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ABSTRACT. MacroH2A (mH2A) is one of the most recently identified members of the heteromorphous
histone variant family. It is unique among the members of this group because it contains an unusually
large non-histone C-terminal end, from where its name derives, and appears to be restricted to subphylum
vertebrata. Although a concerted effort has been carried out in order to characterize the physiological
relevance of mH2A, little is known in comparison about the structural importance of the molecule. Eluci-
dating the biophysical and conformational proprieties of mH2A in chromatin may provide clues into the
links between this histone variant and its unique function(s). In this paper, we look first at the heterogeneous
tissue-specific distribution of this protein in different vertebrate classes. This is followed by a structural
comparison between mH2A and H2A protein and by the characterization of the nucleosome core particles
with which these histone subtypes are associated. We find that the ligigjical C-terminus of mH2A
confers an asymmetric conformation to nucleosomes and that this variant is tightly bound to chromatin
fragments in a way that does not depend on the overall extent of acetylation of the other core histones.

Within the nucleus, DNA is associated with histone and the structural transitions required for the regulation of gene
non-histone proteins to form a highly dynamic nucleoprotein expression in either a combinatorial fashion, which generates
complex called chromatin. This assembly is characterized a histone code that is interpreted by trans-acting factgrs (
by the repetitive organization of well-defined histeri@NA 8) or by directly affecting the conformation of the chromatin
complexes referred to as nucleosomes. The nucleosome coréber (9, 10).
particle is a bipartite structure, consisting of a octameric  Currently, the roles of histone variants in chromatin
protein core complete with two molecules each of histone structure and function are the object of an extensive
H2A, H2B, H3, and H4, that constrains 146 bp of DNA in biochemical and biophysical characterization (see9efsd
approximately one and three-quarter left-handed supercoils10). Histone variants are nonallelic isoforms that replace
around its perimeter (see ré&ffor the crystal structure of  major histones within specialized chromatin domains. In
the nucleosome core particle). Upon association with linker humans, the genes of these subtypes are absent from the
histones, nucleosome arrays fold into a chromatin fiber that canonic histone gene cluster and are expressed outside of
hinders the DNA potential for activation events such as the of S phase of the cell cycl&], 12). This suggests that
transcription 2, 3) and repair4—6). Although this organiza-  the functions of these gene products are not exclusive to the
tion may present a thermodynamic obstacle to both proces-structural packaging of newly replicated DNA and are
sive and distributive enzymatic complexes, accumulating important for constitutive regulatory events. Histone variants
experimental evidence provides strong support for the active can be classified based on the heterogeneity of their primary
involvement of histones in the regulation of gene expression. structure, which is ultimately responsible for the structural
Examples of these epigenetic events include histone post-variability of the specialized chromatin domains with which
translational modifications and histone variant exchange. Thethese variant histones are associated. This can be achieved
downstream effects of such histone variability coordinates by altering either the structural or informational nature of
such regionsq, 10).
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14) and can be reconstituted into nucleosomes in vitf®) (

16). In vivo, mH2A is expressed as two nonallelic gene
products: mH2A1 (which is posttranscriptionally spliced to
generate two minor subtypes mH2A1.1 and mH2A1.2) and
mH2A2. Although distinct functions have yet to be ascribed
to mH2A1 and mH2A2, temporal expression differences
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Following this, the blot was extensively washed four times
for 15 min with PBS and 0.1% Tween followed by four 10
min washes with PBS and rinsed with distilled water.
Visualization of the protein bands was carried out according
to the manufacturer’s instructions (NEN, Boston, MA).
Expression and Purification of Recombinant mH2A1.2.

have been observed between the mH2A1 isoforms. WhereafRecombinant mH2A1.2 was expressed and purified as
mH2A1.1 seems to accumulate during development andaccording to refl5. Briefly, Escherichia coliBL21(DE3)

differentiation, mH2A1.2 appears to remain constdi) (
Cytologically, mH2A has been shown to coalesce into a

structure called a macrochromatin body (MCB), which is

coincident with the inactivated X-chromosonis3{-20) and

the XY-body of spermatocyte{, 22). Although mH2A

has been coupled to sex-linked heterochromatinization,

expression cells were transformed with a pGEX-4T-1 (Am-
ersham Biotech, Cleveland, OH) mH2A1.2 construct that
contains an N-terminal GST fusion (kindly provided by J.
R. Pehrson). Transformants were cloned and used to
inoculate 300 mL of Luria-Bertani (LB) broth containing

