 7.4, and then diluted 10-fold into buffer without denaturant. The reconstituted
H3-H4 preparation was dialyzed to remove residual GdmCl and then concentrated in the
dialysis tubing by placing the tubing in solid PEG 10,000, followed by further dialysis. The
concentrations of the folded WT and Trp mutant oligomers were determined in 6 M GdmCl
buffer using extinction coefficients calculated by the method of Gill and von Hippel.70 The
Cys-AEDANS H2A-H2B dimer concentrations were determined using the BCA assay because
of the contribution of Cys-AEDANS to absorbance at 280 nm.

601 DNA production: NCPs were reconstituted with a 149 bp segment of the unnatural 601
sequence.37; 38 The central 149 bp of the 601 sequence was amplified by PCR from the
pGEM3Z plasmid, kindly provided by the lab of Dr. Jonathan Widom (Northwestern
University). To enhance DNA production, a pUC119-based plasmid, pLMG601-23, was
constructed which contained 23 tandem repeats of the 149 bp of 601 sequence flanked by
EcoRV restriction sites. The pLMG601-23 plasmid was produced and extracted from E. coli
DH5α using a modified alkali lysis protocol described previously.71 149 bp segments of 601
DNA were released by EcoRV digestion and isolated with differential precipitation using PEG
6000.71 The quality of the digestion and isolation was monitored by 5% native PAGE. The
DNA concentration was determined by absorbance at 260 nm.

Octamer and NCP formation: The appropriate ratio of folded H2A-H2B dimers and H3-H4
tetramers were combined in a buffer of 2 M KCl, 5 mM Na2EDTA, 5 mM β-ME and 20 mM
KPi, pH 7.45, and dialyzed against this buffer to allow formation of histone octamers. After
concentration with a Centricon YM-10 (Millipore Inc.; Billerica, MA), the octamer preparation
was purified by size-exclusion chromatography with a BIOSEP SEC-3000 HPLC column,
equilibrated in the 2 M KCl buffer described above, which removed improperly assembled
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oligomers. Fractions were analyzed by 15 % SDS-PAGE, and those with the appropriate
histone ratio of 1:1:2 for H3, H4 and H2A-H2B (which co-migrate) were pooled.

NCP reconstitution was achieved by combining DNA and histone octamers in the 2 M KCl
buffer and lowering the ionic strength by step dialysis against buffers with 0.85, 0.6, 0.2 and
0 M KCl. The histone octamer concentration was estimated from the Cys-AEDANS
absorbance at 336 nm. Since the labeling efficiency was not 100%, the octamer concentration
was slightly inaccurate. Therefore, the optimal DNA:octamer ratio for NCP reconstitution was
determined from 50 μl reactions with DNA and octamer ratios varied from 0.4:1 to 1.2:1, using
mini-buttons for dialysis.61 5% native PAGE assessed reconstitution quality and identify the
DNA:octamer ratio which yielded the greatest amount of NCP and minimal free DNA, typically
a ratio of 0.8:1. This ratio was then used in the large-scale reconstitutions (~0.6 mg/ml NCP
in 4 to 6 ml) with conventional step dialysis methods, with a final dialysis step into the buffer
used in spectroscopy experiments (20 mM Tris, pH 7.6, 1 mM EDTA and 1 mM β-ME). After
dialysis, the reconstituted NCPs were centrifuged at 16.1 x g at 25 °C for 5 min to remove any
aggregates.

Data collection and analyses
Instrumentation: Spectroscopy data were collected on an AVIV 202SF circular dichroism
spectrophotometer and an AVIV ATF-105/305 differential/ratio spectrofluorometer. Both
instruments were interfaced with Hamilton Model 500 automated titrators, used for collecting
equilibrium stability data. The spectrometers were equipped with peltier-controlled sample
holders; all spectroscopic data were collected at 25 °C.

