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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 MgGl In =4 mM MgCl,, 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 MdQlese 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 achieveogy. The simplest explanation for these results is that much
the level of DNA compaction found in eukaryotic chromo- of the ability to condense into interphase chromosomal fibers
somes. At the initial level, chromosomal DNA is assembled lies within the nucleosomal array itself.

with core histone octamers to form a long contiguous 14 determine the contributions of the nucleosomal array
nucleosomal array that is 10 nmin diameter and consists of, -nromosomal fiber condensation, we have been systemati-
10-10° nucleosomal subunits. Throughout mgch O,f the cally characterizing the solution-state conformational dynam-
genome, local folding of the nuc_leosomal array is belleved ics of a defined 12-mer nucleosomal array model system
to produce a condensed 30 nm dlameterchromatln flber_ (Vanconsisting of only core histone octamers and tandemly
Holde, 1288’ ngf;a,ldeQdS). .Th|_s ]Lebvellof crc])mp(zjiqtlon repeated 5S DNA (Simpson et al., 1985). The behavior of
accounts for an-50-fold reduction in fiber length and is 8 yheqe nycleosomal arrays in solution is quite complex. In
targeted site for regulation of transcription, replication, and “ohysiological” cationic conditions (e.g., 100 mM Ka2
repair [reviewed in Wolffe (1_995) and Ele_tcher and Hansen mM Mg?+), each 12-mer nucleosomal a,rray monomer is in
(1996)]. Longer-range looping and twisting of the nucleo- equilibrium between unfolded, moderately folded, and

somal array subsequently leads to the fqrmaﬂon of thg r_nghly extensively folded conformations (Schwarz & Hansen, 1994;
condensed 2066400 nm diameter domains characteristic of =
Schwarz et al., 1996). In addition, the 12-mer arrays also

interphase chromosomal fibers (Boy de la Tour & Laemmli, are in equilibrium with soluble oligomeric states formed b
1988; Belmont et al., 1989; Belmont & Bruce, 1994). Very ed . gon y
reversible cooperative self-association of array monomers

little is known about the macromolecular determinants of Sch tal 1996). Inthe ab fsalt th ilibri
interphase chromosome structure. Whereas topoisomeras% chwarz etal., )- In the al sence of sail, the equilibrium
avors the unfolded conformational state of the array

Il and the XCAP family of proteins are required for the H th it tration is i d
terminal condensation of metaphase chromosomes (Hirano,monomer' OWEVer, as the salt concentration 1S increased,

1994), no equivalent proteins have been identified for the equilibrium is s_hifted firstt_oward intramolecular folding,
condensation of interphase chromosomal fibers. In addition, 2nd then toward oligomerization (Schwarz & Hansen, 1994;
it has recently been shown that depletion of linker histones Schwarz etal., 1996). Oligomerization occurs independently
from either isolated metaphase chromosomes (Ohsumi et al.of Whether the arrays are folded or unfolded (Schwarz et
1993), isolated intact nuclei (Dasso et al., 1994), or living &l 1996), indicating that folding and oligomerization are
cells (Bouvet et al., 1994; Shen et al., 1995) does not not strictly coupled. Extrapolation of the solution-state

dramatically alter interphase chromosome size or morphol- P€havior 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-
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Recent studies indicate that the core histone N-terminal a ratio of 10 mg of trypsin per 1 mg of oligonucleosomes
“tail” domains provide essential functions required for and mixed by gentle rotation at room temperature for varying
nucleosomal array condensation. Nucleosomal arrays re-lengths of times. The reaction was quenched by filtering
constituted from trypsinized histone octamers lacking all of the oligonucleosomes through a @ filter and subsequent
their N-terminal tail domains can neither fold (Garcia- addition of soybean trypsin inhibitor (Sigma). Test digests
Ramirez et al., 1992; Fletcher & Hansen, 1995) nor oligo- were performed to determine the digestion lengths necessary
merize (Schwarz et al., 1996) in physiological cationic to exclusively generate the PP5 peptides described by
conditions. However, the mechanisms through which the Bohm and Crane-Robinson (1984) (Table 1). Large-scale
tail domains modulate folding and oligomerization clearly oligonucleosome digests subsequently were performed under
are not simple. In a nucleosomal array that is unfolded in identical conditions. Native and trypsinized histone octam-
low salt, the tail domains interact with nucleosomal core ers, H3/H4 tetramers, and H2A/H2B dimers were purified
DNA to facilitate the wrapping of DNA around each histone from their respective oligonucleosomes using the hydoxy-
octamer (Garcia-Ramirez et al., 1992; Fletcher & Hansen, apatite method of Simon and Felsenfeld (Simon, 1979). Pure
1995). However, recent experiments have revealed that thefractions were pooled and stored at@ at a concentration
tail domains do not remain bound to core DNA during salt- of ~0.40 mg/mL, as determined from tidgs, (Stein, 1979).
dependent folding and oligomerization; i.e., they undergo  Oligonucleosome Reconstitutiomhroughout this paper,
specific function-linked rearrangement (Usachenko et al., nucleosomal arrays reconstituted with native histone octamers
1994; Fletcher & Hansen, 1995). Additional studies have are referred to as “intact” nucleosomal arrays while those
shown that while H3/H4 tetramer arrays are incapable of reconstituted with the P4P5 peptides are referred to as
salt-dependent folding (Hansen & Wolffe, 1994), they readily “fully trypsinized” nucleosomal arrays. Intact and fully
oligomerize in the same Mgglrange as intact arrays trypsinized 208-12 nucleosomal arrays were reconstituted by
(Schwarz et al., 1996). Cumulatively, these results have led combining the 208-12 DNA template and either intact or
us to hypothesize that folding and oligomerization are trypsinized core histone octamers according to the salt
mediated by different sets of histone tail domains, and that dialysis method described by Hansen and Lohr (1993). The
more than a single mechanism of action is involved in tail molar ratio of histone octamers to 208 bp DNA ranged from
domain function in chromatin (Fletcher & Hansen, 1995; 1.1 to 1.3. The final DNA concentration was 10@/mL.
Schwarz et al., 1996; Hansen, 1997). The final dialysis step was into 10 mM Tris-HCI, 0.25 mM