50 wug/mL ampicillin, which was then incubated with

specialized nucleosomes containing this variant must bevigorous shaking at 22.5C for 2 days. This culture was
required for further nuclear functions, as expression levels added to 1.2 L of fresh LB and incubated under the same

appear highest in liver tissu&¥) and are equivalent in both
male and female somatocyte®4( 23). It is possible that
mH2A may be dynamically involved in the global regulation

conditions for 1 h. Protein expression was induced with 0.1
mM IPTG. Cells were harvested afté h by centrifugation.
mH2A1.2 was affinity purified from sonicated and clarified

of tissue specific and developmental transcription. In vitro lysate using glutathione Sepharose 4B beads (Amersham
assays have shown that the NHR of the molecule represse€harmacia Biotech). This was followed by Macroprep High
expression of the luciferase reporter gene in Gal4 fusion S ionic exchange (Bio-Rad, Randolph, MA) chromatography

experimentsZ4). Further interactions of this histone variant
with the heterochromatin protein M32%) and its colocal-
ization with methylated H3K4 during metaphase at a
potential activation boundaryt4) provide additional support
to this notion.

In an attempt to further elucidate the role of mH2A in
chromatin function, we have explored the structural proper-
ties of mMH2A containing nucleosomes. Our findings indicate
that mH2A mononucleosomes are quite asymmetric, likely
due to the extensions of the distinctive carboxyl tails of the
mH2A molecule, and exhibit a stability that is very similar
to that of native nonvariant nucleosome core particles.
Interestingly, mH2A exhibits an enhanced binding affinity
for chromatin than that exhibited by H2A. Indeed, this
binding affinity appears to be independent of the extent of
core histone acetylation.

MATERIALS AND METHODS

Acid Extraction of HistonesNuclei were isolated from

with a 0.5-2.0 M NaCl gradient in 10 mM Tris (7.5), 1
mM DTT, 0.2 mM PMSF. Finally, fractions containing
mH2A1.2 were pooled, loaded onto a hydroxyapatite column,
and eluted by a©100 mM NaPQ gradient in 1.0 M NaCl,
10 mM Tris (7.5), 1 mM DTT, 0.2 mM PMSF. Appreciable
amounts of mH2A1.2 as determined by SDS gels were
combined and used directly for reconstitution experiments.

Circular Dichroism.Circular dichroism (CD) spectra for
mH2A1.2 were determined at 20C on a Jasco- J720
spectropolarimeter as previously describ2g).(The amount
of a-helix was quantified as described in 1&0.

Secondary Structure Predictiomhe a-helical content of
rat mH2A1.2 (ascension number AAB38330) and chicken
H2A (ascension number HSCH2A) was predicted by the
SOPM (self-optimized protein method) meth@&i) located
on the ExPasy Proteomics server (http://ca.expasy.org/tools/
#secondary). mH2A1.2 and H2A profiles were aligned
schematically to compare relative distributions of secondary
structure between the two proteirixl).

Reconstitution of mH2A1.2 NucleosomBgcombinant

different tissues and organisms as described for chickenmH2A1.2 was expressed and purified as described above

erythrocytes26). Hydrochloric acid extracted histones were
then obtained from these nuclei as described ir2ief
Western BlottingWestern blots were performed following
hydroxyapatite fractionation and acid extraction of animal
histones. mH2A1 was detected with a primary rabbit
polyclonal antibody raised against the nonhistone portion
(18). Approximately 2ug of histones was loaded onto SBS

