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Using a novel thiol affinity chromatography approach to purify macroH2A1-containing chromatin frag-
ments, we examined the distribution of macroH2A1 histone variants in mouse liver chromatin. We found that
macroH2A1 was depleted on the transcribed regions of active genes. This depletion was observed on all of the
20 active genes that we probed, with only one site showing a small amount of enrichment. In contrast,
macroH2A1 was concentrated on the inactive X chromosome, consistent with our previous immunofluorescence
studies. This preferential localization was seen on genes that are active in liver, genes that are inactive in liver,
and intergenic regions but was absent from four regions that escape X inactivation. These results support the
hypothesis that macroH2As function as transcriptional repressors. Also consistent with this hypothesis is our
finding that the heterochromatin protein HP1� copurifies with the macroH2A1-containing chromatin frag-
ments. This study presents the first detailed examination of the distribution of macroH2A1 variants on specific
sequences. Our results indicate that macroH2As have complex distribution patterns that are influenced by
both local factors and long-range mechanisms.

As the primary structural unit of eukaryotic chromatin, the
nucleosome represents an important target for modifying chro-
matin function. One mechanism for modifying nucleosome
structure and function is the substitution of variant histones for
the major or canonical histones. Histone variants of different
primary structures have been described in many organisms (38,
53). Genetic studies showed that histone variants H2A.X,
H2A.Z, CENPA, and H3.3 have important functional proper-
ties that cannot be provided by their conventional counterparts
(reviewed in reference 38).

The macroH2A histone variants have an unusual structure
consisting of a full-length H2A domain linked to a large non-
histone domain, producing a protein that is nearly three times
the size of conventional core histones (40). The H2A domain
of macroH2A histones is �65% identical to conventional
H2As. Most of the nonhistone region appears to be derived
from a domain that is found in many contexts in addition to
macroH2A including as a domain in proteins involved in the
replication of RNA viruses, as domains in some poly(ADP-
ribose) polymerases, and as a separate protein in bacteria (4,
41). Recent studies showed that some “macrodomains,” in-
cluding the one from macroH2A1.1, bind ADP ribose (27).
The significance of this binding for macroH2A function is not
known.

There are three macroH2A variants. macroH2A1.1 and -1.2
are formed by alternate splicing of macroH2A1, and macroH2A2
is encoded by a separate gene (12, 15, 40, 44). The distribution of
these three macroH2As is different in different cell types and
changes during development (15, 39). The macroH2A1 (-1.1 and
-1.2) content of rat liver chromatin, a relatively rich source of

macroH2A1, was estimated to be one molecule for every 30
nucleosomes (40). macroH2As are highly conserved among
vertebrates. They appear to be absent from most invertebrates
(1, 41) but are in the sea urchin genomic database.

Several lines of evidence indicate that macroH2As have a
role in transcriptional repression. Immunofluorescence studies
and studies with green fluorescent fusion proteins indicated
that macroH2As are preferentially associated with the inactive
X chromosome (12, 14–16), and a recent study indicates that
macroH2A1 plays a role in the maintenance of X inactivation
(23). Immunofluorescence studies indicate that macroH2As
are preferentially associated with other large domains of het-
erochromatin, including pericentromeric heterochromatin in
some cell types (16, 21), the XY body of spermatocytes (24),
and transcriptionally silent senescence-associated heterochro-
matic foci (54). Molecular biological and biochemical studies
indicate that both the H2A and the nonhistone domains of
macroH2A can contribute to transcriptional repression (5,
13, 42).

While immunofluorescence studies indicate that macroH2As
are widely but nonrandomly distributed in the chromatin (14),
technical limitations of this method make it difficult to probe the
distribution of macroH2As on specific sequences. In addition,
artifacts associated with antibody accessibility or chromatin den-
sity could potentially give a misleading indication of macroH2A
distribution. Indeed, it has been asserted that the apparent pref-
erential localization of macroH2A to the inactive X chromosome
is due to the increased chromatin concentration of the inactive X
and does not reflect a true preferential association with
macroH2A (42). In order to directly examine the DNA sequences
associated with macroH2A, we developed a biochemical method
for purifying macroH2A1-containing chromatin fragments. We
applied this technique to mouse liver chromatin and analyzed the
distribution of macroH2A1 on active genes, on inactive genes,
and on the X chromosome. We also identified some of the pro-
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teins that were associated with the purified macroH2A1-contain-
ing chromatin fragments.

MATERIALS AND METHODS

Chromatin preparation. Soluble mouse liver chromatin fragments were pre-
pared from H1-stripped S2 chromatin fractions using standard procedures (see
the supplemental material for details).

Thiol affinity chromatography of macroH2A1-containing chromatin. All chro-
matography buffers contained 1:100 Complete medium (Roche Applied Sci-
ence), 1 �g/ml pepstatin, and 5 mM sodium butyrate. Starting with �15 mg of
DNA in isolated nuclei, we obtained �15 ml of solubilized chromatin. The
chromatin was applied to a 0.7- � 20-cm column of activated thiol Sepharose
(Amersham Biosciences) that was previously equilibrated with column buffer (50
mM NaCl, 1 mM EDTA, 10 mM triethanolamine, pH 7.5). The initial flow rate
was 3 ml/h. The activated thiol Sepharose column was connected in series to a
0.7- � 28-cm column of thiopropyl Sepharose (Amersham Biosciences) equili-
brated with column buffer. After 3 h we carefully added column buffer to the top
of the sample, bringing the total volume to 20 ml, and lowered the flow rate to
1.5 ml/h. The sample was then applied overnight (11 to 12 h) at 1.5 ml/h (slow
application appears to increase binding to the thiopropyl column). The following
morning the flow rate was increased to 3 ml/h for 1 h, and then the two columns
were disconnected and washed separately with 40 ml of column buffer at a high
flow rate. The activated thiol Sepharose column was eluted with column buffer
containing 100 mM mercaptoethanol. The thiopropyl Sepharose column was first
eluted with column buffer containing 0.5 M NaCl (30 ml), reequilibrated with
column buffer, and then eluted overnight at a flow rate of 2.5 ml/h with column
buffer containing 100 mM mercaptoethanol. We collected 2.5-ml fractions.
Washes and the elution were monitored by A260. Mercaptoethanol and thio-
pyridone released from the beads by mercaptoethanol interfere with the use of
A260 to estimate the DNA content of the eluted fractions.

