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ABSTRACT: A defined 12-mer nucleosomal array in solution exists in a complex equilibrium between an
unfolded 29S conformation, a 40S folding intermediate, an extensively folded 55S conformation, and
soluble oligomeric states formed from cooperative intermolecular association of individual 12-mer arrays.
Proteolytic removal of all of the core histone N-terminal tail domains previously has been shown to abolish
both salt-dependent nucleosomal array folding and oligomerization. To elucidate the individual
contributions of the H2A/H2B and H3/H4 tail domains to nucleosomal array condensation, “hybrid”
trypsinized nucleosomal arrays have been assembled from tandemly repeated 5S rDNA and either
trypsinized H3/H4 tetramers and intact H2A/H2B dimers or trypsinized H2A/H2B dimers and intact H3/
H4 tetramers. Neither of the hybrid trypsinized arrays formed either the 40S or the 55S folded
conformations in 2 mM MgCl2. In g4 mM MgCl2, however, both fully trypsinized arrays and each
hybrid trypsinized array formed the 40S folding intermediate, but not the 55S conformation. In contrast
to folding, each hybrid trypsinized nucleosomal array oligomerized completely in MgCl2. These studies
have identified three mechanistically distinct functions performed by the core histone N-termini during
salt-dependent condensation of nucleosomal arrays. The complexity of tail domain function in chromatin
is discussed in the context of a competitive interaction model in which the core histone N-termini provide
direct mechanistic links between the structure and function of the chromatin fiber.

Several distinct layers of packaging are required to achieve
the level of DNA compaction found in eukaryotic chromo-
somes. At the initial level, chromosomal DNA is assembled
with core histone octamers to form a long contiguous
nucleosomal array that is 10 nm in diameter and consists of
105-109 nucleosomal subunits. Throughout much of the
genome, local folding of the nucleosomal array is believed
to produce a condensed 30 nm diameter chromatin fiber (van
Holde, 1988; Wolffe, 1995). This level of compaction
accounts for an∼50-fold reduction in fiber length and is a
targeted site for regulation of transcription, replication, and
repair [reviewed in Wolffe (1995) and Fletcher and Hansen
(1996)]. Longer-range looping and twisting of the nucleo-
somal array subsequently leads to the formation of the highly
condensed 200-400 nm diameter domains characteristic of
interphase chromosomal fibers (Boy de la Tour & Laemmli,
1988; Belmont et al., 1989; Belmont & Bruce, 1994). Very
little is known about the macromolecular determinants of
interphase chromosome structure. Whereas topoisomerase
II and the XCAP family of proteins are required for the
terminal condensation of metaphase chromosomes (Hirano,
1994), no equivalent proteins have been identified for
condensation of interphase chromosomal fibers. In addition,
it has recently been shown that depletion of linker histones
from either isolated metaphase chromosomes (Ohsumi et al.,
1993), isolated intact nuclei (Dasso et al., 1994), or living
cells (Bouvet et al., 1994; Shen et al., 1995) does not
dramatically alter interphase chromosome size or morphol-

ogy. The simplest explanation for these results is that much
of the ability to condense into interphase chromosomal fibers
lies within the nucleosomal array itself.

To determine the contributions of the nucleosomal array
to chromosomal fiber condensation, we have been systemati-
cally characterizing the solution-state conformational dynam-
ics of a defined 12-mer nucleosomal array model system
consisting of only core histone octamers and tandemly
repeated 5S DNA (Simpson et al., 1985). The behavior of
these nucleosomal arrays in solution is quite complex. In
“physiological” cationic conditions (e.g., 100 mM Na+, 2
mM Mg2+), each 12-mer nucleosomal array monomer is in
equilibrium between unfolded, moderately folded, and
extensively folded conformations (Schwarz & Hansen, 1994;
Schwarz et al., 1996). In addition, the 12-mer arrays also
are in equilibrium with soluble oligomeric states formed by
reversible cooperative self-association of array monomers
(Schwarz et al., 1996). In the absence of salt, the equilibrium
favors the unfolded conformational state of the array
monomer. However, as the salt concentration is increased,
the equilibrium is shifted first toward intramolecular folding,
and then toward oligomerization (Schwarz & Hansen, 1994;
Schwarz et al., 1996). Oligomerization occurs independently
of whether the arrays are folded or unfolded (Schwarz et
al., 1996), indicating that folding and oligomerization are
not strictly coupled. Extrapolation of the solution-state
behavior of the 12-mer nucleosomal array to that of a
chromosome length array strongly suggests that many of the
fundamental properties necessary to achieve bulk chromo-
some level condensation are intrinsic within the core histones
of the chromosomal nucleosomal array [Schwarz et al., 1996;
reviewed in Fletcher and Hansen (1996)].
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Recent studies indicate that the core histone N-terminal
“tail” domains provide essential functions required for
nucleosomal array condensation. Nucleosomal arrays re-
constituted from trypsinized histone octamers lacking all of
their N-terminal tail domains can neither fold (Garcia-
Ramirez et al., 1992; Fletcher & Hansen, 1995) nor oligo-
merize (Schwarz et al., 1996) in physiological cationic
conditions. However, the mechanisms through which the
tail domains modulate folding and oligomerization clearly
are not simple. In a nucleosomal array that is unfolded in
low salt, the tail domains interact with nucleosomal core
DNA to facilitate the wrapping of DNA around each histone
octamer (Garcia-Ramirez et al., 1992; Fletcher & Hansen,
1995). However, recent experiments have revealed that the
tail domains do not remain bound to core DNA during salt-
dependent folding and oligomerization; i.e., they undergo
specific function-linked rearrangement (Usachenko et al.,
1994; Fletcher & Hansen, 1995). Additional studies have
shown that while H3/H4 tetramer arrays are incapable of
salt-dependent folding (Hansen &Wolffe, 1994), they readily
oligomerize in the same MgCl2 range as intact arrays
(Schwarz et al., 1996). Cumulatively, these results have led
us to hypothesize that folding and oligomerization are
mediated by different sets of histone tail domains, and that
more than a single mechanism of action is involved in tail
domain function in chromatin (Fletcher & Hansen, 1995;
Schwarz et al., 1996; Hansen, 1997).
To address these hypotheses, in the present work “hybrid”