(15). Chicken erythrocyte native H2B, H3, and H4 core
histones were prepared as described in Abbott et3a). (
Core histones were mixed at a ratio of 9:1:1:1 (mH2A/H2B/
H3/H4) as estimated by SB%$olyacrylamide gel electro-
phoresis 83). This excess of mH2A1.2 was required to
generate reconstituted particles with slower electrophoretic
mobility, which was determined to contain the proper

polyacrylamide gels and transferred to a PVDF membrane stoichiometry of core histones following SB®AGE analy-

at 100 V for 2.5 h at £4C in 25 mM Tris-HCI (pH 7.5) and
192 mM glycine. The membrane was prepared by dipping
into 100% methanol fio5 s followed by rinses in dy© and
transfer buffer. Blotted membranes were blocked in PBS
(28), 0.1% Tween, 3% skimmed milk overnight at°€.
mH2A antibodies were used at a 1:3500 (30 mL) dilution
with shaking for 1.5 h at room temperature in PBS, 0.1%
Tween, 350 mM Nacl, followed by four 15 min washes with

sis. In some instances, mH2A containing complexes of higher
electrophoretic mobility (similar to that of native chicken
erythrocyte) could be clearly visualized, which were deter-
mined to be depleted in one mH2Ad2B dimer as deter-
mined by sucrose gradient purification (results not shown).
The protein mixture was combined with 146 bp DNA at a
ratio of (1.5:1.0) to bring the final DNA concentration to
approximately 10@«g DNA/mL in 2 M NaCl, 10 mM Tris-

PBS and 0.1% Tween. The membrane was then incubatedHCI (pH 7.5), 10 mMg-mercaptoethanol, 0.1 mM EDTA.
with secondary anti-rabbit horseradish peroxidase antibody Reconstitutions were performed by decreasing the sodium

(NEN, Boston, MA) for 45 min at a 1:3000 dilution (30 mL).

chloride concentration from 20t0 M by stepwise salt
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gradient dialysis as in ré¥4 in the same buffer. Reconstituted
particles were analyzed by electrophoresis in 4% native
acrylamide as described in r8b.

DNAse | and Hydroxyl Radical Footprinting=or the
DNase | footprinting, 10 ng of DNase | was used to digest
10 uL of the reconstituted nucleosomes at a concentration
of 10 ngkL. The digestion was carried out for 2 min at room
temperature in 10 mM Tris-HCI, pH 7.6, 5 mM MgCTThe
reaction was arrested by 10Q of 10 mM EDTA, 0.1%
SDS, 50 ngiL proteinase K, and then the solution was
incubated for 30 min at 37C. After phenol extraction and

ethanol precipitation, the samples were separated on 8%

polyacrylamide sequencing gel containing urea. The dried
gel was exposed overnight on a Phosphor-Imager screen.

The protocol of Hayes and Le&&) was used for the
hydroxy! radical footprinting analysis.

Analytical Ultracentrifugation Reconstituted mH2A nu-
cleosomes were dialyzed against buffers of varying ionic
strength as described in Alsit al. £6). Sedimentation
velocity runs were performed in a Beckman XL-A ultra-
centrifuge using an An-55 Al aluminum rotor. Samples were
loaded in double-sector cells with aluminum filled Epon
centerpieces37). UV scans were taken at 260 nm and
analyzed by the van Holde and Weischa)(method using
the XL-A Ultra Scan version 4.1 sedimentation data software
(Borries Demeler, Missoula, MT).

The partial specific volume of mH2A was calculated from

its amino acid analysis composition and was determined to

be 0.749 crilg. The partial specific volume of the mH2A

containing nucleosome was calculated assuming additivity

of the protein and DNA components using a partial specific
volume of 0.753 crflg for the rest of the histone octamer
(39) and 0.535 crfig for the DNA @0). The values
determined in this way were 0.650 and 0.66%fgnfor the
native and mH2A-containing nucleosome core patrticles,
respectively.