Preparation and electrophoresis of DNA and proteins. DNA was prepared by
digesting the samples with proteinase K (100 �g/ml) in 1% sodium dodecyl
sulfate (SDS) and then extracting twice with phenol-chloroform-isoamyl alcohol
(25:24:1) followed by precipitation with isopropanol in the presence of a glyco-
gen carrier. The pellet was washed with 70% ethanol, briefly air dried, and
dissolved in 10 mM Tris, pH 7.5, 1 mM EDTA. DNA was separated by electro-
phoresis in agarose gels containing 50 mM Tris base, 50 mM boric acid, and 1
mM EDTA. The DNA was visualized with ethidium bromide.

Proteins were analyzed by electrophoresis in 15% polyacrylamide gels (37.5:1
acrylamide/bisacrylamide) containing SDS (31). Samples were prepared by mix-
ing them with an equal volume of SDS sample buffer (10% glycerol, 3% SDS,
62.5 mM Tris, pH 6.8) containing 100 mM dithiothreitol. Dilute samples, such as
the mercaptoethanol-eluted thiopropyl Sepharose fractions, were precipitated by
adding trichloroacetic acid to 20%. The pellet was washed once with ice-cold
ethanol containing 2% sulfuric acid and twice with ice-cold ethanol, briefly air
dried, and then dissolved in SDS sample buffer containing 100 mM dithiothreitol.
When needed, Tris base was added to the samples to neutralize acidity. Gels
were stained with Coomassie brilliant blue R-250 (Bio-Rad). Western blot assays
were performed as described previously (16) with electrophoresis in low-bisacryl-
amide SDS gels (39) and detection by chemiluminescence.

Subtractive hybridization. We used the PCR Select subtractive hybridization
system (Clontech Laboratories, Palo Alto, Calif.) to enrich for macroH2A1-
containing DNA sequences. Forward-subtracted DNA was made by subtraction
of macroH2A1-depleted DNA (DNA from thiopropyl flowthrough chromatin)
from macroH2A1-enriched DNA (DNA from the mercaptoethanol-eluted thio-
propyl chromatin). Reverse-subtracted DNA was made by subtracting thiopro-
pyl-eluted DNA from thiopropyl flowthrough DNA. Following the manufactur-
er’s instructions, clones of forward-subtracted DNA were separately hybridized
with forward-subtracted DNA and reverse-subtracted DNA. Clones that prefer-
entially hybridized to forward-subtracted DNA were sequenced and analyzed as
described in Results.

Real-time PCR. Real-time PCR was performed using the LightCycler System
(Roche Applied Science). We used titanium Taq polymerase (BD Biosciences)
with its standard buffer. Denaturation was for 1 s at 95°C, annealing was for 3 s
(variable temperatures; see Table S1 in the supplemental material), and elon-
gation was for 5 s at 72°C. Detection was with SYBR green I. We used the
standard LightCycler data analysis software to quantify the results, using the
second derivative maximum to compare different samples. Using three standard
primer pairs, we estimated a difference of approximately 1.9-fold per cycle and
used this value for all primer pairs. We checked product by melting curves and
gel electrophoresis.

Mass spectrometry. Selected protein bands were excised from the gel,
destained, reduced with dithiothreitol, alkylated with iodoacetamide, and di-
gested with trypsin (47). Tryptic peptide mass maps were obtained by matrix-
assisted laser desorption ionization–time of flight mass spectrometry in positive
ion mode (Bruker Reflex IV mass spectrometer; Bruker Daltonics, Billerica,
MA) and used to search publicly available protein sequence databases for the
corresponding protein using the MASCOT database search engine (Matrix Sci-
ence, London, United Kingdom). Trypsin autolysis peaks were used as internal
mass calibrants, and monoisotopic m/z values were determined using the SNAP
algorithm (Bruker Daltonics).

RESULTS

Purification of macroH2A1-containing chromatin frag-
ments. Attempts to immunoprecipitate macroH2A1-contain-
ing chromatin from mouse liver using several polyclonal anti-
bodies against macroH2A1 gave us unsatisfactory results. As
an alternative, we developed a biochemical approach for pu-
rifying macroH2A1-containing chromatin that relies on thiol
affinity chromatography. This approach was inspired by Vin-
cent Allfrey and his colleagues, who used organomercury chro-
matography to purify specific nucleosome fractions (3). The
nonhistone regions of macroH2A1.1 and -1.2 each contain
three cysteine residues that could potentially bind to thiol-
specific affinity supports. The crystal structures of the nonhis-
tone regions of macroH2A1.1 and -1.2 show that one cysteine,
282 in 1.1, is exposed on the surface (13, 30). The other two
cysteines have very limited surface exposure. We found that
macroH2A1-containing nucleosomes bind to thiopropyl
Sepharose (Amersham) with relatively high efficiency but
show virtually no affinity for the related matrix-activated thiol
Sepharose (Amersham). This difference forms the basis for our
approach.

We used mouse liver as our source of chromatin because it
is relatively rich in macroH2A1 proteins and immunofluores-
cence indicates that one or both macroH2A1 proteins are
preferentially localized to the inactive X chromosome in
mouse hepatocytes (14). We prepared an S2 chromatin frac-
tion from micrococcal nuclease-digested nuclei. This fraction
contains the majority of the chromatin (18). The S2 chromatin
was treated with CM Sephadex to remove most of the H1 (32),
and the stripped chromatin was digested with micrococcal nu-
clease to produce mono- and oligonucleosomes. Using West-
ern blot assays, we found that the macroH2A1 content of this
solubilized fraction (relative to the other core histones) was
similar to that of whole nuclei.

The solubilized chromatin fragments were first passed
through activated thiol Sepharose to remove most proteins and
nucleosomes that bind to thiol affinity resins. The unbound
chromatin was then passed through thiopropyl Sepharose. Fol-
lowing a buffer wash, the thiopropyl column was washed with
buffer containing 0.5 M NaCl to remove nucleosomes that
were bound to the beads by cysteine-containing nonhistone
proteins. This fraction contains core histones and a variable
amount of H1 but very little macroH2A. We then eluted the
thiopropyl Sepharose column with mercaptoethanol, releasing
a fraction that is highly enriched for macroH2A1 (Fig. 1).
Although nucleosomes were bound to the activated thiol resin,
Western blots showed that very little macroH2A1 was associ-
ated with these nucleosomes (Fig. 1).

In order to assess the relative macroH2A content of the
mercaptoethanol-eluted fractions, we scanned a stained gel of
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these samples. In the analysis of a typical experiment we found
that the average area of the macroH2A peaks from the two
peak fractions was 83% of the average of the peaks for H3,
H2B, and H4. Assuming that the Coomassie blue staining of
these proteins is equivalent, this translates to �0.3 mol of
macroH2A for each mole of these other core histones. We also
examined the depletion of conventional H2A in these frac-
tions. This analysis yielded an average of a 38% reduction of
H2A in the two peak fractions in comparison to the starting
material.