trypsinized nucleosomal arrays have been constructed that
specifically lacked only the H2A/H2B or H3/H4 tail domains.
The ability of the hybrid nucleosomal arrays to fold and
oligomerize was compared against the behavior of intact or
fully trypsinized nucleosomal arrays. Results directly dem-
onstrate that the H3/H4 and H2A/H2B N-termini mediate
the solution-state conformational dynamics of nucleosomal
arrays through at least three distinct molecular mechanisms.
The biological relevance of these results is discussed in terms
of a competitive interaction model in which the tail domains
provide direct macromolecular links between the structural
and functional properties of the chromosomal fiber.

EXPERIMENTAL PROCEDURES

Materials. The 208-12 DNA template consists of 12
tandem repeats of a 208 bp sequence derived from the
Lytechinus5S rRNA gene (Simpson et al., 1985). This
template was grown and purified from the pPOL208-12
plasmid as described previously (Schwarz & Hansen, 1994).
Whole chicken blood was purchased from Pel-Freeze Bio-
logicals and used as the source of histone octamers. Trypsin
immobilized on DITC-treated glass beads and soybean
trypsin inhibitor were obtained from Sigma. All other
chemicals were of reagent grade.
Purification of NatiVe and Trypsinized Histone Octamers,

H3/H4 Tetramers, and H2A/H2B Dimers. Native oligonu-
cleosomes were isolated from chicken erythrocyte nuclei as
described (Hansen et al., 1989). Trypsinized oligonucleo-
somes were obtained by treating native oligonucleosomes
with immobilized trypsin essentially as described by Ausio
et al. (1989). Briefly, immobilized trypsin beads were
resuspended in 10 mM Tris-HCl, 50 mM NaCl, and 0.25
mM EDTA, pH 7.8, overnight at 4°C. The immobilized
trypsin was then incubated with native oligonucleosomes at

a ratio of 10 mg of trypsin per 1 mg of oligonucleosomes
and mixed by gentle rotation at room temperature for varying
lengths of times. The reaction was quenched by filtering
the oligonucleosomes through a 0.2µm filter and subsequent
addition of soybean trypsin inhibitor (Sigma). Test digests
were performed to determine the digestion lengths necessary
to exclusively generate the P1-P5 peptides described by
Bohm and Crane-Robinson (1984) (Table 1). Large-scale
oligonucleosome digests subsequently were performed under
identical conditions. Native and trypsinized histone octam-
ers, H3/H4 tetramers, and H2A/H2B dimers were purified
from their respective oligonucleosomes using the hydoxy-
apatite method of Simon and Felsenfeld (Simon, 1979). Pure
fractions were pooled and stored at 4°C at a concentration
of ∼0.40 mg/mL, as determined from theA230 (Stein, 1979).
Oligonucleosome Reconstitution. Throughout this paper,

nucleosomal arrays reconstituted with native histone octamers
are referred to as “intact” nucleosomal arrays while those
reconstituted with the P1-P5 peptides are referred to as
“fully trypsinized” nucleosomal arrays. Intact and fully
trypsinized 208-12 nucleosomal arrays were reconstituted by
combining the 208-12 DNA template and either intact or
trypsinized core histone octamers according to the salt
dialysis method described by Hansen and Lohr (1993). The
molar ratio of histone octamers to 208 bp DNA ranged from
1.1 to 1.3. The final DNA concentration was 100µg/mL.
The final dialysis step was into 10 mM Tris-HCl, 0.25 mM
EDTA, and 2.5 mM NaCl, pH 7.8 (TE), buffer.
Nucleosomal arrays in which only the H2A/H2B dimers

or H3/H4 tetramer components of the nucleosomal subunits
were trypsinized are referred to as “hybrid trypsinized”
nucleosomal arrays. Assembly of the two different hybrid
trypsinized nucleosomal arrays was achieved as follows. In
the case of the hybrid nucleosomal arrays lacking H2A/H2B
tail domains, intact H3/H4 tetramers and trypsinized H2A/
H2B dimers were added to the 208-12 DNA at a molar
ratios of histone to 208 bp repeat of (1.1-1.3):1 and
(2.2-2.6):1, respectively. All other aspects of the salt
dialysis reconstitution were the same as described above. The
hybrid nucleosomal arrays lacking H3/H4 tail domains were
constructed from trypsinized H3/H4 tetramers and intact
H2A/H2B dimers using the same strategy. The extent of
template saturation achieved after reconstitution was deter-
mined by sedimentation velocity analysis andEcoRI diges-
tion (Table 2).
Analytical Ultracentrifugation. Sedimentation velocity

experiments were performed using a Beckman XL-A ana-
lytical ultracentrifuge equipped with scanner optics as
described (Schwarz & Hansen, 1994). TheA260 of the
samples was between 0.6 and 0.8. The integral distribution
of sedimentation coefficients was determined by the method
of van Holde and Weischet (1978) using Ultrascan data
analysis software version 2.94.
Differential Centrifugation Assay for Nucleosomal Array