Determination of the Hydrodynamic Parametett.is

Abbott et al.
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Ficure 1. Western analysis of the distribution of macroH2A1 in
different vertebrate classes. Histones were acid extracted from
purified nuclei from different tissues (B: blood; L: liver; T: testes;
and S: sperm) from different organisms: channel catfighjurus
ocelatus(fish); bullfrog, Rana caresbeianéamphibian); alligator,
Alligator mississipiensi¢reptile); and chickenGallus domesticus
(bird). The samples were analyzed by SEFFAGE (lower panel)
and Western blot (upper panel) using mH2A1 antibody.

were performed by bringing salt solutions containing ug

of protein to 20% TCA. After centrifugation at maximum
speed in an Eppendorf microfuge at°@, the pellet was
suspended in 20% TCA and centrifuged again. The final
pellet thus obtained was washed with 1.0 mL of cold 0.25
N HCl-acetone and centrifuged as described previously. The
acetone pellets were dried under vacuum and resuspended
in equal loading volumes of ¥ and 2X SDS-loading buffer.
The elution of MH2A was monitored by Western blotting.

RESULTS

Histone mH2A Is Ubiquitously Distributed in Vertebrate
Classes but Is Deficient in Terminally Differentiated Cells.
Figure 1 shows the distribution of mMH2A in different tissues
of several representative vertebrate organisms. As it has
already been reportedtd 44), we could not detect the
presence of this histone variant in invertebrate organisms.
Within each species studied, mH2A exhibits an uneven

possible to combine the known molecular masses of the distribution. Interestingly, the major occurrence of mH2A

nucleosome core particleM{ = 205 600 native;M, =
256 700 mH2A nucleosome) with their respective sedimen-
tation coefficients to determine their conformational param-
eters 41).

Purification of Chicken Erythrocyte and HelLa Nucleo-
somesNative chicken and HelLa cell mononucleosomes were
prepared as described in r26.

Sucrose Gradient Purification and Analysigeconstituted
mH2A particles in 10 mM Tris-HCI (pH 7.5), 10 mM
p-mercaptoethanol, 0.1 mM EDTA were loaded onto a
5—20% sucrose gradient in 25 mM NaCl, 10 mM Tris (pH
7.5), 0.1 mM EDTA and centrifuged at 134 4p6r 19 h
in a Beckman SW41 rotor at€. Gradients were collected
at 1 mL/min in 0.5 mL fractions and analyzed by native gel
electrophoresis.

Hydroxyapatite Chromatography of Acetylated and Non-
acetylated Hela ChromatirPurified chromatin from HelLa

appears to be in liver, where with the exception of chicken
(birds) the two bands corresponding to mH2A1.1 and
mH2A1.2 can be observed. The mH2A abundance in liver
is followed by that of testes (see Figure 1, reptile T), where
the stoichiometry of mH2A1.1/mH2A1.2 appears to be
highly variable. It is possible that the amount of mH2A in
these two tissues is in fact the same across vertebrates as
the low antigenic response observed in fish and amphibian
testes is due to the large occurrence of mature spermatozoa
in the samples analyzed that was absent from the reptile
sample. All the erythrocytes from the species analyzed here
are nucleated, and with the exception of amphibians and
reptiles they do not contain significant amounts of mH2A
as it has already been describd8)( The presence of mH2A

in the blood of amphibians and reptiles is probably the result
of contamination by nonerythrocyte cells.

A very important observation from these results is the

cell lines grown in the presence and absence of sodiumalmost complete absence of mH2A in the sperm of the fish

butyrate were prepare@®) and loaded onto a hydroxyapatite
column equilibrated in 0.1 mM KPQ(pH 6.8). Histones
were fractionated by a-02.0 M NaCl salt gradient4?2).
The elution profile was monitored spectrophotometrically at
230 nm and was monitored by trichloroacetic acid (TCA)
precipitation and SDSPAGE analysis. TCA precipitations

(catfish) and the amphibian (bullfrog) utilized for this
analysis. These organisms were selected because in contrast
to most vertebrates, they do not contain protamines in their
mature spermatozoa but rather somatic-like histod&s- (

47). Gene expression is presumably nonexistent in these
spermatozoa that otherwise exhibit highly condensed chro-
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’ S —— mononucleosomes. (A) SBDFAGE of histones from native
T R A = chicken erythrocyte nucleosome core particles (lane 1), recombinant