Equilibrium stability studies of the H2A-H2B dimer and H3-H4 tetramer: Protein
unfolding titrations were monitored by far-UV CD (222 nm) and FL, with 2 min equilibrations
at each denaturant concentration. The equilibration times are significantly longer than the
slowest observed folding and unfolding kinetic phases for the oligomers.68; 72 For H2A-H2B
mutants, intrinsic Tyr FL emission at 305 nm was used to monitor quaternary and tertiary
unfolding, with excitation at 280 nm. H3-H4 unfolding was monitored by Trp FL emission at
340 nm, with excitation at 290 nm.

The buffer conditions (20 mM KPi, pH 7.2; 0.2 M KCl, 0.1 mM EDTA) were the same as in
previous studies with WT recombinant histones.43; 67 Urea was used as the denaturant in the
H2A-H2B equilibrium titrations. H3-H4 titrations employed GdmCl as the denaturant to
improve the reversibility of tetramer unfolding.43 The buffers also contained 1 M TMAO to
stabilize the tetramer and yield a well-defined native baseline.

Thermodynamic parameters were determined from the equilibrium data by fits to the well-
established linear extrapolation method,73; 74 described in Equation 1:

(1)

where ΔG°(H2O) is the free energy of unfolding in the absence of denaturant at a 1 M standard
state and the m value describes the sensitivity of the transition to denaturant and correlates to
the change in solvent accessible surface area upon unfolding.75 The global fitting program
Savuka 5.176; 77 was used to globally fit data collected at varied protein concentrations and
with different spectral probes. The error at one standard deviation of the fitted parameters were
estimated using a rigorous analyses of the error surface as described elsewhere.78

FL anisotropy of modified histones oligomers: The FL anisotropy of the Cys-AEDANS and
Trp residues was measured for the folded and denaturant-unfolded histone oligomers and the
assembled NCPs. The G-factor (G), the ratio of the sensitivity of the instrument
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monochromaters for vertically and horizontally polarized light,42 was determined for each
emission wavelength.

Steady-state FL and FRET in the NCPs: A buffer of 20 mM Tris-Cl, pH 7.6, 1 mM EDTA
and 1 mM β-ME was used in all NCP studies. The NCP concentration in the salt-induced
dissociation transitions was 250 nM, comparable to a previous NCP FRET study.15 FL
excitation was at 290 nm, and emission was monitored at 350 and 490 nm for Trp and Cys-
AEDANS, respectively. A relatively narrow excitation bandwidth of 1 nm was employed to
minimize photobleaching, with an emission bandwidth of 4 nm. The salt concentration was
varied by manual titration of NCP samples with buffer containing 5 M NaCl. Over the course
of a titration, the NaCl concentration changed by ~0.5 M, while the NCP concentration varied
less than 10%. Samples were equilibrated for 5 minutes after each incremental salt increase of
0.025 to 0.05 M NaCl before the FL intensities were recorded. Data points in Figures 5, 6 and
8 represent the average of two or three measurements from titrations initiated at different salt
concentrations.

The FL of the Trp donor (350 nm) and Cys-AEDANS acceptor (490 nm) were normalized to
Fapp, the apparent fraction of NCP dissociated to H2A-H2B dimers and tetramer-DNA complex
(T·DNA), as defined by Equation 2:

(2)

where [NCPinitial] is the initial concentration of folded NCP, Yi is the FL at a given [NaCl];
YNCP describes the linear response of the FL signal of the intact NCP (i.e. the folded baseline)
and YT,D is the linear response observed for the disassembled population of the H3-H4/DNA
complex and the free H2A-H2B dimers.