Oligomerization. The ability of the various nucleosomal
arrays to oligomerize in the presence of MgCl2 was deter-
mined by differential centrifugation as described previously
(Schwarz et al., 1996).
EcoRI Digestion Assay. Two micrograms of nucleosomal

arrays was digested with 15 units ofEcoRI for 60 min at
room temperature in digestion buffer H (Promega), and
reactions were quenched with an equal volume of 2× loading
buffer (10% glycerol, 10 mM EDTA, and 0.3% bromophenol
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blue). Samples were then electrophoresed on a 0.8% agarose
gel buffered with 45 mM Tris-borate, 1 mM EDTA for 3
h at 1 V/cm to resolve histone-free DNA repeats from
nucleosome monomers and larger undigested oligonucleo-
some fragments (Hansen et al., 1989; Meersseman et al.,
1991). The percent of histone-free DNA repeats present in
each sample was calculated by quantitating the ethidium
signal from each gel band using densitometry and multiplying
the signal from the nucleosomal bands by 2.5 to correct for
histone quenching of ethidium fluorescence (McMurray &
van Holde, 1985).

RESULTS

Assembly of Saturated Preparations of Intact, Fully
Trypsinized, and Hybrid Trypsinized 208-12 Nucleosomal
Arrays. To determine the histone composition of the intact,
fully trypsinized, and hybrid trypsinized nucleosomal arrays
after reconstitution, samples were electrophoresed on a
denaturing SDS-polyacrylamide gel and histone bands
visualized by silver staining (Figure 1). The bands labeled
P1-P5 in the fully trypsinized nucleosomal array sample
(lane 4) correspond to the histone polypeptide fragments
characterized previously (Bohm & Crane-Robinson, 1984;
see Table 1). The sample electrophoresed in lane 2 consisted
of intact histones H3/H4 and trypsinized histones H2A/H2B
(P2′ and P3), while that in lane 3 consisted of trypsinized
histones H3/H4 (P1 and P4/P5) and intact histones H2A/
H2B. Thus, the data in Figure 1 confirm that the desired
histone content of the fully trypsinized and hybrid trypsinized
nucleosomal arrays had been achieved after reconstitution.
Verification that the hybrid trypsinized nucleosomal arrays
were assembled into nucleosomal structures was accom-
plished by micrococcal nuclease digestion. Extensive diges-

tion of intact, fully trypsinized, and both of the hybrid
trypsinized nucleosomal arrays each yielded distinct mono-
and dinucleosomal bands (data not shown).
Subsaturated 208-12 nucleosomal arrays fold to a lesser

extent (Hansen & Lohr, 1993; Schwarz & Hansen, 1994;
Fletcher et al., 1994b) and oligomerize at higher [MgCl2]
(Schwarz et al., 1996) than intact arrays saturated with 12
histone octamers. Thus, it was very important to determine
the degree of template saturation of each reconstitute. This
was accomplished using a combination of sedimentation
velocity analysis in TE buffer andEcoRI digestion. The
utility of each of these assays for determining saturation has
been established previously (Hansen et al., 1989; Meersse-
man et al., 1991; Pennings et al., 1991; Hansen & Lohr,
1993). In the case ofEcoRI, the DNA digestion sites flank
the majority of nucleosomes positioned on the 208-12 DNA
(Hansen et al., 1989; Dong et al., 1990; Meersseman et al.,
1991). Thus, digestion of intact 208-12 nucleosomal arrays
with EcoRI yields a mixture of unoccupied 5S repeats,
mononucleosomes, and a fraction of partially digested
oligomers (e.g., dimers, trimers), the latter resulting from
nucleosome positioning heterogeneity (Hansen et al., 1989;
Dong et al., 1990; Meersseman et al., 1991; Pennings et al.,
1991). When the fully trypsinized and hybrid trypsinized
nucleosomal arrays were digested withEcoRI, each of the
aforementioned species was observed after electrophoresis
on agarose (data not shown). Consistent with the results of
Ausio et al. (1989), each of the hybrid mononucleosomes
exhibited an intermediate migration relative to the intact and
fully trypsinized mononucleosomes.
Quantitation of the amount of histone-free 5S repeats

liberated byEcoRI digestion and the results of the sedimen-
tation velocity analysis are summarized in Table 2. The
sedimentation coefficient in TE buffer of an unfolded 208-
12 nucleosomal array saturated with 12 intact histone
octamers is 29 S (Hansen et al., 1989; Schwarz & Hansen,
1994), while an array saturated with 12 fully trypsinized
histone octamers is 25 S (Fletcher & Hansen, 1995). Based
on sedimentation coefficient distribution analyses, “saturated”
reconstituted preparations typically consist of 50-75% of
the DNA templates loaded with 12 octamers while the
remaining templates contain 11 octamers (Hansen et al.,

FIGURE 1: Histone content of reconstituted nucleosomal arrays.
Intact and trypsinized reconstitutes were electrophoresed on an 18%
SDS-polyacrylamide gel and bands visualized using a Bio-Rad
silver staining kit. Intact and fully trypsinized nucleosomal arrays
were loaded in lanes 1 and 4, respectively. Hybrid trypsinized arrays
reconstituted with intact histones H3/H4 and trypsinized histones
H2A/H2B were loaded in lane 2. Hybrid trypsinized arrays
reconstituted with intact histones H2A/H2B and trypsinized histones
H3/H4 were loaded in lane 3. Bands designated H3, H2B, H2A,
and H4 represent the intact core histones. Bands designated as P1-5
refer to the trypsinized peptides defined previously by Bohm and
Crane-Robinson (1984) (Table 1).