NON-HISTONE REGION

. . mH2A1.2 (lane 2), reconstituted mH2A1.2-containing nucleosomes,
FIGURE 2: Comparative secondary structure analysis of H2A and and chicken erythrocyte histones used as a marker (M). (B) 4%
mH2A1.2. (A) Circular dichroism spectrum of histone H2A from  acrylamide native PAGE of 146 bp DNA (lane 1), native chicken
chicken (gray) in comparison to recombinant mH2A1.2 (black). erythrocyte nucleosome core particles (lane 2), reconstituted mH2A-
(B) Secondary structure prediction analysis of chicken H2A.1 in containing nucleosomes (lane 3), andCl digest of pBR 322
comparison to rat mH2A1.2. Diverse forms of secondary structure ysed as a marker (M). N: nucleosome core particles and D: 146
are indicated by differential shading and box height as indicated in bp DNA.

the inset. Positions of the-helical domains of H2A.1 as determined

from crystallographic analysis (1) are aligned above the predicted . . ..
structuél plotg. ,\?: amino,ylz éle)lix 1, 23 helix 2, 3= heIiF; 3, domain (see Figure 2B). It is important to note that the

and C= carboxyl. The NHR of mH2A1.2 is displayed undereath. amount ofa-helix associated with histone H2A as deter-
mined from CD (results presented here in agreement with
matin organization. Thus, they are analogous to the terminallyref 50) is lower than that observed in its histone-fold
differentiated erythrocytes of vertebrates. The almost com- conformation {, 51) when this protein forms a complex with
plete absence of mH2A in all these terminally differentiated H2B (52). This suggests that the-helical content of H2A/
systems (except for the possible cell contaminations dis- H2B increases upon dimer formation. Therefore, and in a
cussed previously) suggests that besides its role in X- similar fashion, thex-helical content of the NHR represents
chromosome inactivation in mammals, this histone variant that of this protein region in the absence of any interaction
most likely has a dynamic rather than passive inactivating with its putative binding partners.
function. Indeed, the largest occurrence of mH2A in Figure  Extended Conformation of mH2A-Containing Nucleo-
1 happens to be in alligator testis. This is a reptile that somes.The reconstitution of nucleosome core particles
contains a full set of protamines in the sperm as all reptiles containing mH2A has already been reportetb, (16).
do (48). The histones analyzed here came from the testis of However, a detailed characterization of these complexes was
an individual that had been captured early in the breeding still lacking. Figure 3 shows an electrophoretic characteriza-
season. It did not contain any mature sperm, as assessed bion of the histones (panel A) used in the reconstitution and
the complete lack of protamines, but had many cells at the DNA and particles obtained in the process (panel B).
different premeiotic and meiotic stages (results not shown). As it can be seen in Figure 3B, lanes 2 and 3, reconstituted
Although the role of mMH2A in meiosis has yet to be defined nucleosomes consisting of two mH2A and 146 bp random
(49), its abundance in prespermiogenic testis tissue under-sequence DNA exhibit a slightly retarded mobility as