In order to assess whether the mercaptoethanol-eluted thio-
propyl Sepharose fractions contain appreciable amounts of
chromatin fragments that do not contain macroH2A1, we ran
the purification procedure with liver chromatin fragments pre-
pared from macroH2A1 knockout mice. These mice do not
contain macroH2A1.1 or -1.2 (unpublished data), and we did
not detect histones or DNA in the mercaptoethanol-eluted
thiopropyl fractions when we used macroH2A1 knockout
mouse liver (Fig. 1). This indicates that nearly all of the chro-
matin fragments in the mercaptoethanol-eluted fractions con-
tain at least one molecule of macroH2A1.

In contrast to macroH2A1, the macroH2A2 content of
mouse liver is low, which made it difficult to determine where
macroH2A2 was distributed during our thiol affinity proce-
dure. We did not detect macroH2A2 in the mercaptoethanol-

eluted thiopropyl fractions, but the high concentration of
macroH2A1 in these fractions made it difficult to detect a small
amount of macroH2A2.

Distribution of macroH2A1-containing nucleosomes in
mouse liver chromatin; X-linked genes. In order to examine
the distribution of macroH2A1 on the inactive X chromosome,
we purified macroH2A1-containing nucleosomes from female
and male mouse livers. Comparison of male samples, contain-
ing one active X chromosome, to female samples, containing
one active X and one inactive X, should allow us to assess
whether macroH2A1 is preferentially concentrated on the in-
active X. We used real-time PCR to examine the macroH2A1
distribution on six X-linked genes that are active in liver, four
genes that are inactive in liver, and two intergenic regions
that are more than 100 kb from any known gene (Table 1).
We equalized the male and female DNA concentrations by
using UV absorbance and gel electrophoresis in ethidium bro-
mide-containing gels. We obtained similar results from two
independent purifications. Results presented in the tables are
the averages and standard deviations for the two preparations.
Each preparation was tested twice by real-time PCR for each
primer pair.

macroH2A1 was consistently depleted on the transcribed
regions of the active genes (male samples of active genes). It
was also depleted on the upstream regions of factor VIII and

FIG. 1. Thiol affinity purification of macroH2A1-containing nucleosomes. macroH2A1-containing chromatin fragments were purified by
selective thiol affinity chromatography; see Materials and Methods. Normal panels (left) show results obtained with normal mouse liver; knockout
panels (right) show results obtained with macroH2A1 knockout mouse liver. The top panels are SDS-polyacrylamide gels showing the distribution
of proteins in different fractions. The middle panels are agarose gels showing the distribution of DNA fragments in the same fractions. The bottom
panel is a Western blot with antibodies against macroH2A1.1 and -1.2. S, starting material; FT, flowthrough fraction; W, 0.5 M NaCl wash of
thiopropyl Sepharose; eluted, fractions eluted from thiopropyl Sepharose with mercaptoethanol; AT, pool of material eluted from activated thiol
Sepharose with mercaptoethanol; E, pool of the four peak fractions eluted from thiopropyl Sepharose with mercaptoethanol. The lanes on the
Western blot were loaded for equal amounts of H3 and H4 except 0.1E, which was diluted 10-fold. HP1�, chromobox homolog 1 (HP1 beta
homolog Drosophila melanogaster), gi:6671696; A2/B1, heterogeneous nuclear ribonucleoprotein A2/B1, gi:7949053 and gi:32880197; uH2A,
ubiquitinated H2A; umacroH2A, ubiquitinated macroH2A1. Numbers at left of the middle left panel are molecular sizes in base pairs.
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glycerol kinase but moderately enriched in a region approxi-
mately 1 kb upstream of phosphoglycerate kinase 1 (Table 1). In
contrast, female samples showed significant enrichment for
macroH2A1 on all probed regions of these genes, consistent
with our previous conclusion based on immunofluorescence
that macroH2A is preferentially concentrated on the inactive
X (14). For the inactive genes, male samples gave a neutral
macroH2A1 distribution on Tex11 and opsin1 and a small de-
pletion for Tsx and Gabrq. macroH2A1 was significantly en-
riched on all four of these genes with the female samples,
indicating that the preferential enrichment for macroH2A1 on
the inactive X occurs for genes that are inactive in liver as well
as ones that are active. Similar results were obtained for two
X-linked intergenic regions, one in chromosome band A6 and
the other in band D (Table 1).

We examined four regions that escape X inactivation. Xist
had less macroH2A1 in the female samples than in the male

samples (Table 1), which is consistent with it being active on
the inactive X and inactive on the active X (7–9). Jarid1c and
Eif2s3x escape X inactivation and are expressed in liver (19,
46). macroH2A1 was depleted on the transcribed regions of
both genes in males and females. The upstream regions of
Jarid1c and Eif2s3x had higher concentrations of macroH2A1
in the female samples than in the male samples (Table 1),
indicating that macroH2A1 localization in these regions is
shifting toward the pattern seen in regions of the X chromo-
some that do not escape inactivation.

The pseudoautosomal region of the X chromosome is gen-
erally believed to escape inactivation (43), so we examined the
boundary of this region. The 5� end of Mid1 is present only on
the X chromosome, while its 3� end is part of the pseudoau-
tosomal region, being present on both the X and Y chromo-
somes. The transition to the pseudoautosomal region occurs in
the third intron (37). Probes in the first and second introns

TABLE 1. Distribution of macroH2A1 on X-linked genesa

Gene Male Female Gene Male Female

Active genes Testis-expressed gene 11 (Tex11)
Coagulation factor VIII(F8) Sixth intron 0.9 � 0.18 3.0 � 0.4

2,300 bp before start 0.2 � 0.06 3.9 � 0.6 Twenty-first exon 0.8 � 0.17 2.8 � 0.05
1,250 bp before start 0.4 � 0.01 4.3 � 1.5
First exon 0.5 � 0.02 4.0 � 0.8 Testis-specific X-linked gene (Tsx)
Last intron 0.7 � 0.03 2.6 � 0.3 Second intron 1.2 � 0.02 3.4 � 0.4

Sixth intron 0.7 � 0.08 2.7 � 0.3
Coagulation factor IX (F9)

First intron 0.5 � 0.02 4 � 0.4 Intergenic region, band A6 0.3 � 0.06 2.3 � 0.2
Third intron 0.5 � 0.05 3.4 � 0.4

Intergenic region, band D 0.7 � 0.09 2.5 � 0.3
Glucose-6-phosphate dehydrogenase

(G6pdx)
First exon 0.2 � 0.01 3.1 � 0.3 Escape inactivation
Second intron 0.3 � 0.01 2.8 � 0.4 Eukaryotic translation initiation

factor 2, subunit 3 structural
gene X linked (Eif2s3x)Glycerol kinase (Gyk)