Table 1: Amino Acid Composition of Intact and Trypsinized Core
Histones

H2A H2B H3 H4

intact 1-128a 1-126 1-135 102
trypsinized 12-118 (P2’)b 24-125 (P3) 27-129 (P1) 18/20-102

(P4/P5)
aNumbers indicate the amino acid residues present before and after

proteolytic digestion with trypsin. The first and last numbers represent
the N- and C-termini, respectively.b The P1-P5 designations refer to
the trypsinized fragments characterized previously by Bohm and Crane
Robinson (1984).

Table 2: Properties of Intact, Fully Trypsinized, and Hybrid
Trypsinized 208-12 Nucleosomal Arrays

property intact +H3/H4a +H2A/H2Bb
fully

trypsinized

% free DNAc 2.1( 0.3 4.3( 0.6 3.5( 0.3 4.9( 1.0
s20,wd (S) 29 27 28.5 25
55S structure
formatione

yes no no no

oligomerizationf +++ ++ + -
aRefers to the hybrid trypsinized nucleosomal array preparation

reconstituted from native H3/H4 tetramers and trypsinized H2A/H2B
dimers.bRefers to the hybrid trypsinized nucleosomal array preparation
reconstituted from native H2A/H2B dimers and trypsinized H3/H4
tetramers.c Values indicate the mean( the standard deviation of the
percentage of unoccupied 5S rDNA repeats in two different reconstitutes
having the indicated sedimentation coefficients as determined by the
EcoRI digestion assay (see Experimental Procedures).dValues indicate
the averages20,W determined at the boundary midpoint of each
reconstitute in low-salt TE buffer.eRefers to the ability to form the
55S structure in MgCl2 prior to oligomerization.f Refers to the
efficiency of Mg2+-dependent oligomerization. The latter two properties
are summarized from the data shown in Figures 2-5.
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1989; Hansen & Lohr, 1993; Schwarz & Hansen, 1994). It
should be noted that while such a preparation would have
an average sedimentation coefficient measured at the bound-
ary midpoint of 29 S or 25 S for intact or trypsinized arrays,
respectively,∼2-5% of the totalEcoRI digestion products
would resolve on gels as histone-free 5S repeats due to the
small fraction of slightly subsaturated templates present in
the sample. Precisely such results were obtained for both
the intact and fully trypsinized 208-12 nucleosomal arrays
used in these studies (Table 2). Importantly, the amount of
histone-free 5S DNA repeats liberated from each of the
hybrid trypsinized nucleosomal array preparations was virtu-
ally identical to the amounts released from the intact and
fully trypsinized nucleosomal arrays (Table 2). These results
indicate that the folding and oligomerization studies described
below were performed with equivalently saturated prepara-
tions of intact, fully trypsinized, and hybrid trypsinized
nucleosomal arrays in which∼50-75% of the DNA
templates contained 12 histone octamers.
The data in Table 2 also provide additional insight into

the functions contributed by the tail domains within nucleo-
somal arrays that are unfolded in low salt. Previous studies
have shown that the tail domains of unfolded nucleosomal
arrays bind to nucleosomal core DNA and help mediate
complete wrapping of the core DNA around each histone
octamer (Garcia-Ramirez et al., 1992; Fletcher & Hansen,
1995). Experimentally, this is reflected by the fact that
saturated intact 208-12 nucleosomal arrays sediment at 29
S in low salt while fully trypsinized saturated arrays sediment
at 25 S under these conditions (Table 2; Fletcher & Hansen,
1995). The sedimentation coefficient in low salt of saturated
hybrid nucleosomal arrays containing only the H3/H4 tail
domains was 27 S while that of saturated hybrid nucleosomal
arrays containing only the H2A/H2B tail domains was 28.5
S (Table 2). These results demonstrate directly that in low
salt the H2A/H2B tail domains stabilize wrapping of the core
DNA near the entry and exit points of each nucleosomal
subunit. By inference, they also indicate that the H3/H4 tail
domains help stabilize wrapping of the more central nucleo-
somal core DNA in low salt. These conclusions are
consistent both with previous analyses of hybrid trypsinized
core particles (Ausio et al., 1989) and with modeling studies
of the crystallized histone octamer (Moudrianakis & Arents,
1993).
Mg2+-Dependent Nucleosomal Array Oligomerization.