To address these hypotheses, in the present work “hybrid” EDTA, and 2.5 mM NacCl, pH 7.8 (TE), buffer.

trypsinized nucleosomal arrays have been constructed that Nucleosomal arrays in which only the H2A/H2B dimers
specifically lacked only the H2A/H2B or H3/H4 tail domains. Or H3/H4 tetramer components of the nucleosomal subunits
The ability of the hybrid nucleosomal arrays to fold and Wwere trypsinized are referred to as “hybrid trypsinized”
oligomerize was compared against the behavior of intact or nucleosomal arrays. Assembly of the two different hybrid
fully trypsinized nucleosomal arrays. Results directly dem- trypsinized nucleosomal arrays was achieved as follows. In
onstrate that the H3/H4 and H2A/H2B N-termini mediate the case of the hybrid nucleosomal arrays lacking H2A/H2B
the solution-state conformational dynamics of nucleosomal tail domains, intact H3/H4 tetramers and trypsinized H2A/
arrays through at least three distinct molecular mechanisms.H2B dimers were added to the 208-12 DNA at a molar
The biological relevance of these resullts is discussed in termgatios of histone to 208 bp repeat of (+1.3):1 and

of a competitive interaction model in which the tail domains (2.2-2.6):1, respectively. All other aspects of the salt
provide direct macromolecular links between the structural dialysis reconstitution were the same as described above. The

and functional properties of the chromosomal fiber. hybrid nucleosomal arrays lacking H3/H4 tail domains were
constructed from trypsinized H3/H4 tetramers and intact
EXPERIMENTAL PROCEDURES H2A/H2B dimers using the same strategy. The extent of

template saturation achieved after reconstitution was deter-
Materials. The 208-12 DNA template consists of 12 mjined by sedimentation velocity analysis aBcoR| diges-

tandem repeats of a 208 bp sequence derived from thetion (Table 2).
Lytechinus5S rRNA gene (Simpson et al., 1985). This  Analytical Ultracentrifugation. Sedimentation velocity
template was grown and purified from the pPOL208-12 experiments were performed using a Beckman XL-A ana-
plasmid as described previously (Schwarz & Hansen, 1994). |ytical ultracentrifuge equipped with scanner optics as
Whole chicken blood was purchased from Pel-Freeze Bio- described (Schwarz & Hansen, 1994). TAgsy of the
logicals and used as the source of histone octamers. Trypsinsamples was between 0.6 and 0.8. The integral distribution
immobilized on DITC-treated glass beads and soybean of sedimentation coefficients was determined by the method
trypsin inhibitor were obtained from Sigma. All other of van Holde and Weischet (1978) using Ultrascan data

chemicals were of reagent grade. analysis software version 2.94.
Purification of Natve and Trypsinized Histone Octamers, Differential Centrifugation Assay for Nucleosomal Array
H3/H4 Tetramers, and H2A/H2B Dimerd\ative oligonu- Oligomerization The ability of the various nucleosomal

cleosomes were isolated from chicken erythrocyte nuclei asarrays to oligomerize in the presence of Mg@las deter-
described (Hansen et al., 1989). Trypsinized oligonucleo- mined by differential centrifugation as described previously
somes were obtained by treating native oligonucleosomes(Schwarz et al., 1996).

with immobilized trypsin essentially as described by Ausio  EcoRI Digestion AssayTwo micrograms of nucleosomal
et al. (1989). Briefly, immobilized trypsin beads were arrays was digested with 15 units BEARI for 60 min at
resuspended in 10 mM Tris-HCI, 50 mM NacCl, and 0.25 room temperature in digestion buffer H (Promega), and
mM EDTA, pH 7.8, overnight at 4C. The immobilized reactions were quenched with an equal volumesof@ding
trypsin was then incubated with native oligonucleosomes at buffer (10% glycerol, 10 mM EDTA, and 0.3% bromophenol
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Table 2: Properties of Intact, Fully Trypsinized, and Hybrid

