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Characterization of the Mouse Histone Gene
Cluster on Chromosome 13: 45 Histone
Genes in Three Patches Spread over 1 Mb
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Biology and Biotechnology, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina
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University School of Medicine and University Hospitals of Cleveland, Cleveland, Ohio 44106-4955

The histone gene cluster on mouse chromosome 13 has been isolated and characterized. Using overlapping
YAC clones containing histone genes from chromosome 13, a contig of ~2 Mb has been defined. It contains
45 histone genes, organized in three patches containing tightly clustered genes. An 80-kb patch (patch IlI)
containing 12 histone genes is near one end of the contig, and a similar-sized patch (patch I} containing 15
histone genes is near the other end of the contig, located at least 500 kb from the central patch (patch II) of
histone genes. The entire cluster contains six histone HI genes, including the testis-specific histone Hlt gene
that maps to the middle of the cluster. All nine histone H3 genes in this cluster have been sequenced, and
their level of expression determined. Each histone H3 gene is distinct, with five genes encoding the H3.2
protein subtype and four genes encoding the H3.l protein. They are all expressed, with each histone H3 gene

accounting for a small proportion of the total histone H3 mRNA.

There are five classes of histone proteins that to-
gether package the DNA of eukaryotes into chro-
matin (Kornberg 1977). The four core histones,
H2a, H2b, H3, and H4 make up the octamer of
the nucleosome core, while the fifth histone, his-
tone H1, binds to the linker DNA and directs the
higher order packing of chromatin. Most of the
histone genes are expressed in a replication-
dependent manner, being expressed only during
S phase when DNA is being synthesized. The rep-
lication-dependent histone genes are distinct
from other metazoan genes, because they encode
nonpolyadenylated mRNAs and lack introns
(Marzluff 1992). The replication-dependent his-
tone mRNAs end in a highly conserved 26-
nucleotide sequence that can form a stem-loop
(Birnstiel et al. 1985; Marzluff 1992). The 3’ ends
are formed by a cleavage reaction that requires
U7 snRNP, which binds to a purine-rich sequence
3’ of the stem-loop (Gick et al. 1986; Mowry and
Steitz 1987; Soldati and Schiimperli 1988).

Each class of histone proteins, with the ex-
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ception of histone H4, consists of a number of
nonallelic variants that differ from one another
in only a few amino acids (Zweidler 1984). For
example, there are three histone H3 proteins, his-
tones H3.1, H3.2, and H3.3. The histone H3.1
and H3.2 proteins are replication dependent,
whereas the histone H3.3 protein is synthesized
constitutively (Wu and Bonner 1981) from a
gene not linked with the replication-dependent
histone genes, which contains introns and en-
codes a polyadenylated mRNA (Brush et al. 1985;
Wells and Kedes 1985). There are also multiple
histone H2b and H2a proteins (Zweidler 1984),
although their complexity is not yet completely
understood. There are seven types of histone H1
proteins in mammals, which differ from one an-
other extensively in both the amino and car-
boxyl terminus while sharing a highly conserved
core region (Parseghian et al. 1994). Whether any
of these histone variants have distinct functions
is not known.

The histone genes in mammals are located
on two chromosomes, chromosomes 1 and 6 in
human (Triputti et al. 1986; Allen et al. 1991),
and chromosomes 3 and 13 in mouse (Graves et
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al. 1985). Most of the histone genes in the mouse
are located on chromosome 13 (Graves et al.
1985). We report here the molecular character-
ization and cytogenetic localization of the his-
tone gene cluster on mouse chromosome 13.
About 45 histone genes, including all 5 replica-
tion-dependent histone H1 genes and the testis-
specific histone H1t gene, are located in this clus-
ter. Included in this cluster are nine functional
histone H3 genes that are each expressed in simi-
lar amounts. These genes are not uniformly dis-
persed throughout the cluster but are found in
three patches that each have multiple closely
spaced histone genes. These three patches are
separated by several hundred kilobases of DNA
that do not contain histone genes.