Since a single, smooth transition is observed, the free energy of dimer dissociation can only
be calculated for the overall conversion of NCP to T·DNA + 2D (Scheme 1), rather than a free
energy for the dissociation of each dimer (Scheme 2). The overall ΔG° is determined by Keq
= K1·K2, where K1 and K2 represent the equilibrium constants for dissociation of the first and
second dimers, respectively. From the Fapp values in the transition region (0.5 to 1.3 M NaCl),
the concentrations of the NCP, H2A-H2B dimer and tetramer-DNA complex were determined
and used to calculate KEq according to Equation 3:

(3)

given the following relationships: [T·DNA] = Fapp[NCPinitial]; [D] = 2[T·DNA]; and [NCP] =
[NCPinitial] – [T·DNA].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The structure of the NCP (1kx5.pdb)79 showing the sites mutated to introduce FRET
fluorophores (Table 1). Histones are colored: H2A, red; H2B, orange; H3, cyan; and H4, blue.
Mutations: H2A Leu-108 (dark purple); H2B Ser-109 (green); H3 Phe-78 (pink); H4 Leu-49
(orange), and H4 Val-60 (light purple). This figure was rendered with Pymol (Delano
Scientific, LLC, San Carlos, CA).
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Figure 2.
Equilibrium stability of the WT and engineered histones. CD data, open symbols; FL data,
closed symbols. Equilibrium titration data were collected from 0 to 4 M denaturant, but the
transition region is expanded for clarity. A) Urea-induced denaturation of H2A-H2B dimers
at 10 μM monomer. H2A-108Cys-AEDANS/H2B, circles; H2A/H2B-109Cys-AEDANS,
triangles. The transition for WT H2A-H2B is represented by the solid line. B) GdmCl-induced
denaturation of the H3-H4 oligomers at 4 μM monomer in 1 M TMAO. H3-78W/H4, circles;
H3/H4-49W, diamonds; H3/H4-60W, squares. The solid lines represent global fits of the entire
data sets for the histone mutants. The WT H3-H4 transition is represented by the dashed line.
Conditions: 200 mM KCl, 0.1 mM EDTA, 20 mM KPi pH 7.2, 25°C.
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Figure 3.
NaCl-induced dissociation of NCPs reconstituted with the 601 DNA sequence and recombinant
WT histones monitored by Tyr FL. Arrows indicate the beginning of the transitions
corresponding to the dissociation the H2A-H2B dimers and H3-H4 tetramer. Conditions: 250
nM NCP, 0.1 mM EDTA, 0.1 mM β-ME, 20 mM Tris-Cl pH 7.6, 25°C.
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Figure 4.
NCPs reconstituted with 149 bp 601 DNA electrophoresed on 5% native acrylamide gels and
stained with EtBr. A. NCPs with major H2A. From left to right: 100 bp ladder; H4-60W/
H2A-108C-AEDANS; H4-60W/H2B-109C-AEDANS; H4-49W/H2A-108C-AEDANS;
H4-49W/H2B-109C-AEDANS; H3-78W/H2A-108C-AEDANS; H3-78W/H2B-109-C-
AEDANS; 149 bp 601 DNA. B. NCPs with H2A.Z. From left to right: 100 bp ladder; H3-78W/
H2B-109C-AEDANS; H4-60W/H2B-109C-AEDANS.
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Figure 5.
Representative FL data for the salt-induced dissociation of the FRET NCPs. A. FL emission
spectra of the H4-49W/H2A-108Cys-AEDANS FRET NCP at 0 M (solid line) and 1.5 M NaCl
concentrations (dashed line). B and C. Salt dependence of the FL intensities for the H4-60W/
H2A-108Cys-AEDANS and the H3-78W/H2B-109Cys-AEDANS NCPs, respectively. Trp
donor FL at 350 nm: □ and ○; Cys-AEDANS FL at 490 nm: ■ and ●. Baselines for intact NCPs
and the dimer-dissociated complex are indicated by solid and dashed lines, respectively.
Conditions: 250 nM NCP; 20 mM Tris-Cl pH 7.6, 0.1 mM EDTA, 0.1 mM β-ME, 25°C.
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Figure 6.
Fapp normalization of the NaCl-dependence of the Trp FL data for the FRET NCPs. Open
symbols: NCPs with the H2A-108Cys-AEDANS acceptor and the H3-78W (○), H4-49W
(◇), and H4-60W (□) donors. Closed symbols: NCPs with the H2B-109Cys-AEDANS
acceptor and the H3-W78 (●) and H4-W60 (■) donors. Conditions are given in the legend of
Figure 5.
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Figure 7.
The salt dependence of the free energy of dissociation for the H2A-H2B dimers from the NCP,
showing extrapolations to physiological ionic strengths. A) H3-78W/H2A-108Cys-AEDANS
NCP. Values were calculated from FL intensities at 350 nm (●, solid lines) and 490 nm (○,
dashed lines) and were fit to two lines which intersect near the transition midpoint (Figure 6).
Inset: overlay of data from the three H2A-108Cys-AEDANS NCPs; the lines represent the
average ΔG°(H2O) and m values given in the text. B. H2B-109Cys-AEDANS NCPs with
H3-78W (●, solid lines) or H4-60W (■, dashed lines). Conditions are given in legend of Figure
5.