Under the more physiological salt conditions that promote
folding and oligomerization, nucleosomal core DNA wrap-
ping is mediated by inorganic cations, and the tail domains
rearrange to noncore DNA location(s) (Usachenko et al.,
1994; Fletcher & Hansen, 1995). Consequently, our primary
goal was to characterize the folding and oligomerization of
hybrid trypsinized nucleosomal arrays in the presence of
MgCl2. Folding and oligomerization occur hierarchically
with increasing [Mg2+] (Schwarz et al., 1996; Schwarz &
Hansen, 1994). Thus, it was first necessary to establish the
extent of oligomerization as a function of MgCl2 concentra-
tion using the differential centrifugation assay. The ability
of the various nucleosomal arrays to oligomerize in MgCl2

is shown in Figure 2. Oligomerization was indicated by a
decrease in theA260 of the supernatant after centrifugation
in the microcentrifuge (Schwarz et al., 1996; Schwarz &
Hansen, 1994). The global mechanism that underlies this
behavior involves reversible, cooperative formation of large

soluble nucleosomal array oligomers that increase in size as
the MgCl2 concentration is increased (Schwarz et al., 1996).
At the concentrations used in these studies, intact nucleo-
somal arrays did not oligomerize between 0 and 2 mM.
However, they were 50% oligomerized in∼3 mM and
completely oligomerized in∼6 mM MgCl2. Trypsinized
nucleosomal arrays were essentially incapable of forming
oligomers at any MgCl2 concentration, consistent with
previous results (Schwarz et al., 1996). Interestingly, both
hybrid nucleosomal arrays were capable of Mg2+-dependent
oligomerization, albeit at higher MgCl2 concentrations than
observed for intact nucleosomal arrays (Figure 2). Oligo-
merization of hybrid nucleosomal arrays containing only their
H3/H4 tail domains was half-maximal at∼6 mM MgCl2,
while those containing only the H2A/H2B domains achieved
half-maximal oligomerization at∼13 mM MgCl2. In addi-
tion, both the onset and completion of oligomerization of
the hybrid arrays were shifted to higher MgCl2 concentra-
tions. Despite these differences, oligomerization of both
hybrid trypsinized nucleosomal arrays appeared to remain
cooperative as judged from the steep oligomerization profiles
(Figure 2). These results indicate that only one set of tail
domains is absolutely required to mediate Mg2+-dependent
nucleosomal array oligomerization, and that both the H3/
H4 and H2A/H2B tail domains can fulfill this purpose. The
data in Figure 2 further demonstrate that the H3/H4 tail
domains are significantly more efficient at mediating oligo-
merization than the H2A/H2B tail domains.

Mg2+-Dependent Nucleosomal Array Folding. The ability
of the various nucleosomal arrays to undergo Mg2+-depend-
ent folding was determined by sedimentation velocity
analysis in the analytical ultracentrifuge. Numerous previous
studies have established that intact 208-12 nucleosomal
arrays in divalent cation solutions are in equilibrium between
the 29S unfolded state, a 40S folding intermediate whose
extent of compaction is equivalent to a moderately folded
contacting zig-zag or open helical structure, and an exten-
sively folded 55S conformation whose extent of compaction
is equivalent to a maximally condensed contacting helix

FIGURE 2: Mg2+-dependent oligomerization of intact and trypsinized
nucleosomal arrays. Shown is the percent of the original sample
that remained in the supernatant after centrifugation for 10 min at
16000g in a microcentrifuge. Each data point represents the mean
( the standard deviation of 5-10 determinations. Intact nucleo-
somal arrays (0); fully trypsinized nucleosomal arrays (O); hybrid
nucleosomal arrays containing intact histones H3/H4 and trypsinized
histones H2A/H2B (9, +H3/H4); hybrid nucleosomal arrays
containing intact histones H2A/H2B and trypsinized histones H3/
H4 (b, +H2A/H2B).
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(Hansen et al., 1989; Garcia-Ramirez et al., 1992; Hansen
& Wolffe, 1992; Schwarz & Hansen, 1994; Fletcher et al.,
1994b; Fletcher & Hansen, 1995; Schwarz et al., 1996).
Importantly, although 208-12 nucleosomal arrays can form
the 40S and 55S conformations in the presence of divalent
cations, the folded structures are unstable in the absence of
other macromolecular factors (e.g., histone H1). This leads
to the broad sedimentation coefficient distributions indicative
of equilibration between unfolded and extensively folded
states (Schwarz & Hansen, 1994; see Figure 3). It should
be noted that while the exact nature of highly condensed
folded chromatin structures remains unresolved [reviewed
in Woodcock (1995), van Holde and Zlatanova (1995), and
Fletcher and Hansen (1996)], the analytical ultracentrifuge
provides an unequivocal assay for theextentof folding of
the 208-12 system in solution (Hansen et al., 1994, 1997),
and it is in this context in which all of the folding studies
described below are interpreted. For each nucleosomal array
type, folding was examined in the salt range that preceded
the onset of oligomerization, i.e.,e2 mM MgCl2 for intact
arrays,e4 mM MgCl2 for hybrid arrays containing H3/H4
tail domains, ande8 mMMgCl2 for hybrid arrays containing
H2A/H2B tail domains. Fully trypsinized nucleosomal
arrays do not oligomerize and were studied in the range of
2-30 mM MgCl2.
As a control, intact and fully trypsinized 208-12 nucleo-

somal arrays were first sedimented in 2 mM MgCl2.
Consistent with previous results (Schwarz & Hansen, 1994;
Schwarz et al., 1996), the intact arrays yielded the charac-
teristic broad biphasic sedimentation coefficient distribution
indicative of equilibration between the 29S, 40S, and 55S
conformational states (Figure 3). In contrast, the sedimenta-
tion coefficient distribution of fully trypsinized nucleosomal
arrays ranged from 26 to 30 S (Figure 3), indicating that
they remained unfolded in 2 mMMgCl2 (Fletcher & Hansen,
1995). Each of the hybrid trypsinized nucleosomal arrays
subsequently was sedimented in 2 mM MgCl2 to determine

whether arrays containing only the H3/H4 or H2A/H2B tail
domains could mimic the folding behavior of the intact
arrays. Under these ionic conditions, the sedimentation
coefficient distribution of hybrid nucleosomal arrays contain-
ing only H3/H4 tail domains ranged from 29 to 33 S, while
that of the hybrids containing only H2A/H2B tail domains
ranged from 29 to 31 S (Figure 3). Thus, neither of the
hybrid trypsinized arrays was able to fold in 2 mM MgCl2.