1,650 bp before start 0.7 � 0.06 4.0 � 0.7 1,840 bp before start 0.9 � 0.05 1.5 � 0.01
600 bp before start 0.2 � 0.03 5.5 � 0.1 First intron 0.1 � 0.02 0.2 � 0.01
First intron 0.2 � 0.02 3.0 � 0.6 Tenth intron 0.1 � 0.01 0.2 � 0.01
Fourteenth exon 0.2 � 0.02 2.6 � 0.3

Jumonji, AT-rich interactive
domain 1C (Rbp2)Hypoxanthine guanine

phosphoribosyltransferase 1 (Hprt1) 2,505 bp before start 0.7 � 0.01 1.6 � 0.1
First intron 0.1 � 0.05 3.6 � 0.4 680 bp before start 0.3 � 0.02 0.9 � 0.01
Eighth intron 0.2 � 0.01 2.5 � 0.3 First intron 0.1 � 0.04 0.2 � 0.01

Seventh intron 0.1 � 0.02 0.2 � 0.02
Phosphoglycerate kinase 1 (Pgk1)

1,260 bp before start 1.7 � 0.02 3.1 � 0.4 Xist
First intron 0.4 � 0.01 4.1 � 1.0 360 bp before start 1.5 � 0.2 1.1 � 0.03
Eighth intron 0.2 � 0.02 2.3 � 0.3 2.5 kb into first exon 1.0 � 0.2 0.7 � 0.16

560 bp before 3� end 0.9 � 0.12 0.5 � 0.16

Inactive genes
Gamma-aminobutyric acid (GABA) A

receptor, theta (Gabrq)
Pseudoautosomal boundary

Midline 1 (Mid1)
Second intron 0.8 � 0.08 2.9 � 0.4 First intron 0.3 � 0.02 1.7 � 0.2
Eighth intron 0.6 � 0.02 2.8 � 0.4 Second exon 0.3 � 0.05 1.6 � 0.2

Third intron 1.1 � 0.02 1.3 � 0.2
Opsin 1 (Opn1mw) Fourth exon 2.4 � 0.03 2.8 � 0.1

500 bp before start 1.1 � 0.2 2.6 � 0.03 Eighth exon 3.1 � 0.1 3.2 � 0.2
First intron 1.1 � 0.2 2.5 � 0.2 900 bp beyond end 7.4 � 0.2 9.3 � 0.6
Last intron 1.2 � 0.2 3.3 � 0.5 15 kb to 34 kb beyond end 0.4 � 0.05 0.4 � 0.06

a Values are the ratios of the concentrations in the macroH2A1-enriched thiopropyl Sepharose eluted fractions to the concentrations in the starting materials,
determined by real-time PCR.
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showed depletion of macroH2A1 in male samples and a mod-
erate enrichment in female samples. In contrast, probes in the
third, fourth, and eighth introns gave nearly equivalent results
for male and female samples. The 16-kb region immediately
downstream of Mid1 is composed primarily of a 31-bp tandem
repeat. We probed a small area of unique sequences approx-
imately 900 bp downstream of Mid1 that is located between
clusters of this repeat. This probe showed strong enrichment
for macroH2A1 that was similar in males and females. A dif-
ferent 31-bp repeat is present in the region extending from
�16 kb downstream of Mid1 to �34 kb downstream. This area
is almost entirely composed of this tandem repeat, so we used
primers to the repeated sequence. Because this repeat appears
to be present only in this region of the X chromosome and
probably the equivalent region of the Y chromosome, our

primers should be specific for this domain. This distal repeat
domain was equally depleted of macroH2A1 in males and
females (Table 1).

Active and inactive autosomal genes. In order to investigate
whether the depletion of macroH2A1 from active genes is a
more general phenomenon, we probed 12 active autosomal
genes (Table 2). macroH2A1 was depleted on the transcribed
regions of all of these genes except for one site on glucokinase
that showed a small amount of enrichment. Probes in the
near-upstream regions of albumin, fibrinogen gamma, and
transferrin were also depleted of macroH2A1, while regions
further upstream of these genes showed enrichment.

We probed five genes that should be inactive in liver and
found enrichment on some and depletion on others (Table 2).
We investigated the distribution of macroH2A1 in a region

TABLE 2. Distribution of macroH2A1 on active and inactive genesa

Gene Male Female Gene Male Female

Active genes
Albumin 1 (Alb1), chromosome 5 TATA box binding protein (Tbp),

chromosome 171,800 bp before start 3.8 � 0.69 4.0 � 0.31
570 bp before start 1.2 � 0.42 1.6 � 0.11 Second exon 0.1 � 0.01 0.2 � 0.01
70 bp before start 0.8 � 0.09 0.8 � 0.22 Fifth exon 0.2 � 0.01 0.2 � 0.01
First intron 0.4 � 0.07 0.4 � 0.02
Twelfth intron 0.6 � 0.08 0.7 � 0.11 Transferrin (Trf), chromosome 9
2,110 bp beyond end 0.6 � 0.06 0.7 � 0.05 1,500 bp before start 2.8 � 0.47 3.5 � 0.33

290 bp before start 0.2 � 0.05 0.3 � 0.04
ATP synthase, H� transporting, mitochondrial

F1 complex, gamma polypeptide 1
(Atp5c1), chromosome 2

First intron 0.5 � 0.05 0.5 � 0.04
Sixteenth exon 0.3 � 0.01 0.3 � 0.01
1,240 bp beyond end 0.5 � 0.03 0.6 � 0.02

First intron 0.2 � 0.01 0.2 � 0.01
Third intron 0.1 � 0.02 0.2 � 0.01 Ubiquinol-cytochrome c reductase hinge

protein (Uqcrh), chromosome 4
Citrate synthase (Cs), chromosome 10 First intron 0.1 � 0.01 0.1 � 0.01

First intron 0.2 � 0.03 0.3 � 0.01 Second intron 0.1 � 0.02 0.2 � 0.01
Third intron 0.2 � 0.06 0.2 � 0.01

Cytochrome c, somatic (Cycs), chromosome 6 Potentially active genes
First intron 0.2 � 0.01 0.1 � 0.01 Alpha fetoprotein (Afp), chromosome 5

580 bp before start 1.5 � 0.18 2.0 � 0.12
Enoyl coenzyme A hydratase, short chain, 1,

mitochondrial (Echs1), chromosome 7
Junction of third exon 0.6 � 0.16 0.7 � 0.1
Twelfth intron 0.5 � 0.08 0.5 � 0.05