H3 L Trypsinized 208-12 Nucleosomal Arrays
H2B — d—
H2A = , fully
e C —— i’EE property intact +H3/H4 +H2A/H2B® trypsinized
— _ pa % free DNA® 214+0.3 4.3+0.6 3.5+ 0.3 494+ 1.0
' S P Sooud (S) 29 27 28.5 25
55S structure  yes no no no
Ficure 1: Histone content of reconstituted nucleosomal arrays.  formatiort
Intact and trypsinized reconstitutes were electrophoresed on an 18%gligomerizatioh ++-+ ++ + -

SDS—polyacrylamide gel and bands visualized using a Bio-Rad —; - — .
silver staining kit. Intact and fully trypsinized nucleosomal arrays Refers to the hybrid trypsinized nucleosomal array preparation
were loaded in lanes 1 and 4, respectively. Hybrid trypsinized arrays ’?CO”StLt“tEd from native H3/H4 tetramers and trypsinized H2A/H2B
reconstituted with intact histones H3/H4 and trypsinized histones dimers.” Refers to the hybrid trypsinized nucleosomal array preparation
H2A/H2B were loaded in lane 2. Hybrid trypsinized arrays reconstituted from_ native H2A/H2B dimers and tryps_ml_zed H3/H4
reconstituted with intact histones H2A/H2B and trypsinized histones {€tramerst Values indicate the mea# the standard deviation of the
H3/H4 were loaded in lane 3. Bands designated H3, H2B, H2A, Percentage of unoccupied 5S rDNA repeats in wo different reconstitutes
and H4 represent the intact core histones. Bands designatee-&s P1 having the indicated sedimentation coefficients as determined by the

refer to the trypsinized peptides defined previously by Bohm and ECOR! digestion assay (see Experimental Procedufélues indicate
Crane-Robinson (1984) (Table 1). the averagesw determined at the boundary midpoint of each

reconstitute in low-salt TE buffef.Refers to the ability to form the
) - - — — 55S structure in MgGl prior to oligomerizationf Refers to the
Table 1: Amino Acid Composition of Intact and Trypsinized Core  gfficiency of Mg*-dependent oligomerization. The latter two properties

Histones are summarized from the data shown in Figure$2

H2A H2B H3 H4
intact 1128 1-126 1-135 102 tion of intact, fully trypsinized, and both of the hybrid
trypsinized 12-118 (P27} 24-125 (P3) 27129 (P1) 1%223)2)2 trypsinized nucleosomal arrays each yielded distinct mono-

and dinucleosomal bands (data not shown).
2 Numbers indicate the amino acid residues present before and after g phsaturated 208-12 nucleosomal arrays fold to a lesser

proteolytic digestion with trypsin. The first and last numbers represent . .
the N- and C-termini, respectively The P1-P5 designations refer to extent (Hansen & Lohr, 1993; Schwarz & Hansen, 1994;

the trypsinized fragments characterized previously by Bohm and Crane Fletcher et al., 1994b) and oligomerize at higher [MgCl
Robinson (1984). (Schwarz et al., 1996) than intact arrays saturated with 12

histone octamers. Thus, it was very important to determine

blue). Samples were then electrophoresed on a 0.8% agarosEbe degree of_template_saturation Qf egch recons’gitute. 1_'his
gel buffered with 45 mM Tris-borate, 1 mM EDTA for 3 was accomplished using a combination of sedimentation

h at 1 V/cm to resolve histone-free DNA repeats from ve_Ipcity analysis in TE buffer ancRl Qigestion. 'I_'he
nucleosome monomers and larger undigested oligonucleo-u““ty of each of these assays for determining saturation has
some fragments (Hansen et al., 1989; Meersseman et al_been establlshed'prewo'usly (Hansen et "fll" 1989; Meersse-
1991). The percent of histone-free DNA repeats present inMan et al., 1991; Pennings et al., 1991’ .Hans_,en & Lohr,
each sample was calculated by quantitating the ethidium 1993). . In_ the case dEcaRl, the DNA digestion sites flank
signal from each gel band using densitometry and multiplying the majority of nucleosomes positioned on the 208-12 DNA

the signal from the nucleosomal bands by 2.5 to correct for (Hansen et al,, .1989.; Dong etal,, 1990; Meersseman et al.,
histone quenching of ethidium fluorescence (McMurray & 1991). Thus, digestion of intact 208-12 nucleosomal arrays

van Holde, 1985). with EcoRl yields a mixture of gnoccupied_SS re.peats,
mononucleosomes, and a fraction of partially digested
RESULTS oligomers (e.g., dimers, trimers), the latter resulting from

nucleosome positioning heterogeneity (Hansen et al., 1989;