Further insight into tail domain function in chromatin
folding was revealed by studies of trypsinized nucleosomal
arrays ing2 mM MgCl2 concentrations. Recall that these
experiments could be performed because the hybrid trypsinized
arrays oligomerized at higher MgCl2 concentrations than
intact arrays, while the fully trypsinized arrays did not
oligomerize at all (Figure 2). The sedimentation coefficient
distributions of fully trypsinized nucleosomal arrays in 4-30
mMMgCl2 are shown in Figure 4. Although fully trypsinized
arrays were unfolded in 2 mM MgCl2, they yielded sedi-
mentation coefficient profiles characteristic of equilibration
between the 29S unfolded conformation and the 40S folding
intermediate in 4-30 mM MgCl2. That is, the average
sedimentation coefficient measured at the boundary midpoint
(boundary fraction) 0.5) increased continuously with
increasing MgCl2, while the sedimentation coefficients in
the upper region of the distribution profiles (i.e., boundary
fraction ) 0.6-1.0) reached a maximum of∼40 S in 30
mM MgCl2. The latter observation indicates that an∼40S
structure is the limiting conformation formed under these
high-salt conditions. It should be noted that maximum
compaction was observed in 30 mM MgCl2; at higher
concentrations, the sedimentation coefficients of trypsinized
nucleosomal arraysdecreasedwith increasing MgCl2 (data
not shown). Importantly, these results demonstrate that the
tail domains are not absolutely essential for formation of the
40S conformation in high MgCl2 concentrations. Further-
more, despite being able to form the 40S folding intermedi-
ate, under no conditions were fully trypsinized nucleosomal
arrays capable of forming the highly condensed 55S con-
formation.

At the highest MgCl2 concentrations that could be studied
prior to oligomerization, both types of hybrid trypsinized

FIGURE3: Sedimentation velocity analysis of intact and trypsinized
nucleosomal arrays in 2.0 mM MgCl2. Samples in TE buffer
containing 2.0 mM MgCl2 were equilibrated at 21°C and
sedimented at 20 000 rpm. Shown are the sedimentation coefficient
distributions obtained after analysis of the boundaries by the method
of van Holde and Weischet (1978). Intact nucleosomal arrays (0);
fully trypsinized nucleosomal arrays (O); hybrid nucleosomal arrays
containing intact histones H3/H4 and trypsinized histones H2A/
H2B (9, +H3/H4); hybrid nucleosomal arrays containing intact
histones H2A/H2B and trypsinized histones H3/H4 (b, +H2A/
H2B).

FIGURE 4: Sedimentation velocity analysis of fully trypsinized
nucleosomal arrays at elevated MgCl2 concentrations. Fully
trypsinized nucleosomal arrays were equilibrated at 21°C and
sedimented at 20 000 rpm. Shown are the sedimentation coefficient
distributions obtained in TE buffer containing 0 mM (2), 2.0 mM
(9), 4.0 mM (1), 8.0 mM (b), or 30 mM ([) MgCl2.
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nucleosomal arrays yielded essentially the same results as
the fully trypsinized nucleosomal arrays. Hybrid arrays
containing only H3/H4 tail domains sedimented between 31
and 42 S in 4 mM MgCl2 (Figure 5A), while the hybrid
arrays containing only H2A/H2B tail domains sedimented
between 29 and 37 S in 4 mM MgCl2 and between 29 and
41 S in 8 mMMgCl2 (Figure 5B). Thus, in contrast to intact
nucleosomal arrays, neither of the hybrid arrays were capable
of forming the maximally folded 55S conformation prior to
the onset of oligomerization. As judged by the sedimentation
coefficient distribution profiles in 4 and 8 mM MgCl2, there
was no significant difference between the extent of compac-
tion of the fully trypsinized arrays and the hybrid arrays
containing only the H2A/H2B tail domains. In contrast, in
4 mMMgCl2 the equilibrium was shifted significantly further
toward the 40S state for the hybrid arrays containing only
the H3/H4 tail domains (Figure 6).

DISCUSSION

Despite extensive investigation, both the functional roles
and molecular mechanisms of action of the core histone
N-terminal tail domains in chromatin have long remained
enigmatic [reviewed in Wolffe (1995) and Fletcher and
Hansen (1996)]. Most previous studies of tail domain
function have been performed with nucleosome cores, and
subsequently have focused on the consequences of tail
domain interaction with core DNA. However, it has recently

been demonstrated that both the functions and the locations
of the tail domains in nucleosome core particles and unfolded
nucleosomal arrays in low salt differ significantly from those
in nucleosomal arrays that are condensed in physiological
salt [Garcia-Ramirez et al., 1992; Fletcher & Hansen, 1995;
Schwarz et al., 1996 reviewed in Fletcher and Hansen (1996)
and Hansen (1997)]. Thus, it has become increasingly
important to study tail domain function under conditions that
are more relevant to those found in vivo. The present studies
have addressed this need by determining the individual
functions of the H2A/H2B and H3/H4 N-terminal domains
in salt-dependent nucleosomal array folding and oligomer-
ization.
Complexity of N-Terminal Tail Domain Function during