Hoch et al. Page 27

J Mol Biol. Author manuscript; available in PMC 2008 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Salt-induced equilibrium dissociation transitions for H2B-109Cys-AEDANS FRET NCPs
with H2A (open symbols) and H2A.Z (solid symbols) normalized to Fapp values. A) H3-78W
donor; B) H4-60W donor. The insets show the normalized ratios of the 350 nm and 490 nm
FL as a function of NCP concentration at 1 M NaCl. Buffer conditions are given in the legend
of Figure 5.
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Figure 9.
Comparison of the salt dependence of the free energy of dissociation of the H2A-H2B dimers
from H2A.Z and H2A NCPs, utilizing the H2B-109Cys-AEDANS acceptor. Linear
extrapolations are shown to physiological ionic strengths. NCPs with the major H2A: open
symbols, dashed lines; NCPs with the H2A.Z variant: solid symbols, solid lines. A) H3-78W
donor. B) H4-60W donor. Inset panel A) Comparison of the two H2A.Z NCPs with H3-78W
donor (circles) and H4-60W donor (squares). Conditions are given in legend of Figure 5.
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Scheme 2.
Salt-induced NCP unfolding
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Table 1
Distances between the Cβ atoms of the residues mutated for introduction of the Trp donors and Cys-AEDANS
acceptors.a

Distances from H3-H4 to:
FRET Pair proximal H2A-H2B distal H2A-H2B Average distance and %

FRET Efficiencyb

H3-78W to H2A-108Cys-AEDANS 32.9 & 33.0 35.5 34.2 Å, 3.8%
H4-49W to H2A-108Cys-AEDANS 30.2 & 30.5 28.4 29.4 Å, 8.8%
H4-60W to H2A-108Cys-AEDANS 23.8 & 24.7 26.6 & 26.9 25.5 Å, 18.9%

H3-78W to H2B-109Cys-AEDANS 19.6 & 20.0 48.9 & 49.6 51.9 & 0.5%
H4-60W to H2B-109Cys-AEDANS 26.9 & 26.8 45.4 & 45.7 14.2 & 0.7%

a
Distances determined from the coordinates of the NCP X-ray crystal structure, 1AOI.pdb.8 When two distances are shown, this reflects slight differences

between the two copies of the histones in the NCP. The proximal H2A-H2B dimer is defined as the one on the same face of the NCP as the H3-H4 Trp
donor.

b
The expected FRET efficiency was calculated from the Förster distance of ~20 Å for the Trp:Cys-AEDANS FRET pair41 and the estimated distances

between the Cβ atoms. For H2A-acceptors, the efficiency is calculated for the average distance of the four D-A pairs. For H2B-acceptors, the D-A and
D-A′ distances are very different and expected FRET efficiencies are shown for both distances.
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