Assembly of Saturated Preparations of Intact, Fully Dong et al., 1990; Meersseman et al., 1991; Pennings et al.,
Trypsinized, and Hybrid Trypsinized 208-12 Nucleosomal 1991). When the fully trypsinized and hybrid trypsinized
Arrays. To determine the histone composition of the intact, nucleosomal arrays were digested withoRI, each of the
fully trypsinized, and hybrid trypsinized nucleosomal arrays aforementioned species was observed after electrophoresis
after reconstitution, samples were electrophoresed on aon agarose (data not shown). Consistent with the results of
denaturing SDSpolyacrylamide gel and histone bands Ausio et al. (1989), each of the hybrid mononucleosomes
visualized by silver staining (Figure 1). The bands labeled exhibited an intermediate migration relative to the intact and
P1-P5 in the fully trypsinized nucleosomal array sample fully trypsinized mononucleosomes.
(lane 4) correspond to the histone polypeptide fragments Quantitation of the amount of histone-free 5S repeats
characterized previously (Bohm & Crane-Robinson, 1984; liberated byEcdRI digestion and the results of the sedimen-
see Table 1). The sample electrophoresed in lane 2 consistedhtion velocity analysis are summarized in Table 2. The
of intact histones H3/H4 and trypsinized histones H2A/H2B sedimentation coefficient in TE buffer of an unfolded 208-
(P2 and P3), while that in lane 3 consisted of trypsinized 12 nucleosomal array saturated with 12 intact histone
histones H3/H4 (P1 and P4/P5) and intact histones H2A/ octamers is 29 S (Hansen et al., 1989; Schwarz & Hansen,
H2B. Thus, the data in Figure 1 confirm that the desired 1994), while an array saturated with 12 fully trypsinized
histone content of the fully trypsinized and hybrid trypsinized histone octamers is 25 S (Fletcher & Hansen, 1995). Based
nucleosomal arrays had been achieved after reconstitution.on sedimentation coefficient distribution analyses, “saturated”
Verification that the hybrid trypsinized nucleosomal arrays reconstituted preparations typically consist of-5%% of
were assembled into nucleosomal structures was accomthe DNA templates loaded with 12 octamers while the
plished by micrococcal nuclease digestion. Extensive diges-remaining templates contain 11 octamers (Hansen et al.,
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1989; Hansen & Lohr, 1993; Schwarz & Hansen, 1994). It AR AR
should be noted that while such a preparation would have 100 o=
an average sedimentation coefficient measured at the bound-
ary midpoint of 29 S or 25 S for intact or trypsinized arrays, 8or
respectively~2—5% of the totalEcaoRI| 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 05 16 15 20 25 30
fully trypsinized nucleosomal arrays (Table 2). These results [MgCl,] (mM)
indicate that the folding an.d oligomerization studies described FIGURE 2: Mg?"-dependent oligomerization of intact and trypsinized
below were performed with equivalently saturated prepara- nycleosomal arrays. Shown is the percent of the original sample
tions of intact, fully trypsinized, and hybrid trypsinized that remained in the supernatant after centrifugation for 10 min at
nucleosomal arrays in which-50—75% of the DNA 1600@ in a microcentrifuge. Each data point represents the mean
templates contained 12 histone octamers. =+ the standard deviation of-5l0 determinations. Intact nucleo-

- - Iy A . somal arrayst(); fully trypsinized nucleosomal array®y; hybrid

The dgta in Tab'le 2 also prOVIQe addlt_lonal. In'Slght Into nucleosomgl E:lar)rays)éorﬁgining intact histones H3/H4)1/ a¥1d t¥ypsinized
the functions contributed by the tail domains within nucleo- hjstones H2A/H2B M, +H3/H4): hybrid nucleosomal arrays
somal arrays that are unfolded in low salt. Previous studies containing intact histones H2A/H2B and trypsinized histones H3/
have shown that the tail domains of unfolded nucleosomal H4 (®, +H2A/H2B).
arrays bind to nucleosomal core DNA and help mediate
complete wrapping of the core DNA around each histone soluble nucleosomallarr:_iy.oligomers that increase in size as
octamer (Garcia-Ramirez et al., 1992; Fletcher & Hansen, the MgCL concentration is increased (Schwarz et al., 1996).
1995). Experimentally, this is reflected by the fact that At the concentrations u;ed in t.hese studies, intact nucleo-
saturated intact 208-12 nucleosomal arrays sediment at 2gsomal arrays did not oligomerize between 0 and 2 mM.
S in low salt while fully trypsinized saturated arrays sediment However, they were 50% oligomerized ir3 mM and
at 25 S under these conditions (Table 2; Fletcher & Hansen,completely oligomerized in~6 mM MgCl..  Trypsinized
1995). The sedimentation coefficient in low salt of saturated Nucleosomal arrays were essentially incapable of forming
hybrid nucleosomal arrays containing only the H3/H4 tail oligomers at any MgGl concentration, consistent with
domains was 27 S while that of saturated hybrid nucleosomalPrevious results (Schwarz et al., 1996). Interestingly, both
arrays containing only the H2A/H2B tail domains was 28.5 hybrid nucleosomal arrays were capable oft4gependent
S (Table 2). These results demonstrate directly that in low oligomerization, albeit at higher Mg&toncentrations than
salt the H2A/H2B tail domains stabilize wrapping of the core Oobserved for intact nucleosomal arrays (Figure 2). Oligo-
DNA near the entry and exit points of each nucleosomal merization of hybrid nucleosomal arrays containing only their
subunit. By inference, they also indicate that the H3/H4 tail H3/H4 tail domains was half-maximal at6 mM MgCl,
domains help stabilize wrapping of the more central nucleo- While those containing only the H2A/H2B domains achieved
somal core DNA in low salt. These conclusions are half-maximal oligomerization at13 mM MgCk. In addi-
consistent both with previous analyses of hybrid trypsinized tion, both the onset and completion of oligomerization of
core particles (Ausio et al., 1989) and with modeling studies the hybrid arrays were shifted to higher Mg@bncentra-
of the crystallized histone octamer (Moudrianakis & Arents, tions. Despite these differences, oligomerization of both
1993). hybrid trypsinized nucleosomal arrays appeared to remain