Nucleosomal Array Condensation.Neither the fully
trypsinized nor the hybrid trypsinized nucleosomal arrays
are capable of folding in 2 mM MgCl2 (Figure 3). By
contrast, intact nucleosomal arrays are capable of forming
both the 40S and 55S folded structures under the same ionic
conditions (Figure 3). Importantly, this indicates that the
H2A/H2B and H3/H4 tail domains both are essential for
intact nucleosomal arrays to fold into the maximally con-
densed 55S conformation. In>2 mM MgCl2, both the fully
trypsinized and the two hybrid nucleosomal arrays exhibited
continuous salt-dependent increases in the extent of folding,
ultimately leading to the formation of a limiting∼40S folded
structure (Figures 4 and 5). The 40S conformation is formed
from close approach of adjacent nucleosomal subunits
(Hansen & Lohr, 1993; Fletcher et al., 1994b). The fact
that fully trypsinized nucleosomal arrays form the 40S
folding intermediate ing8 mM MgCl2 suggests that the
specific tail domains involved in mediating the 29Sf 40S
folding transition do so by a mechanism that involves DNA
charge neutralization. Furthermore, the observation that both
the fully trypsinized arrays and the hybrid arrays containing
H2A/H2B tail domains exhibit the same extent of folding
in 4 mM MgCl2 while the arrays containing only the H3/H4
tail domains were significantly more folded under these
conditions (Figure 6) suggests that the H3/H4 tail domains

FIGURE 5: Sedimentation velocity analysis of hybrid trypsinized
nucleosomal arrays at elevated MgCl2 concentrations. Samples were
equilibrated at 21°C and sedimented at 20 000 rpm. (A) Hybrid
nucleosomal arrays containing intact histones H3/H4 and trypsinized
histones H2A/H2B. Shown are the sedimentation coefficient
distributions obtained in TE buffer containing 0 mM (2), 2.0 mM
(b), or 4.0 mM (1) MgCl2. (B) Hybrid nucleosomal arrays
containing intact histones H2A/H2B and trypsinized histones H3/
H4. Shown are the sedimentation coefficient distributions obtained
in TE buffer containing 0 mM (2), 2.0 mM (b), 4.0 mM (1), or
8.0 mM (9) MgCl2.

FIGURE 6: Direct comparison of the extent of folding of fully
trypsinized and hybrid trypsinized nucleosomal arrays in 4 mM
MgCl2. Shown are the sedimentation coefficient distributions in 4
mM MgCl2 of fully trypsinized nucleosomal arrays (b), hybrid
arrays containing intact histones H2A/H2B and trypsinized histones
H3/H4 (9, +H2A/H2B), and hybrid arrays containing intact
histones H3/H4 and trypsinized H2A/H2B (2, +H3/H4). Distribu-
tion profiles were replotted from the data in Figures 4 and 5,
respectively.
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are the dominant mediators of the 29Sf 40S folding
transition. This conclusion is consistent with the recent
results of Moore and Ausio (1997). Finally, given that tail
domain-mediated wrapping of nucleosomal core DNA can
be replaced bye2 mM MgCl2 (Fletcher & Hansen, 1995;
Figure 4), and that the tail domains rearrange to a nonnu-
cleosomal location during folding (Fletcher & Hansen, 1995),
tail domain-mediated formation of the 40S structure must
involve interactions with linker DNA and(or) the DNA of
adjacent nucleosomal subunits.
Numerous lines of evidence indicate that the extensively

folded 55S conformation of a 208-12 nucleosomal array is
formed directly from the 40S folding intermediate [Schwarz
& Hansen, 1994; Fletcher et al., 1994b; reviewed in Fletcher
and Hansen (1996)]. Neither the fully trypsinized arrays nor
the two hybrid trypsinized arrays could form the 55S
conformation in any of the MgCl2 conditions tested, despite
the fact each of these arrays could form the 40S folding
intermediate ing4 mM MgCl2. This indicates that both the
H2A/H2B and H3/H4 tail domains also must provide
essential functions required for the 40Sf 55S transition.
However, the mechanism by which the tail domains mediate
formation of the 55S conformation clearly is different than
that involved in the 29Sf 40S transition. In particular,
formation of the 55S conformation is not dependent solely
on tail domain-dependent DNA charge neutralization. Pos-
sible mechanisms that may be involved in formation of the
55S structure include tail domain interactions with the protein
components of other nucleosomal subunits [e.g., other tail
domains or exposed structured region(s) of the histone
octamer], and(or) some type of protein-DNA interaction that
cannot be replaced by high concentrations of divalent cations.
Mg2+-dependent oligomerization, like intramolecular fold-