First intron 0.2 � 0.02 0.2 � 0.04
Fourth exon 0.3 � 0.01 0.3 � 0.01

Inactive genes
Fibrinogen gamma (Fgg), chromosome 3 Myosin, heavy polypeptide 6, cardiac muscle,

alpha (Myh6), chromosome 142,115 bp before start 1.6 � 0.11 2.2 � 0.09
620 bp before start 0.5 � 0.03 0.7 � 0.09 1,750 bp before start 2.2 � 0.25 2.0 � 0.09
Third exon 0.3 � 0.04 0.4 � 0.05 Third intron 1.5 � 0.21 1.5 � 0.18
Seventh intron 0.3 � 0.11 0.4 � 0.09 Fourteenth intron 4.1 � 0.12 4.5 � 1.03
340 bp beyond end 0.4 � 0.02 0.4 � 0.04 Thirty-seventh intron 1.9 � 0.1 1.7 � 0.04

Glucokinase (Gck), chromosome 11 Glial fibrillary acidic protein (Gfap),
chromosome 11First intron 0.6 � 0.05 0.8 � 0.03

Second intron 1.1 � 0.1 1.5 � 0.2 First intron 1.6 � 0.25 1.7 � 0.04
Sixth intron 0.8 � 0.01 1 � 0.1 Seventh intron 2.9 � 0.32 2.8 � 0.37
Last exon 0.6 � 0.01 0.8 � 0.01

Insulin I (Ins1), chromosome 19
Liver glycogen phosphorylase (Pyg1),

chromosome 12
3� exonb 0.7 � 0.06 0.8 � 0.06

1,240 bp before start 0.9 � 0.1 1.5 � 0.08 Keratin (Krt2-19), chromosome 15
First intron 0.4 � 0.03 0.4 � 0.03 First intron 1.6 � 0.17 1.8 � 0.12
Next to second exon 0.5 � 0.02 0.7 � 0.03 Eighth intron, 1 1.7 � 0.12 1.8 � 0.16

Eighth intron, 2 1.3 � 0.07 1.2 � 0.13
Spot 14 (Thrsp), chromosome 7

5� exon 0.5 � 0.06 0.6 � 0.06 Trypsinogen (Try4), chromosome 6
Intron 0.5 � 0.07 0.6 � 0.1 First intron 0.5 � 0.11 0.4 � 0.07
3� exon 0.3 � 0.03 0.3 � 0.03 Second intron 0.5 � 0.1 0.5 � 0.03
845 bp beyond end 0.3 � 0.03 0.3 � 0.04

a Values are the ratios of the concentrations in the macroH2A1-enriched thiopropyl Sepharose eluted fractions to the concentrations in the starting materials,
determined by real-time PCR.

b This probe may also detect insulin II.
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around a cluster of spermatogenesis genes that contains prot-
amine 1, protamine 2, protamine 3, and transition protein 2 (Fig. 2).
macroH2A1 was significantly enriched at all sites probed
across this region extending until Socs1, at which point there
was a sharp transition to being depleted of macroH2A1. One
notable feature of this gene cluster is the presence of large
“mammalian apparent LTR-retrotransposon” long terminal
repeat (MaLR-LTR) elements (49) as identified by Repeat-
Masker (50). Large blocks of these elements are present in the
upstream regions of protamine 1 and in the region between
protamine 1 and protamine 2. macroH2A1 was present in high
concentrations around these LTR clusters and in regions ex-
tending well beyond them in both directions (Fig. 2).

Analysis of mononucleosomal DNA. Active and inactive
genes may have different nucleosome repeat lengths (51) that
could potentially affect our results. It is also possible that there
are small amounts of nonnucleosomal DNA in our prepara-
tions. In order to examine whether these factors affected our
results, we gel purified mononucleosomal DNA from the
macroH2A1-enriched thiopropyl-eluted fraction and from the
starting material of one male and one female experiment. This
DNA was used to probe a subset of active genes and X-linked
genes (Table 3). The results with mononucleosomal DNA were
virtually identical to what we obtained with the total DNA
isolated from these fractions.

Use of subtraction hybridization to identify regions en-
riched for macroH2A1. We used subtractive hybridization to
identify DNA regions that are enriched for macroH2A1. DNA
from the flowthrough fractions (depleted in macroH2A1) was
subtracted from DNA from the mercaptoethanol-eluted thio-
propyl fractions (highly enriched for macroH2A1). Twenty-
seven clones were sequenced. Three of the clones contained a
closely related tandemly repeated 31-bp sequence. Hybridiza-
tion of one of these clones with nonsubtracted DNA showed
that these repeat sequences were significantly enriched in the
macroH2A1-containing thiopropyl fractions (see Fig. S1 in the
supplemental material). This tandem repeat was previously
shown to be abundant in the pseudoautosomal regions of the X
and Y chromosomes and also to be present on chromosomes 9
and 13 (22). The locations of many of these repeats were not
mapped in the mouse genomic database. The largest mapped

cluster of these repeats is the 31-bp repeats in and around the
3� end of the mid1 gene discussed above.

Of the remaining 24 subtraction clones, 11 contained a sin-
gle genomic segment; the other sequences contained two or
more genomic segments and were not analyzed further. We
used real-time PCR to examine the distribution of macroH2A1
on these 11 sequences. Primers were designed to amplify a
unique genomic sequence located in or right next to the cloned
sequence; one exception was the primers for clone 28, which
amplify a repetitive endogenous retroviral sequence. The PCR
results indicated that macroH2A1 is enriched on 10 of these
sequences. The amount of enrichment ranged from �2-fold to
more than 9-fold (Table 4). We used RepeatMasker (50) to
probe for repetitive sequences in and around these 10 se-
quences (Table 4). Two clones contained large GT/CA repeats,
a dinucleotide repeat commonly present in the genome. Hy-
bridization with one of these clones suggested that there is no
general enrichment of macroH2A1 on GT/CA repeats (not
shown).

FIG. 2. Distribution of macroH2A1 around protamine gene cluster. Real-time PCR was used to estimate the relative concentrations of
macroH2A1 at various sites along a segment of mouse chromosome 16. The relative macroH2A1 concentration is expressed as the concentration
in the macroH2A1-enriched thiopropyl Sepharose fractions divided by the concentration in the chromatin applied to the columns. Genes: Socs1,
suppressor of cytokine signaling 1; TP2, transition protein 2; P3, protamine 3; P2, protamine 2; P1, protamine 1. Segments marked LTR were identified
by RepeatMasker (50) and are primarily MaLR-LTR elements. The question mark indicates a region of unknown sequence in the genomic
database.