Mg?+-Dependent Nucleosomal Array Oligomerization co_operative as judged from_the_ steep oligomerization profile_s
Under the more physiological salt conditions that promote (Figure 2). These results indicate that only one set of tail
folding and oligomerization, nucleosomal core DNA wrap- domains is absolutely required to mediate Wtgependent
ping is mediated by inorganic cations, and the tail domains Nucleosomal array oligomerization, and that both the H3/
rearrange to noncore DNA location(s) (Usachenko et al., H4 and H2A/H2B tail domains can fulfill this purpose. The
1994; Fletcher & Hansen, 1995). Consequently, our primary data in Figure 2 further demonstrate that the H3/H4 tail
goal was to characterize the folding and oligomerization of domains are significantly more efficient at mediating oligo-
hybrid trypsinized nucleosomal arrays in the presence of Merization than the H2A/H2B tail domains.
MgCl,. Folding and oligomerization occur hierarchically Mg?*t-Dependent Nucleosomal Array Folding he ability
with increasing [Mg*'] (Schwarz et al., 1996; Schwarz & of the various nucleosomal arrays to undergo*Mdepend-
Hansen, 1994). Thus, it was first necessary to establish theent folding was determined by sedimentation velocity
extent of oligomerization as a function of MgQ@oncentra- analysis in the analytical ultracentrifuge. Numerous previous
tion using the differential centrifugation assay. The ability studies have established that intact 208-12 nucleosomal
of the various nucleosomal arrays to oligomerize in MgCl arrays in divalent cation solutions are in equilibrium between
is shown in Figure 2. Oligomerization was indicated by a the 29S unfolded state, a 40S folding intermediate whose
decrease in théyg Of the supernatant after centrifugation extent of compaction is equivalent to a moderately folded
in the microcentrifuge (Schwarz et al., 1996; Schwarz & contacting zig-zag or open helical structure, and an exten-
Hansen, 1994). The global mechanism that underlies thissively folded 55S conformation whose extent of compaction
behavior involves reversible, cooperative formation of large is equivalent to a maximally condensed contacting helix

60 -
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% in Supernatant
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Ficure 4: Sedimentation velocity analysis of fully trypsinized
nucleosomal arrays at elevated MgGtoncentrations. Fully
trypsinized nucleosomal arrays were equilibrated at°€land
sedimented at 20 000 rpm. Shown are the sedimentation coefficient
distributions obtained in TE buffer containing 0 mM)( 2.0 mM

(m), 4.0 mM (v), 8.0 mM @), or 30 mM @) MgCls.

s20,w

Ficure 3: Sedimentation velocity analysis of intact and trypsinized
nucleosomal arrays in 2.0 mM MggLlSamples in TE buffer
containing 2.0 mM MgG 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 arf@ys (
fully trypsinized nucleosomal array®Y; hybrid nucleosomal arrays o )
containing intact histones H3/H4 and trypsinized histones H2A/ whether arrays containing only the H3/H4 or H2A/H2B tail
H2B (W, +H3/H4); hybrid nucleosomal arrays containing intact domains could mimic the folding behavior of the intact
histones H2A/H2B and trypsinized histones H3/Hl, (FH2A/ arrays. Under these ionic conditions, the sedimentation

H2B). 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 MgCl

(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 - . . ) S )
the 40S and 55S conformations in the presence of divalent Further insight into tail domain function in chromatin
cations, the folded structures are unstable in the absence ofolding was revealed by studies of trypsinized nucleosomal
other macromolecular factors (e.g., histone H1). This leads arrays in=2 mM MgCl, concentrations. Recall that these
to the broad sedimentation coefficient distributions indicative €xPeriments could be performed because the hybrid trypsinized
of equilibration between unfolded and extensively folded arrays oligomerized at higher MgCtoncentrations than
states (Schwarz & Hansen, 1994; see Figure 3). It shouldintact arrays, while the fully trypsinized arrays did not
be noted that while the exact nature of highly condensed Oligomerize at all (Figure 2). The sedimentation coefficient
folded chromatin structures remains unresolved [reviewed distributions of fully trypsinized nucleosomal arrays 30