going important chromatin transitions and rearrangementscompared to native chicken erythrocyte nucleosome core
supports the notion that the involvement of this histone is particles. Upon reconstitution onto a sequence-defined DNA
dynamic. template, nucleosomes reconstituted with native histones or
C-terminal Tail of mH2A Has a Significant Amount of with histone octamers consisting of a mH2A complement
a-Helical ContentAs a prelude to our in vitro characteriza-  exhibit an identical hydroxyl radical footprint (see Figure 4,
tion of chromatin complexes containing mH2A, we decided lanes 4 and 5). Interestingly and in contrast to previously
to look at the secondary structure of this protein to provide published results16), the DNase | footprinting analysis
some insight into its physical parameters in solution. A presented here (Figure 4, lanes 2 and 3) reveals an enhanced
comparative circular dichroism analysis is shown in Figure accessibility to the enzyme near the pseudo-dyad axis of
2A. The CD spectra of both H2A and mH2A are charac- symmetry of the particle (see arrow in Figure 4) and at the
teristic of a predominantlg-helical conformation. By using  sites of entry (and possibly exit) of the DNA into the
a previously described methodQj, the amount ofx-helix nucleosome. Also, as indicated by the hydroxyl radical
can be quantitated. The amountoehelix determined in this  cleavage pattern, the trajectory of DNA around the variant
way was 18% for native H2A and 25% for mH2A. Assuming octamer is consistent with control particles and random
that the H2A-like portion of mMH2A contains similar levels sequence nucleosomal DNA topology10.5 bp/turn) §3).
of a-helix (18%) in solution as its native counterpart, it is Both these results are in agreement with recent observations
possible to calculate the-helical composition of the NHR  (16). This suggests that histon@istone and histoneDNA
to be approximately 30%, which is in good agreement with interactions within the core of the nucleosome of both
the 34% value predicted from the primary structure of this complexes display conformational similarity. However, a
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Ficure 5: lonic strength dependence of the sedimentation coef-
= 70 ficient of reconstituted mH2A-containing nucleosome core patrticles
(black) in comparison to native chicken erythrocyte nucleosome
core particles (gray). The buffer used was 10 mM Tris-HCI pH
60 7.5, 0.1 mM EDTA, and the runs were carried out at 40 000 rpm
at 20°C.
: : i"f'““g.;_; f..:z 50 The biophysical characterization of the mH2A nucleosome
eo e R e core particle shows that these particles exhibit an asymmetric
e = : conformation reflected by their lower sedimentation coef-
e o - ficient despite the 25% increase in mass. When the sedi-
_— 40 mentation coefficient values of the native (11.0 S) and mH2A
. b reconstituted nucleosome core particle (10.2 S) at 100 mM
p— — vs- NacCl (see Figure 5) are used to analyze the hydrodynamic
parameters of these particle$l), a value off/f, = 1.37
o (native) and/f, = 1.64 (mH2A) are obtained for a hydrated