TABLE 3. Results with mononucleosomesa

Gene Male Female

Active genes
Albumin 1, first intron 0.5 0.4
ATP5c1, first intron 0.1 0.1
Citrate synthase, third intron 0.1 0.1
Cytochrome c, first intron 0.1 0.1
TBP, fifth exon 0.1 0.1

X-linked genes, active
Factor VIII, first exon 0.6 3.6
Glycerol kinase, 600 bp before start 0.1 4.7
HPRT, first intron 0.1 3.7

X-linked genes, inactive
Gabrq, second intron 0.9 3.3
Tex11, sixth intron 1.8 3.1
Tsx, sixth intron 0.8 3.5

a Values are ratios of the concentrations in mononucleosomal DNA isolated
from the macroH2A1-enriched thiopropyl Sepharose eluted fractions to the
concentrations in mononucleosomal DNA isolated from the starting materials,
determined by real-time PCR.
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Three clones contained a MaLR-LTR element, and a fourth
clone abutted a MaLR-LTR. MaLR-LTR elements are com-
mon in the mouse genome, and it was estimated that they
should occur on average once per 30 to 100 kb (49). Since our
subtracted clones together contain about 5 kb, the presence of
three MaLR-LTR elements suggests that there may be a pref-
erential association of macroH2A1 with these elements. We
examined this possibility by real-time PCR using one type of
MaLR-LTR consensus sequence (ORR1a, the type of MaLR-
LTR that is prominent around the protamine genes) to design
primers that should probe these sequences at more than 100 sites.
We observed only a small enrichment for macroH2A1with these
primers (Table 5). Subtraction clone 28 is a segment of the re-
verse transcriptase of an endogenous retroviral element. Using
primers based on consensus sequences from the LTR, gag, poly-
merase, and envelope regions of this class of endogenous ret-
roviral elements (RLTR4), we found that these regions were
on average enriched for macroH2A1, with the largest enrich-
ment occurring on the clone 28 sequence (Table 5).

Three of the 10 subtraction clones enriched for macroH2A1

contain mammalian-wide interspersed repeat (MIR) elements,
with two MIRs present in clone 13. MIRs are short inter-
spersed elements that are widely present in mammals and
appear to be derived from tRNA (26, 48). Although their
precise prevalence in the mouse genome has not been re-
ported, they probably represent less than 1% of the total ge-
nome. Because MIR sequences are not highly conserved and
often less than 100 bp, it is difficult to design primers that
probe the distribution of macroH2A on more than one MIR
sequence.

We developed a more complete map of macroH2A1 distri-
bution in a region of about 20 kb around subtraction clone 24
(Fig. 3). macroH2A1 was enriched on all the sequences that we
probed in this region until we reached the neighboring genes
Apg4d and Edg8. According to the NCBI Expressed Sequence
Tag database, both of these genes are expressed in mouse liver.

We sequenced three clones from a reverse subtraction ex-
periment that were depleted of macroH2A1 (Table 4). Each of
these clones was composed entirely of repetitive sequence.
Two of them are from different regions of long interspersed
nucleotide element (LINE) L1. The third one is a moderately
repetitive sequence that appears to be primarily on the Y
chromosome and to a lesser extent on the X and unmapped
sites. RepeatMasker did not identify this repeat. The depletion
of macroH2A1 from this sequence was higher in males than in
females, possibly due to the prevalence of this repeat on the Y
chromosome and an enrichment of macroH2A on the repeats
on the inactive X.

Proteins associated with macroH2A-containing chromatin.
We used mass spectrometry to identify some of the proteins
associated with macroH2A1-containing chromatin fragments.
We obtained high-quality results on two proteins: heterochro-
matin protein HP1� and hnRNP A2/B1 (Fig. 1) (see Fig. S2
and S3 in the supplemental material). Western blot analyses
confirmed the identities of HP1� and hnRNP A2/B1 and the
enrichment of these proteins on the purified macroH2A1-con-
taining chromatin (see Fig. S5 in the supplemental material).

TABLE 4. Distribution of macroH2A1 on subtraction clones

Clone(s) Malea Femalea Repeat(s) presentb Chromosome(s) Nearest gene

Forward subtraction clones
1 2.7 � 1.89 5.4 � 0.65 MaLR LTR and LINE L1 1 Trpm8, intron
5 2.1 � 0.34 2.1 � 0.2 Abuts an MaLR LTR 13 LOC432934, �100 kb
8 4.1 � 0.49 4.1 � 0.24 GT repeat 4 Bach2, 15 kb
13 5.8 � 0.56 6.6 � 0.84 MIR 6 Atp2b2, intron
24 6.0 � 0.66 7.7 � 0.83 GT repeat and MIR 9 Edg8, 8.3 kb
26 5.2 � 0.6 5.3 � 0.17 Flanked by MaLR and ERVL LTRs 11 1700019I23Rik, 27 kb
27 5.0 � 1.04 5.6 � 0.3 MaLR LTR 2 Gm356, 14 kb
28 3.8 � 0.36 4.2 � 0.7 RLTR4-int LTR Multiple Reverse transcriptase
15, 18, 21 7.4 � 0.24c 9.3 � 0.56c 31-bp tandem repeat X, Y, 9, 13 Mid1 and others
29 3.1 � 0.16 3.2 � 0.01 MER1 and MIR 6 LOC269739, 19 kb
32 3.1 � 0.17 3.5 � 0.28 MaLR LTR and LINE L1 1 Cnih3, intron

Reverse subtraction clones
O5 0.2 � 0.02 0.8 � 0.57 Repeated on Y and X Y and X
O7 0.5 � 0.11 0.7 � 0.09 LINE L1 Multiple
H2 0.6 � 0.07 0.7 � 0.05 LINE L1 Multiple

a Values are ratios of the concentrations in the macroH2A1-enriched thiopropyl Sepharose eluted fractions to the concentrations in the starting materials, determined
by real-time PCR. All target sequences were nonrepetitive except for clone 28 and the reverse subtraction clones.

b Repeats were identified by Repeat Masker (50).
c Result for a region 900 bp downstream of Mid1 between two clusters of these repeats.