in Woodcock (1995), van Holde and Zlatanova (1995), and MM MgCl; are shown in Figure 4. Although fully trypsinized
Fletcher and Hansen (1996)], the analytical ultracentrifuge arrays were unfolded in 2 mM Mgglthey yielded sedi-
provides an unequivocal assay for tletentof folding of mentation coefficient profiles charact_erlstlc of equmbrano_n
the 208-12 system in solution (Hansen et al., 1994, 1997), petween _the 2_98 unfolded conformation a_md the 40S folding
and it is in this context in which all of the folding studies intermediate in 430 mM MgCk. That is, the average
described below are interpreted. For each nucleosomal arraypedimentation coefficient measured at the boundary midpoint
type, folding was examined in the salt range that preceded(boundary fraction= 0.5) increased continuously with
the onset of oligomerization, i.es2 mM MgCl, for intact increasing Mngl, while the §ed|'mentat|pn cgefﬂuents in
arrays,<4 mM MgCl, for hybrid arrays containing H3/H4 the upper region of the distribution _proflles (i.e., b_oundary
tail domains, and8 mM MgCl for hybrid arrays containing ~ fraction = 0.6-1.0) reached a maximum o#40 S in 30
H2A/H2B tail domains. Fully trypsinized nucleosomal MM MgCl.. The latter observation indicates that aA0S
2—30 mM MgChb. high-salt conditions. It should be noted that maximum

As a control, intact and fully trypsinized 208-12 nucleo- Compaction was observed in 30 mM MgClt higher
somal arrays were first sedimented in 2 mM MgCl concentrations, the sedimentation coefficients of trypsinized
Consistent with previous results (Schwarz & Hansen, 1994; hucleosomal arraydecreasedvith increasing MgGl (data
Schwarz et al., 1996), the intact arrays yielded the charac-Not shown). Importantly, these results demonstrate that the
teristic broad biphasic sedimentation coefficient distribution tail domains are not absolutely essential for formation of the
indicative of equilibration between the 29S, 40S, and 555 40S conformation in high MgGlconcentrations. Further-
conformational states (Figure 3). In contrast, the sedimenta-more, despite being able to form the 40S folding intermedi-
tion coefficient distribution of fully trypsinized nucleosomal ~ ate, under no conditions were fully trypsinized nucleosomal
arrays ranged from 26 to 30 S (Figure 3), indicating that arrays.capable of forming the highly condensed 55S con-
they remained unfolded in 2 mM Mgg(Fletcher & Hansen, ~ formation.

1995). Each of the hybrid trypsinized nucleosomal arrays At the highest MgGl concentrations that could be studied
subsequently was sedimented in 2 mM Mgtol determine prior to oligomerization, both types of hybrid trypsinized
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c Ficure 6: Direct comparison of the extent of folding of fully
8 08r i trypsinized and hybrid trypsinized nucleosomal arrays in 4 mM
9 MgCl,. Shown are the sedimentation coefficient distributions in 4
L 06 ] mM MgCl, of fully trypsinized nucleosomal array®), hybrid
2 arrays containing intact histones H2A/H2B and trypsinized histones
T 04r T H3/H4 @, +H2A/H2B), and hybrid arrays containing intact
2 histones H3/H4 and trypsinized H2A/H2R (+H3/H4). Distribu-
m 02f T tion profiles were replotted from the data in Figures 4 and 5,
respectively.
0'0 " 1 1 1 1
25 30 3B 40 been demonstrated that both the functions and the locations
S20w of the tail domains in nucleosome core particles and unfolded

FIthJRE 5 Sledimentatltic;n V?'gc&y &:‘al)’SitS Ct{f hybgd tfylpSinized nucleosomal arrays in low salt differ significantly from those
ggﬁi‘ﬁgfggg ;r?%scaar? de\ézoﬁmer?te dng?%aol(())(r)]srb mén(‘g)eﬁ';’/"berzg in nucleosomal arrays that are condensed in physiological
nucleosomal arrays containing intact histones H3/H4 and trypsinized salt [Garcia-Ramirez et _al" 1992; Fletcher & Hansen, 1995;
histones H2A/H2B. Shown are the sedimentation coefficient Schwarz etal., 1996 reviewed in Fletcher and Hansen (1996)
distributions obtained in TE buffer containing 0 mM){ 2.0 mM and Hansen (1997)]. Thus, it has become increasingly
(.),t or 4.0 tml\{l h(_'% M9C|Lz-2 A(/BI-?ZSybr(det nuc_lepsc(njn;]altarrayi'S/ important to study tail domain function under conditions that
containing Intact nistones and trypsinize Istones : : H
H4. Shown are the sedimentation coefficient distributions obtained 2'¢ MOr€ relevant to_those found in vivo. . The prese_nt .St.Ud'eS
in TE buffer containing 0 mM£), 2.0 mM @), 4.0 mM (¥), or have addressed this need by determining the individual
8.0 mM @) MgCls. functions of the H2A/H2B and H3/H4 N-terminal domains

] ) in salt-dependent nucleosomal array folding and oligomer-
nucleosomal arrays yielded essentially the same results as,ation.