RESULTS

The five classes of replication-dependent histone
genes are encoded by a multigene family, con-
taining 10-20 copies of each of the core histone
genes in the mouse (Jacob 1976) and one copy of
each of the genes encoding the H1 histones (Doe-
necke et al. 1994; Dong et al. 1994). The genes
encoding the core histone proteins are tightly
linked in all metazoans that have been studied.
In mammals there are two clusters of replication-
dependent histone genes, located on separate
chromosomes: chromosomes 1 and 6 in human
(Triputti et al. 1986; Allen et al. 1991) and chro-
mosomes 3 and 13 in mouse (Graves et al. 1985).
To understand the overall organization of the
histone genes, we undertook the isolation of the
entire histone gene cluster. Because the coding
regions of these genes have been highly con-
served at the nucleic acid level, we used PCR to
screen the yeast artificial chromosome (YAC) li-
brary with two primers from invariant regions of
the histone H3 sequence. Nine independent YAC
clones were isolated, and these fell into two dis-
tinct groups, each of which contained multiple
histone genes.

Characterization of the Histone-containing YACs
from Mouse Chromosome 13

The YACs ranged in size from 250 to 750 kb. De-
spite the fact that some of the mouse histone
genes are present on mouse chromosome 3
(Graves et al. 1985), all nine YACs mapped to
mouse chromosome 13. A schematic of the pro-
posed organization of the seven nonchimeric
YAC clones, spanning ~2 Mb, is shown in Figure
1. The deduced overlaps and the approximate po-
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sition of the histone H3 and H1 genes are shown.
There are three patches of histone genes, labeled
[-III (Fig. 1). Within each patch are tightly linked
histone genes, 15 genes in patch I, 18 genes in
patch I, and 12 genes in patch III. The evidence
for this organization is detailed below.

Nine Histone H3 and Nine Histone H4 Genes Are
Present on the YACs

For initial characterization of the YACs, Southern
blots were done using individual histone gene-
coding regions as probes. There were nine his-
tone H3 genes (Fig. 2A) and nine histone H4
genes (Fig. 2B; Table 1) present on the seven
YACs. These YACs fell into two groups based on
the histone H3 and H4 genes present on the
YACs: The first contained YACs D6, ED11, CTC4,
and BC11, and the second contained YACs VB2,
XF10, and DE8. YACs XH10 and CID1 were also
contained in the first group, although both of
these YACs were chimeric and therefore not use-
ful for constructing the map. The first group con-
tained seven histone H3 and six histone H4 genes
(Fig. 2A,B), in addition to five histone H1 genes
(see below), six histone H2b, and six histone H2a
genes (data not shown). YACs VB2, XF10, and
DES8 formed the second group, and these YACs
contained two histone H3 and three histone H4
genes (Fig. 2). In addition, this group contained
one histone H1 gene (see below), five histone
H2a, and four histone H2b genes (not shown).
None of these 15 genes were present in the first
group. All of the histone genes detected were pre-
sent on at least two YACs, allowing us to con-
struct an unambiguous map.

The core histone genes present on each YAC
are summarized in Table 1. The histone H3 and
H4 genes were lettered A-1, based on their iden-
tification by Southern blots (Fig. 2). Several
mouse histone H3 genes from chromosome 13
have been characterized previously by us and
others (Sittman et al. 1983b; Taylor et al. 1986;
Kosciessa and Doenecke 1989; Gruber et al. 1990;
Brown et al. 1996). In the legend to Table 1 we
have identified those histone H3 genes that were
previously cloned, assigning each of them to the
appropriate gene. Similarly the histone H4 genes
were lettered A-I, and the two previously identi-
fied histone H4 genes from chromosome 13
(Meier et al. 1989; Drabent et al. 1995) are iden-
tified in Table 1.

Because several small clusters of histone
genes had been cloned previously in A phage, we
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Figure 1 Map of the histone gene cluster on chromosome 13. The seven nonchimeric YACs are aligned
showing their size, relative order, and number of histone genes. For simplicity, only the H1 and H3 genes are
shown on the map, with the number of the other core histone genes indicated beneath the cluster. The locations
of the P1 clones and the previously isolated X phage are indicated above the YACs. The three patches are
indicated by Roman numerals. The precise distance between the patches is not known.

synthesized primers specific for one of the genes
on each phage and screened the YACs for the
presence of each of these genes. We located
phage MM221 (Sittman et al. 1981), MH53 (Gru-
ber et al. 1990) and the overlapping MM143
phage (Yang et al. 1987), MM291 (Liu et al.
1987), and MM175 (Dong et al. 1994) on mul-
tiple YACs, allowing us to designate their loca-
tion on the proposed map (Fig. 1). We also lo-
cated the four previously isolated mouse histone
H1 genes (see below), as well as the H2a gene
reported by Ekblom and co-workers (Fecker et al.
1990), which was present on YACs VB2 and DES.
All the previously reported replication-depen-
dent histone genes from chromosome 13 are pre-
sent in these YACs. We have not yet isolated all
of the H2a, H2b, and H4 genes identified on
these YACs. The other replication-dependent
mouse histone genes are present in a smaller clus-
ter on mouse chromosome 3 (Wang et al., this
issue).