TABLE 5. Distribution of macroH2A1 on some repeated sequences

Sequence Repeata Maleb Femaleb

Clone O7 LINE L1 0.5 � 0.11 0.7 � 0.09
Clone H2 LINE L1 0.6 � 0.07 0.7 � 0.05
LINE 5� L1 consensus, 5� 1.0 � 0.13 1.3 � 0.11
LINE 3� L1 consensus, 3� 0.8 � 0.27 1.5 � 0.12
MaLR-LTR LTR, ORR1a consensus 1.5 � 0.09 1.7 � 0.07
MaLR-LTR Internal, ORR1a consensus 1.2 � 0.11 1.4 � 0.05
MaLR-LTR Internal, ORR1a consensus 1.4 � 0.15 1.8 � 0.25
Clone 28 RLTR4, polymerase 3.9 � 0.27 3.9 � 0.01
RLTR4 RLTR4, envelope 2.0 � 0.09 2.2 � 0.1
RLTR4 RLTR4, gag 2.2 � 0.22 2.7 � 0.08
RLTR4 RLTR4, LTR 1.7 � 0.13 1.6 � 0.2
	 satellite Centromeric 1.9 � 0.01 1.6 � 0.05

a Repeats were identified by RepeatMasker (50).
b Values are ratios of the concentrations in the macroH2A1-enriched thiopro-

pyl Sepharose eluted fractions to the concentrations in the starting materials,
determined by real-time PCR.
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When we used macroH2A1 knockout liver, Western blot assays
did not detect any A2/B1 in the mercaptoethanol-eluted thio-
propyl fraction and only traces of HP1� (not shown). There-
fore, we believe that these proteins are associated with
macroH2A1-containing chromatin. A2 and B1 are very similar
proteins formed by alternate splicing (10), and we were unable
to distinguish these proteins in our analyses. On the basis of its
position in the gel, the largest A2/B1 band appears be the
full-length protein. We also observed multiple A2/B1 proteo-
lytic degradation products (Fig. 1) that were identified as A2/B1
by mass spectrometry.

We examined two closely spaced bands just above the main
macroH2A bands. These bands reacted with macroH2A1 an-
tibodies (Fig. 1) and gave peptides with molecular weights that
matched those of macroH2A1 and other peptides that
matched ubiquitin (see Fig. S4 in the supplemental material).
On the basis of these results and the position of these bands
in the gel, we believe that they are monoubiquitinated macro
H2A1.1 and -1.2 (Fig. 1). macroH2As have a lysine in their
H2A region that corresponds to the lysine that is monoubiq-
uitinated in other H2As, and recent studies demonstrated the
presence of monoubiquitinated macroH2A in cultured human
cells (23).

We identified topoisomerase I as one of the proteins asso-
ciated with the mercaptoethanol-eluted thiopropyl Sepharose
fractions by mass spectrometry. However, we were unable to
confirm this identification by Western blot analysis, possibly
due to the partial degradation of the topoisomerase I in our
preparations.

DISCUSSION

The binding of macroH2A1-containing nucleosomes to thio-
propyl Sepharose, but not activated thiol Sepharose, provides
a powerful method for enriching macroH2A1-containing nu-
cleosomes. The basic thiol affinity chemistry of these two ma-
trixes is similar, suggesting that the difference lies in the ac-
cessibility of their reactive groups to thiols in macroH2A1
proteins. The most likely explanation is the difference in the
linker arms. Activated thiol Sepharose has a branched arm
with two carboxylate groups, while thiopropyl Sepharose has a
shorter arm that is uncharged. As with any procedure used to
purify a specific chromatin fraction, our results may not be

representative of all macroH2A1-containing chromatin. While
we attempted to maximize the representation of chromatin by
using a chromatin fraction that contains most of the DNA,
some chromatin is lost in our procedure. The enrichment of
macroH2A1 that we observed on the inactive X correlates well
with what we observe by immunofluorescence of nuclei, indi-
cating that our results are representative of a significant frac-
tion of the chromatin. One limitation of this procedure is that
it does not resolve macroH2A1.1 and -1.2, which may have
distinct distributions.

Our previous immunofluorescence study showing the pref-
erential localization of macroH2A to the inactive X (14) was
challenged on the basis that the higher macroH2A immuno-
fluorescence of the inactive X was due to increased nucleo-
some density (42). In our current study we have essentially
eliminated the complication of nucleosome density by exam-
ining the distribution of specific sequences in DNA isolated
from macroH2A1-containing nucleosomes. Our study with gel-
purified mononucleosomal DNA largely eliminated effects re-
lated to differences in nucleosome spacing or possible contri-
butions of nonnucleosomal DNA to the analysis. These
analyses confirm our previous conclusion that macroH2A is
preferentially concentrated on the inactive X. This preferential
localization is not simply the consequence of the transcrip-
tional silence of the inactive X. This can be seen by the distri-
bution of macroH2A1 on X-linked genes or sequences that are
not transcribed. We probed four X-linked genes that are inac-
tive in liver and two intergenic regions that are far away from
any known gene. None of these regions showed significant
enrichment for macroH2A1 on the active X, and all of them
showed significant macroH2A1 enrichment on the inactive X.
macroH2A1 was preferentially localized to the inactive X at
multiple regions of the 10 X-linked genes and two intergenic
regions that we examined. In contrast, macroH2A1 was not
preferentially localized to four regions that escape X inactiva-
tion: Xist, Eif2s3x, Jarid1c, and the pseudoautosomal region
around Mid1. Our results provide evidence for boundaries for
preferential macroH2A1 localization in the 5� ends of Eif2s3x
and Jarid1 and near the third intron of Mid1. The shift in the
pattern of macroH2A1 localization in upstream regions of
Eif2s3x and Jarid1 is consistent with a recent study that iden-
tified CTCF binding boundary elements in the promoter re-

FIG. 3. Distribution of macroH2A1 around subtraction clone 24. Real-time PCR was used to estimate the relative concentrations of
macroH2A1 at various sites along a segment of mouse chromosome 9. The relative macroH2A1 concentration is expressed as the concentration
in the macroH2A1-enriched thiopropyl Sepharose fractions divided by the concentration in the chromatin applied to the columns. Genes: Edg8,
endothelial differentiation, sphingolipid G-protein-coupled receptor, 8; Apg4d, APG4 (ATG4) autophagy-related homolog D. Segments marked LTR
were identified by RepeatMasker (50) as endogenous retroviral element RMER6A.
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gions of these genes (20). Taken together our results indicate
that macroH2A1 is broadly targeted to the inactive X but is not
preferentially localized to regions that escape inactivation.

A very interesting finding of our studies is the depletion of
macroH2A1 from the transcribed regions of active genes. This
was observed on all but one site probed for 12 active autosomal
genes and all sites probed on eight active X-linked genes (Ta-
bles 1 and 2). At least in some cases the domain of macroH2A1
depletion on active genes appeared to continue into the pro-
moter region and beyond the last exon, although this is an
uncertain conclusion because the start and end for many genes
in the mouse genomic database are tentative. We typically
observe a depletion of approximately two- to fivefold in tran-
scribed regions. The concentration of macroH2A1 in mouse
liver appears to be similar to that of rat liver (39), which we
previously estimated to be approximately one macroH2A mol-
ecule for every 30 nucleosomes (40). This suggests that
macroH2A1 is very sparsely present on most transcribed re-
gions. These results together with our results showing an in-
creased concentration of macroH2A1 on the silent regions of
the inactive X are consistent with the hypothesis that
macroH2A1 histones are transcriptionally repressive. The
presence of the heterochromatin protein HP1� on the purified
macroH2A1-containing chromatin fragments is consistent with
macroH21 having a repressive role (34). Both macroH2A and
HP1� can associate with pericentromeric chromatin in some
cell types (16, 21, 34). However, immunofluorescence staining
indicates that pericentromeric macroH2A1 is not a prominent
feature in hepatocytes (14), and we observed only a small
enrichment of a 	-satellite centromeric repeat sequence in the
purified macroH2A1-containing chromatin from liver (Table
5). This suggests that some of the HP1� associated with
macroH2A1-containing chromatin is in regions other than
pericentromeric heterochromatin. We do not know whether
this HP1� directly interacts with macroH2A1, but they are
likely in close proximity given the small size of the chromatin
fragments that we used.