the fully trypsinized nucleosomal arrays. Hybrid arrays Complexity of N-Terminal Tail Domain Function during
containing only H3/H4 tail domains sedimented between 31 ycleosomal Array CondensationNeither the fully

and 42 S in 4 mM MgGl (Figure 5A), while the hybrid v hsinized nor the hybrid trypsinized nucleosomal arrays
arrays containing onIy.H2A/HZB tail domains sedimented 5o capable of folding in 2°mM Mg@l(Figure 3). By
between 29 and 37 S in 4 mM MgCand between 29 and  ¢onrast, intact nucleosomal arrays are capable of forming
41 Sin 8 mM MgC} (Figure 5B). Thus, in contrastto intact pth the 40S and 55S folded structures under the same ionic
nucleosomal arrays, neither of the hybrid arrays were capableqngitions (Figure 3). Importantly, this indicates that the
of forming the maximally folded 55S conformation priorto  oa/H2B and H3/H4 tail domains both are essential for
the onset of oligomerization. As judged by the sedimentation jniact nucleosomal arrays to fold into the maximally con-
coefficient distribution profiles in 4 and 8 mM Mgglthere densed 55S conformation. 2 mM MgCl, both the fully
was no significant difference between the extent of compac- yrypsinized and the two hybrid nucleosomal arrays exhibited
tion of the fully trypsinized arrays and the hybrid arrays cqontinuous salt-dependent increases in the extent of folding,
containing only the H2A/H2B tail domains. In contrast, in imately leading to the formation of a limiting40S folded
4 mM MgCl, the equilibrium was shifted significantly further  gcture (Figures 4 and 5). The 40S conformation is formed
toward the 40S state for the hybrid arrays containing only fom close approach of adjacent nucleosomal subunits
the H3/H4 tail domains (Figure 6). (Hansen & Lohr, 1993; Fletcher et al., 1994b). The fact
that fully trypsinized nucleosomal arrays form the 40S
DISCUSSION folding intermediate in=8 mM MgCl, suggests that the
Despite extensive investigation, both the functional roles specific tail domains involved in mediating the 29540S
and molecular mechanisms of action of the core histone folding transition do so by a mechanism that involves DNA
N-terminal tail domains in chromatin have long remained charge neutralization. Furthermore, the observation that both
enigmatic [reviewed in Wolffe (1995) and Fletcher and the fully trypsinized arrays and the hybrid arrays containing
Hansen (1996)]. Most previous studies of tail domain H2A/H2B tail domains exhibit the same extent of folding
function have been performed with nucleosome cores, andin 4 mM MgCl, while the arrays containing only the H3/H4
subsequently have focused on the consequences of taitail domains were significantly more folded under these
domain interaction with core DNA. However, it has recently conditions (Figure 6) suggests that the H3/H4 tail domains
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are the dominant mediators of the 29S 40S folding Mechanism  Mechanism
transition. This conclusion is consistent with the recent _f T

results of Moore and Ausio (1997). Finally, given that tail 298 —= 40S =— 558
domain-mediated wrapping of nucleosomal core DNA can \ u // Mechanism
be replaced by<2 mM MgCl, (Fletcher & Hansen, 1995; m
Figure 4), and -that thg tail dpmains rearrange 1o a nonnu- Ficure 7: Complexity of involvement of the core histone tail
cI(_aosoma! Iocathn during fold_lng (Fletcher & Hansen, 1995), domains in the solution-state conformational dynamics of intact
tail domain-mediated formation of the 40S structure must 20812 nucleosomal arrays. Three distinct mechanisms of action
involve interactions with linker DNA and(or) the DNA of  of the tail domains have been identified. See Discussion for details.
adjacent nucleosomal subunits.

Numerous lines of evidence indicate that the extensively the absence of the tail domains together with the observation
folded 55S conformation of a 208-12 nucleosomal array is that high [MgC}] is able to induce oligomerization when at
formed directly from the 40S folding intermediate [Schwarz least one set of tail domains is present suggests that the core
& Hansen, 1994; Fletcher et al., 1994b; reviewed in Fletcher histone N-termini mediate oligomerization through both
and Hansen (1996)]. Neither the fully trypsinized arrays nor electrostatic- and non-electrostatic-based mechanisms.
the two hybrid trypsinized arrays could form the 55S  In summary, studies of the Mg-dependent behavior of
conformation in any of the MgGlconditions tested, despite  hybrid trypsinized nucleosomal arrays have revealed three
the fact each of these arrays could form the 40S folding distinct functions performed by the core histone N-terminal
intermediate ir:4 mM MgCl,.. This indicates that both the tails in nucleosomal array condensation. Each of these
H2A/H2B and H3/H4 tail domains also must provide functions is essential for a specific aspect of compaction,
essential functions required for the 465 55S transition. and each appears to involve different molecular mechanisms
However, the mechanism by which the tail domains mediate of action (Figure 7). Mechanism I, which mediates the 29S
formation of the 55S conformation clearly is different than — 40S folding transition, primarily involves DNA-charge
that involved in the 29S— 40S transition. In particular, neutralization by the H3/H4 tail domains. Mechanism I
formation of the 55S conformation is not dependent solely mediates the 40S- 55S folding transition. This mechanism
on tail domain-dependent DNA charge neutralization. Pos- requires contributions from both the H2A/H2B and H3/H4
sible mechanisms that may be involved in formation of the tail domains and involves something other than simple tail-
55S structure include tail domain interactions with the protein dependent charge neutralization. Mechanism Il mediates
components of other nucleosomal subunits [e.g., other tail cooperative oligomerization of nucleosomal arrays and in
domains or exposed structured region(s) of the histone part involves non-electrostatic-based intermolecular interac-
octamer], and(or) some type of proteiDNA interaction that tions of tail domains with components of other nucleosomal
cannot be replaced by high concentrations of divalent cations.array monomers. The exact nature of the non-electrostatic-