FiGURE 4: Hydroxyl radical and DNase | footprinting of mH2A ~ hucleosome core particle consisting of 0.262 gOHy
nucleosomes. mH2A1.2 or conventional (H2A) nucleosomes were Nucleosome as determined from the crystallographic structure
reconstituted with Send labeled DNA and treated with either  (1). Thef/f, value for the native nucleosome is in agreement
hydroxy! radical (OH) or with DNase | and the cleavage pattern jith previous datad6) and can be fit to a prolate ellipsoid

was analyzed on sequencing gels. The arrow shows the nucleosom —
dyad axis. The alterations in the structure of the mH2A1.2 bf alb 8, whereas that of the mH2A nucleosome can be

nucleosome following DNase | digestion are designated by solid fit t0 @ prolate ellipsoid of a semi-axes ra@h = 16.
arrowheads. mH2A1.2 and Chromatinwithin the context of chromatin,
unique pattern is observed for the DNase I digestion of histone release experimen'ts carrigd _out with chromatin
mH2A1.2 containing mononucleosomes when compared to _ads_orbed onto hydroxyapatitdZ 55) indicate that mH2A
both naked and reconstituted nucleosomal sequence-depenth_ either more strongly bound to the DNA or the rest of the
ent DNA. Hypersensitivity near the dyad axis of the variant nistone core than its native counterpart (see Figure 6). This
complex can be attributed to the NHR extending away from experiment, Wh||¢ !tIQOes not allow us to distinguish .between
this region, which allows greater accessibility of the enzyme. 1€S€ two possibilities, is in good agreement with early
The difference between the two DNA footprint techniques ©PServationsi3). MacroH2A elutes with a middie elution
may be explained by the size of the cleavage agent. Likely point of 1.2 M N_aCI between the elution peaks of nat_|ve
enhanced accessibility at the dyad axis and sequence-HZA_HZB gnd h|ston(_as H?"TM' Furthermore, as s.hown n
dependent topological effects are not visible following*OH the same figure, the intensity of the enhanced interaction
treatment because the lower molecular weight of the chemicald©€S Not appear to be dependent on the presence of high
allows it to diffuse unhindered to each cleavage site. eve!s of_ acetylated histones. Therefo_re, the structural con-
To gain some insight into the dynamic aspects of these nection, if any, between t_he_ exte_nt of histone acetylatmn_and
particles, we performed sedimentation velocity analysis of the occurrence omeZA in mapuvated chromosomal regions
mH2A nucleosome core particles as a function of the ionic (18 56 57) remain to be elucidated.
strength within physiologically relevant limits. The analysis DISCUSSION
was carried out in vitro using reconstituted nucleosome core
particles (shown in Figure 3, lane 4) (see Figure 5). MacroH2A is a highly specialized histone variant that
Reconstituted nucleosomes consisting of two mH2A mol- appears to have had its evolutionary emergence in the
ecules exhibit a rather extended conformation as indicatedvertebrates43) as evidenced from its absence in invertebrate
by the decrease in sedimentation coefficient observed underorganisms. The results presented here show that mH2A
physiological ionic strength (166150 mM NacCl) despite  exhibits a heterogeneous distribution throughout the sub-
their 25% increase in molecular mass (see Figure 5). phylum vertebrata, and its occurrence appears to be relatively
Furthermore, they display very similar salt-dependent stabil- low in transcriptionally ablated, terminally differentiated cells
ity (41, 54) as that of native nucleosomes (25% DNA such as nucleated erythrocytes and spermatozoa. In this
dissociation at 0.6 M NaCl at 28C) (results not shown).  regard, the use of vertebrate organisms whose sperm nuclear
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H2A-H2B H3-H4

chromatin fiber? Despite the considerably large amount of
L o4 information collected about the possible physiological rel-
evance of mH2A (see introductory paragraphs), very little
is still known about the structural consequences of the

A differentiated cells are suggestive of a dynamic role of mH2A
in the regulation of gene expression where it may contribute
z 0.18 - (#) butyrate - 2.0 to t.he stabilization of transiently repressed chromatin do-
] 1 _ r mains. Most of the results presented here come in support
§ 014 [ of the notion of a dynamic functional role.
‘é’ 010 [ 2 g.'_, Is there any structural basis fOI.’ such Qyn_am|c behavior
£ ' $ that can be traced down to the basic constitutive components
-g 0.06 - L og = of the vertebrate chromosome: the nucleosome and the
é

mH2A

T T T T T T T T T T
50 60 70 80 90 100 110 120 130 140

Fraction occurrence of this histone variant at the level of the

B nucleosome or the chromatin fiber itself. Our next studies
Zor¥nrgogguwd88 were designed to provide insight into this characterization.

; Starting from the structural analysis of the mH2A histone

1 muzarz B -0 variant itself, the circular dichroism analysis revealed that
2 HIB e —————— the NHR domain contained a substantial amount of second-

H2A7 TN ey aspm— ary structure predominantly consistingehelix (Figure 2).

iy B ] acH3 This amount is higher than that of the histone-fold domain,

3 HZA’|!”.'..--'§ﬁh |acha and it likely reflects a higher level of tertiary structure. This
Ha” observation is supported by the recent crystallographic
analysis carried out on an ancestral bacterial protein that

C displays a significant amount of sequence similarity to the

NHR and is probably a homologous proteB0).
1 At the nucleosome level, we carried out in vitro analysis.
N To this end, we used reconstituted nucleosome core particles
2 H2B> = e ———— and sedimentation velocity for their characterization (Figures
3—5). Although it is difficult to fit the structure of the

H'z"é’; . ’uuusvv nucleosome to hydrodynamic models (the structure of the
3 HA” e nucleosome core particle would correspond to a predicted