Our results indicate that macroH2A1-containing nucleo-
somes are interspersed with nucleosomes that contain conven-
tionally sized H2As, even in regions where they are relatively
concentrated, such as the inactive X chromosome. On the basis
of our experiments with macroH2A1 knockout liver, we believe
that nearly all of the chromatin fragments eluted from thio-
propyl Sepharose by mercaptoethanol contain at least one
molecule of macroH2A1. Even with the relatively short frag-
ments that we used in these studies, we observed as much or
more conventionally sized H2A in these purified nucleosomes
than macroH2A. This suggests extensive interspersion. Tech-
nical limitations make it difficult to accurately estimate the
concentration of macroH2A1 on specific sequences. Variabil-
ity in the macroH2A subtype composition and distribution in
different cell types (15) will affect our results. Examination of
the inactive X is complicated by the presence of the active X,
which will reduce the observed concentration of macroH2A in
female cells. The average enrichment that we observed on the
X-linked genes that we probed (excluding genes that escape
inactivation) was 3.2-fold. The active X seems unlikely to pro-
duce more than a twofold reduction in enrichment. While
factors such as cell type heterogeneity may also increase the
estimated macroH2A concentration, it appears to be well be-

low what we would expect for complete substitution. A few
regions, such as the 3� end of Mid1, gave an enrichment of
close to 10-fold, but most regions were less. These results lead
us to believe that macroH2A1 is interspersed with convention-
ally sized H2As in most regions.

In the regions that we examined with multiple probes,
macroH2A1 appeared to be arranged in relatively large do-
mains of enrichment or depletion. The most notable domains
of depletion are the transcribed regions of active genes. In
addition to the inactive X chromosome, we mapped two sub-
stantial domains of enrichment. One of these domains occurs
around the protamine gene cluster and the other in the region
upstream of two genes, Apg4d and Edg8. Interestingly, both of
these domains of enrichment showed relatively sharp transi-
tions to macroH2A1 depletion as they extended to neighboring
genes. In the case of the protamine cluster this transition
occurred just upstream of Socs1. Socs1 is expressed in liver,
and its expression in hepatocytes is increased by treatment with
lipopolysaccharide (52).

How are macroH2As targeted to certain regions and de-
pleted from others? Multiple mechanisms may be involved,
since studies with chimeric proteins indicate that both the H2A
domain and the nonhistone domain can direct macroH2As to
the inactive X (11). Xist RNA is required to maintain the
preferential localization of macroH2A1 to the inactive X (6,
17), but it is not known whether Xist-containing RNPs have a
direct role in macroH2A localization. Our finding that the
hnRNP protein A2/B1 is present in purified macroH2A1-con-
taining chromatin suggests that RNA may be a component of
this chromatin. However, A2/B1 can also bind single-stranded
DNA (25, 35), so its presence does not necessarily indicate the
presence of RNA. Based on the study of other histone variants
(28, 29, 36), it seems reasonable to believe that there is a
chromatin-remodeling complex(es) that preferentially targets
the assembly or exchange of macroH2A into chromatin. The
targeting of such complexes to specific regions by interaction
with chromatin-bound proteins or RNPs could lead to the
preferential assembly of macroH2As in particular regions.
macroH2As would appear to be available for exchange into
chromatin as they are expressed in tissues with few dividing
cells such as adult mouse liver (44) and continue to be rela-
tively abundant in adult cells that have not undergone cell
division for months or years (2). Depletion of macroH2A in
transcribed and other regions could occur by the localized use
of remodeling complexes that incorporate H2As other than
macroH2A. Differential stability of macroH2As in different
regions could also be an important contributor to their distri-
bution.

Are there local DNA sequences that promote macroH2A
localization to particular regions? In the case of the inactive X,
it appears that Xist can promote macroH2A localization over
very large distances. However, there could still be local ele-
ments that help recruit Xist RNP or macroH2A. On the basis
of studies of chromosomal translocations involving the inactive
X, it was suggested that there are “way stations” that boost
inactivation along the chromosome (45). Mary Lyon hypothe-
sized that interspersed repetitive elements could act as way
stations (33). Thus far, our results show a positive correlation
with certain LTR elements. MaLR-LTR elements are rela-
tively abundant in the macroH2A1-enriched sequences that we
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identified by subtractive hybridization and are prominent in a
macroH2A1-enriched domain that we identified around the
protamine gene cluster. Additionally, one of our subtraction
clones corresponded to a segment of a reverse transcriptase
from an endogenous retrovirus. However, the correlation be-
tween macroH2A1 enrichment and LTR elements is not
straightforward. The amount of enrichment that we observed
when we made probes to consensus sequences of MaLR-LTR
elements was small (Table 5), indicating that substantial
macroH2A1 enrichment is not a consistent feature of these
elements. Also, when we probed sequences next to two ran-
domly selected endogenous retroviruses of the same class, we
found significant macroH2A enrichment next to one and no
enrichment next to the other (not shown). Thus, if LTR ele-
ments and/or endogenous retroviruses have a role in
macroH2A localization, it would appear to be only part of a
more complex mechanism. One interesting candidate for a
macroH2A1-targeting sequence is the 31-bp tandem repeat
that is present around the 3� end of mid1. Perhaps proteins
bound to these sequences or unusual structural features of this
DNA could target macroH2A1 to these sequences.

This study substantiates our previous conclusions based on
immunofluorescence studies that macroH2As are preferen-
tially associated with the inactive X chromosome and are
widely and nonrandomly distributed in the rest of the chroma-
tin. Interestingly, macroH2A1 was depleted from the tran-
scribed genes that we examined, consistent with its apparent
function as a transcriptional repressor. Our results indicate
that macroH2As have complex distribution patterns that are
influenced by local factors as well as long-range targeting
mechanisms. Much remains to be learned about how these
patterns are established and how they affect transcriptional
activity and other chromatin functions.
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