The Histl Gene Cluster Maps to Mouse
Chromosome 13A2-3

We used fluorescence in situ hybridization to
confirm the location of the YAC contig to chro-
mosome 13. The signals showed exclusive local-
ization to chromosome 13, with the exception of
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clones XH10 and CID1, which were clearly chi-
meric. In addition to chromosome 3, XH10 also
hybridized to chromosomes 9 and 17, whereas
CID1 showed additional signals on chromosome
1. Examples of these images are shown in Figure
3A-D. DAPI (G/Q) banding and FLpter measure-
ments (19%-29%; Fig. 3E) allow us to localize the
Hist1 cluster to the A2-A3 subregion.

Six Histone HI Genes Are Present on These YACs

Probing with a mixture of radiolabeled DNA from
two previously identified histone H1-143 (Hlc)
(Yang et al. 1987), H1-175 (Hle) (Dong et al.
1994), and the H1d gene that we cloned from
YAC D6, six potential histone H1 genes were
identified by Southern blotting. All of these H1
genes have been cloned and sequenced allowing
us to identify them as Hla-e (labeled A-E in Fig.
4A) based on the nomenclature of Lennox and
Cohen (1984). In addition the testis-specific H1t
gene is present in this contig and hybridized
weakly with this mixed probe (Fig. 4A, band T).
Five of these genes, Hla, Hlc, H1d, Hle, and H1t,
are located in the first group of YACs, and one,
H1b, is located in the second group (Fig. 4A). The
ED11 clone ended in the Hindlll fragment con-
taining the Hle gene, resulting in a smaller frag-
ment containing this gene on this YAC (Fig. 4A).
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Figure 2 The histone H3 and histone H4 genes
present on the YACs. Total DNA from yeast strains
containing the various YACs was digested with EcoRI
or Hindlll, and the fragments were resolved by aga-
rose gel electrophoresis and transferred to Nytran.
The filters were hybridized with the H3-614 gene (A)
or the H4-12 gene (B). The H3 and H4 genes are
lettered A-l, and this nomenclature is used in the
text and in Table 1.

Details of the sequence and expression of the
histone H1 genes will be reported elsewhere (Z.-F.
Wang, W.F. Marzluff, A. Sorotkin, and A. Skoult-
chi, unpubl.).

To confirm the localization of the different
H1 genes, we synthesized primers specific for the
H1 genes, Hle (Dong et al. 1994), Hla (Dong et
al. 1994), and H1t (Drabent et al. 1993), and used
these primers to amplify their respective genes to
test for the presence of the different H1 genes by
PCR. Each of these genes was also present on
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multiple YACs (Fig. 4B), and their approximate
location is indicated on the map in Figure 1.

Using the primers specific for the histone
Hla gene, we isolated a P1 clone, P318, from a
mouse genomic library. In addition to the Hla
gene, this 80-kb P1 clone contains all of the genes
from phage MHS53 and MM143 (two H3, one H4,
two H2a, one H2b gene, and the histone Hlc
gene), as well as the histone H1t gene and its
associated histone H4 gene (Grimes et al. 1987;
Drabent et al. 1995). There is also an additional
histone H3 (H3-I), and a histone H4 gene (H4-B).
Thus, within one 80-kb region there are 12 his-
tone genes, with an average spacing of no more
than 6 kb.

We have also obtained P1 clones containing
most of the histone genes in the second group of
YACs (VB2, XF10, and DES; histone patch I) as
well as P1 clones containing multiple histone
genes surrounding the H1d gene, which is in
patch II. One of these P1 clones, P391, contains
both the H1d and Hle genes, and these four P1
clones contain all the H3 and H4 genes that are
present in patch II. We estimate that the 18 his-
tone genes in patch II are spread over no more
than 120 kb.

These P1 clones are consistent with the pro-
posed organization shown in Figure 1, although
not all of the histone genes are represented on
this set of P1 clones and the precise organization
of all the histone genes has not been determined.
The positions of the histone H1 genes and the
previously characterized histone gene clusters are
indicated on the map in Figure 1.