Mg?*-dependent oligomerization, like intramolecular fold- based mechanisms involved in tail domain function during
ing, also is strictly dependent on the tail domains. However, chromatin condensation remains to be elucidated. Neverthe-
the fact that these two transitions are not strictly coupled less, when taken together, the simplest explanation for the
(Schwarz et al., 1996) suggests that the mechanistic actionobserved complexity of tail domain function is that either
of the tail domains in oligomerization and folding are distinct. each of the eight different N-termini of each nucleosomal
Each of the hybrid trypsinized arrays could completely subunit performs different mechanistic functions or the same
oligomerize in the presence of Mgwhereas fully trypsinized  tail domain mediates multiple functions through different
nucleosomal arrays were essentially incapable of oligomer- molecular mechanisms. In this regard, it is important to note
ization at any MgGl concentration (Figure 2). This is in  that recent genetic analyses of tail domain function in yeast
direct contrast to the results of the folding studies, where [see Lenfant et al. (1996) and references cited therein] have
neither hybrid array alone was capable of achieving maximal revealed a level of complexity in the biological functions of
folding in high Mg+ (see above). While intact nucleosomal each of the core histone N-termini in vivo that is consistent
arrays achieved complete oligomerizationii mM MgCl,, with the results reported here.
hybrid trypsinized arrays containing only the H3/H4 or H2A/  Competitbe Interaction Model of Tail Domain Function
H2B tail domains required 10 mM and 25 mM MgCl  in Chromatin All of the key functions of the core histone
respectively. These data suggest that in an intact nucleo-N-termini involved in mediating chromatin condensation
somal array, the H3/H4 tail domains are the primary involve some type of intra- and(or) interarray interactions.
mediators of oligomerization while the H2A/H2B dimers In addition, it has recently been established that the H3 and
contribute to a much lesser extent. Interestingly, H3/H4 H4 tail domains are capable of combinatorial interactions
tetramer arrays lacking the entire H2A/H2B dimers have an with the chromatin associated regulatory proteins SIR3 and
oligomerization profile essentially identical to that of an intact SIR4 (Hecht et al., 1995, Hecht et al., 1996), and TUP1
array (Schwarz et al., 1996). One possible explanation for (Edmondson et al., 1996). In the two latter cases, the
this result is that the exposed hydrophobic surfaces in a H3/nucleoprotein assembly formed from the linkage of the
H4 tetramer array (which are not present in the hybrid regulatory proteins with the chromatin fiber is associated with
nucleosomal array containing trypsinized H2A/H2B dimers) specific regulation of gene expression [reviewed in Roth
facilitate oligomerization. Alternatively, the geometry of H3/ (1995) and Kingston (1996)]. Thus, at this point any model
H4 tail domains relative to the DNA path, which is of N-terminal domain function in chromatin must explain
substantively different in an H3/H4 tetramer array compared why the tail domains play essential roles in modulation of
to an intact array (Hansen et al., 1991; Hansen & Wolffe, nucleosomal array structural dynamics, and at the same time
1994), may be critical for oligomerization. In any case, the bind to non-histone protein components of the chromosomal
fact that no amount of MgGlkan induce oligomerization in ~ fiber. To reconcile these observations, we propose that the

Oligomers [Nyonomer>>11
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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

Tse and Hansen

Fletcher, T. M., Serwer, P., & Hansen, J. C. (199Bmmchemistry
33, 10859-10863.

Garcia-Ramirez, M., Dong, F., & Ausio, J. (1992)Biol. Chem.
267, 1958719595.

Hansen, J. C. (1997hemtracts: Biochem. Mol. Biol. 16—
69.

partners within that region. For example, in the absence of Hansen, J. C., & Wolffe, A. P. (199Biochemistry 317977

tail domain binding non-histone proteins, the N-termini will
mediate the short- and long-range fiber interactions that lea

to the structural and functional properties of classical 30 nm

7988.

gHansen, J. C., & Lohr, D. (1993). Biol. Chem. 2685840-5848.

Hansen, J. C., & Wolffe, A. P. (199#roc. Natl. Acad. Sci. U.S.A.
91, 2339-2343.

diameter chromatin (in this case linker histones are also Hansen, J. C., Ausio, J., Stanik, V. H., & van Holde, K. E. (1989)

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

Biochemistry 289129-9136.

Hansen, J. C., van Holde, K. E., & Lohr, D. (19QL)Biol. Chem.
266, 4276-4282.

Hansen, J. C., Lebowitz, J., & Demeler, B. (19®Bipchemistry
33, 13155-13163.

Hansen, J. C., Kreider, J. |., Demeler, B., & Fletcher, T. M. (1997)
Methods: Companion Methods Enzymol, 62—72.

establishment of a specific chromosomal domain whose Hecht, A., Laroche, T., Strahl-Bolsinger, S., Gasser, S. M., &

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 beative
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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