ing, also is strictly dependent on the tail domains. However,
the fact that these two transitions are not strictly coupled
(Schwarz et al., 1996) suggests that the mechanistic actions
of the tail domains in oligomerization and folding are distinct.
Each of the hybrid trypsinized arrays could completely
oligomerize in the presence of Mg2+ whereas fully trypsinized
nucleosomal arrays were essentially incapable of oligomer-
ization at any MgCl2 concentration (Figure 2). This is in
direct contrast to the results of the folding studies, where
neither hybrid array alone was capable of achieving maximal
folding in high Mg2+ (see above). While intact nucleosomal
arrays achieved complete oligomerization in∼6 mMMgCl2,
hybrid trypsinized arrays containing only the H3/H4 or H2A/
H2B tail domains required 10 mM and 25 mM MgCl2,
respectively. These data suggest that in an intact nucleo-
somal array, the H3/H4 tail domains are the primary
mediators of oligomerization while the H2A/H2B dimers
contribute to a much lesser extent. Interestingly, H3/H4
tetramer arrays lacking the entire H2A/H2B dimers have an
oligomerization profile essentially identical to that of an intact
array (Schwarz et al., 1996). One possible explanation for
this result is that the exposed hydrophobic surfaces in a H3/
H4 tetramer array (which are not present in the hybrid
nucleosomal array containing trypsinized H2A/H2B dimers)
facilitate oligomerization. Alternatively, the geometry of H3/
H4 tail domains relative to the DNA path, which is
substantively different in an H3/H4 tetramer array compared
to an intact array (Hansen et al., 1991; Hansen & Wolffe,
1994), may be critical for oligomerization. In any case, the
fact that no amount of MgCl2 can induce oligomerization in

the absence of the tail domains together with the observation
that high [MgCl2] is able to induce oligomerization when at
least one set of tail domains is present suggests that the core
histone N-termini mediate oligomerization through both
electrostatic- and non-electrostatic-based mechanisms.
In summary, studies of the Mg2+-dependent behavior of

hybrid trypsinized nucleosomal arrays have revealed three
distinct functions performed by the core histone N-terminal
tails in nucleosomal array condensation. Each of these
functions is essential for a specific aspect of compaction,
and each appears to involve different molecular mechanisms
of action (Figure 7). Mechanism I, which mediates the 29S
f 40S folding transition, primarily involves DNA-charge
neutralization by the H3/H4 tail domains. Mechanism II
mediates the 40Sf 55S folding transition. This mechanism
requires contributions from both the H2A/H2B and H3/H4
tail domains and involves something other than simple tail-
dependent charge neutralization. Mechanism III mediates
cooperative oligomerization of nucleosomal arrays and in
part involves non-electrostatic-based intermolecular interac-
tions of tail domains with components of other nucleosomal
array monomers. The exact nature of the non-electrostatic-
based mechanisms involved in tail domain function during
chromatin condensation remains to be elucidated. Neverthe-
less, when taken together, the simplest explanation for the
observed complexity of tail domain function is that either
each of the eight different N-termini of each nucleosomal
subunit performs different mechanistic functions or the same
tail domain mediates multiple functions through different
molecular mechanisms. In this regard, it is important to note
that recent genetic analyses of tail domain function in yeast
[see Lenfant et al. (1996) and references cited therein] have
revealed a level of complexity in the biological functions of
each of the core histone N-termini in vivo that is consistent
with the results reported here.
CompetitiVe Interaction Model of Tail Domain Function

in Chromatin. All of the key functions of the core histone
N-termini involved in mediating chromatin condensation
involve some type of intra- and(or) interarray interactions.
In addition, it has recently been established that the H3 and
H4 tail domains are capable of combinatorial interactions
with the chromatin associated regulatory proteins SIR3 and
SIR4 (Hecht et al., 1995, Hecht et al., 1996), and TUP1
(Edmondson et al., 1996). In the two latter cases, the
nucleoprotein assembly formed from the linkage of the
regulatory proteins with the chromatin fiber is associated with
specific regulation of gene expression [reviewed in Roth
(1995) and Kingston (1996)]. Thus, at this point any model
of N-terminal domain function in chromatin must explain
why the tail domains play essential roles in modulation of
nucleosomal array structural dynamics, and at the same time
bind to non-histone protein components of the chromosomal
fiber. To reconcile these observations, we propose that the

FIGURE 7: Complexity of involvement of the core histone tail
domains in the solution-state conformational dynamics of intact
208-12 nucleosomal arrays. Three distinct mechanisms of action
of the tail domains have been identified. See Discussion for details.
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observed functional complexity of tail domain action in
chromatin can best be accounted for by a “competitive
interaction” model in which the structural and functional
properties of any given region of a chromosomal fiber are
dictated largely by the nature of the tail domain interaction
partners within that region. For example, in the absence of
tail domain binding non-histone proteins, the N-termini will
mediate the short- and long-range fiber interactions that lead
to the structural and functional properties of classical 30 nm
diameter chromatin (in this case linker histones are also
present to stabilize the 30 nm fiber). However, when tail
binding regulatory proteins are components of the fiber (e.g.,
SIR3, SIR4), those specific tail domains that are bound to
the non-histone proteins will no longer be capable of
mediating intrafiber interactions. This necessarily will lead
to remodeling of the chromatin fiber and subsequent
establishment of a specific chromosomal domain whose
structure and function will be an amalgam of the properties
of the regulatory protein(s) and the underlying nucleosomal
array lacking certain key tail domain-mediated intrafiber
functions [reviewed in Hansen (1997)]. Importantly, the
complexity of tail domain function within the chromatin
fiber, together with the ability of external regulatory proteins
to alter these functions through competitive binding to the
tail domains, allows the core histone N-termini to provide a
direct molecular link that permits chromatin to be anactiVe
participant in regulation of the biological processes (e.g.,
transcription, replication, cell cycle control) that occur within
the interphase chromosomal fiber.
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