/ - . .
h4 , , o ) solid oblate ellipsoid ofa/b = 2), the result nevertheless
Ficure 6: Hydroxyapatite salt-gradient fractionation of histones indicates that the mH2A particle is at least twice as
from chromatin obtained from HeLa cells grown in the absence or ical h . | icl
in the presence of 5 mM sodium butyrate used to raise the overall 28Symmetrical as the native nucleosome core particle (see

extent of histone acetylation to 10 acetyl groups per histone octamer.Figure 7 A for a model). Furthermore, the DNA in the
(A) Elution profile determined from the absorbance readings at 230 vicinity of the dyad axis and around the entry and exit sites

nm. The inset bar identifies the region of elution of mH2A, and |S more exposed to DNase |, Sugges“ng a more extended

the straight line indicates the NaCl gradient used for the elution of i : : 3 ; :
histones. (B) Western blot (1); SBRPAGE (2); and AU-PAGE organization in this region of the C-terminal tail of mH2A

(3) analysis of different fractions obtained from the histone @S compared to H2A (Figure 7A). However, the overall
fractionation of chromatin from sodium butyrate-treated cells. (C) conformation is significantly compacted as this domain
A similar analysis to that shown in panel B for chromatin obtained would span about 700 A in a completely linear conformation
from untreated (control) HeLa cells. HM and CE are, respectively, (see Figure 7B). The folded structure of the NHR domain
th:)tg:rSsLa histones and chicken erythrocyte histones used aSof mH2A implied by our hydrodynamic studies is consistent
with the recent crystallographic data from the bacterial NHR-
basic proteins consist of only histones, such as the catfishlike protein ©0).
or the bullfrog (see Figure 1), provides a unique opportunity At the level of the chromatin fiber, high levels of histone
to study the occurrence of mH2A in vertebrate sperm. As it acetylation did not alter the enhanced interaction of mH2A1.2
can be seen in Figure 1, these organisms exhibit a very lowwithin the nucleosome (Figure 6). The full significance of
to negligible occurrence of mH2A in their sperm histone mH2A deposition within specialized nucleosomes is poorly
chromosomal complement. This clearly indicates that mH2A understood. On the basis of its enrichment in heterochro-
is not a significant component of vertebrate sperm as matinized sex chromatiri8) and repression of transcription
previously reported?l, 58) based on the presence of mH2A initiation (24), it is likely that this histone variant is important
in mice spermatozoa2(, 58). It is important to point out  for lowering the permissibility of gene expression. Indeed,
here that spermhistones are not present in all mammals, a stabilizing structural role independent of histone acetylation
and in those in which they occur, as for instance humans, levels is in agreement with the observation that the histone
they represent only a very small fraction15%) of the over- region of mH2A1.2 is more resistant to chromatin remodeling
all chromosomal proteins (mostly composed of protamines) in situ (16).
associated with sperm chromati®9j. In contrast to sper- It is possible that mH2A has acquired different roles in
matozoa, mH2A appears to be present in early spermatogeniche course of vertebrate evolution. While initially designed
cells and liver. The presence in the former most likely reflects as a repressive histone variant involved in the regulation of
the involvement of this variant in the process of meiosis. transcription through mechanisms that involve alteration of
The occurrence in liver and the absence in terminally chromatin remodeling and transcription factor binding ac-
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FiGURE 7: Schematic representation of the mH2A nucleosome. (A)

As assessed from its hydrodynamic parameters. (B) For comparative 16,

purposes, a conformation where the C-terminal NHR adopts a
completely extended structure is shown. The protein backbone span
was calculated using a distance between adjacent amino acids of
3.63 A in a fully extended chain and 1.50 A in a helical
conformation 62) and theo-helical content experimentally deter-
mined in this paper. (C) A model for incorporation of mH2A
nucleosomes within chromatin. Various possibilities for the func-
tionally relevant structure of the nucleosome model shown in panel
A include (1) interactions withXist RNA in during sex-linked
heterochromatinization and (2) participation in the dynamic inac-
tivation events.

cessibility (L6) (see Figure 7C), mammals appear to have
taken further advantage of this variant’s repressive role for
the purpose of X-chromosome inactivation by creating
chromatin domains that facilitate interactions wiist RNA

(43, 56, 61) (see Figure 7CYurther experiments are required
to characterize the bifunctional properties of mMH2A contain-
ing chromatin in both the Xi and the active regions of the
genome.

23.
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