The Two Groups of YACs Are Overlapping

Although the two groups of YACs did not contain
any histone genes in common, they both
mapped to the same region of mouse chromo-
some 13 (Fig. 3), suggesting that they were
tightly linked. To test whether any of the YACs
overlapped, we cloned the ends of YACs D6 and
XF10 using the “‘bubble PCR” technique (Riley et
al. 1990), and the cloned end fragments were
used to probe the DNAs from several YACs to see
if they shared common fragments. Because the
YACs were constructed by partial digestion with
EcoRl, even the terminal EcoRI fragments from
overlapping YACs should be identical. One end
of the YAC D6 hybridized with both YAC XF10
and YAC D6 (Fig. 5A), whereas the end of YAC
XF10 hybridized with YAC D6 and XF10 (data
not shown). To confirm this potential overlap,
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Table 1. Histone H3 and H4 Genes Present on Different YACs

YAC

Gene D6 CB11 cTC4 ED11 DES XF10 VB2
H3 A-G A-G A-C,F D,E,G H, I | H
H4 AF A-F AC-E B,EF G- G- GH
H1 A,C-ET A,C-E,T D,ET ACET B B

The histone H3 and H4 genes present on each of the YACs, as detected by Southern blotting, are shown. There
are nine genes for each of these histones (designated A-l, as shown in Fig. 2). Five of the histone H3 genes
have been reported previously: H3-4, H3.1-221 (Sittman et al. 1983b); H3-C, H3.2-221 (Sittman et al. 1983b);
H3-E, H3.2-143 (Brown et al. 1996); H3-G, H3.2-53 (Gruber et al. 1990); and H3-H, H3.1-291 (Taylor et al.
1986). Two of the histone H4 genes have been reported previously; H4-£, H4-12 (Meier et al. 1989); and H4-F,
H4-53 (Meier et al. 1989). The previously cloned H3 genes were identified using PCR primers for each of the
previously cloned phage to map each of the phage reported previously on the YACs. The H3 genes were then
identified by the size of the EcoRI fragment or, in some cases, by cloning and sequencing. The H4 genes were
identified from mapping the MH53 phage (H4-F) and from the fact that the H4-12 gene is adjacent to the H1t
gene (Drabent et al. 1995). The H1 genes are labeled A~E corresponding to the five somatic histone H1 genes
and T for the testis-specific histone H1 gene. The H1A (Dong et al. 1994), H1C (Yang et al. 1987), HI1E (Dong

et al. 1994), and H1T (Drabent et al. 1993) genes have been characterized previously.

primers specific for each of the end fragments
were synthesized and the presence of overlap-
ping sequences was determined using PCR. This
confirmed that one end of YAC XF10 overlapped
with YACs D6, BC11, and CTC4. The end of YAC
D6 only overlapped with YAC XF10 and CTC4
(Fig. 5B). Thus, the nine YACs form one large
contig. Based on the small size of DE8, which
contains all of the genes present on XF10 and
VB2 and does not overlap with YAC D6, as well as
the P1 clone P894, which contains all of the his-
tone genes on YAC XF10, as well as some on YAC
VB2, we estimate that there is at least 500 kb be-
tween histone gene patch I on the YAC DE8 and
the closest patch of histone genes (patch II) on
YAC D6.

The Histone H3 Genes on Mouse Chromosome 13

The complete histone H3 gene complement pre-
sent on mouse chromosome 13 was character-
ized. There are two replication-dependent his-
tone H3 proteins (Marzluff et al. 1972) that differ
from each other in a single amino acid, amino
acid 96, which is a serine in H3.2 and a cysteine
in H3.1 (Patthy and Smith 19735; Zweidler 1984).
Of the five previously characterized histone H3
genes from mouse chromosome 13, two encode
the histone H3.1 protein and three encode the
histone H3.2 protein (Taylor et al. 1986; Gruber
et al. 1990; Brown et al. 1996). The remaining
four histone H3 genes from these YACs were iso-
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lated and sequenced. Two of these genes encoded
the H3.1 protein (H3-D and H3-I), and two en-
coded the H3.2 protein (H3-B and H3-F), bringing
the complement of mouse histone H3 genes on
chromosome 13 to five histone H3.2 genes and
four histone H3.1 genes. The sequences of the
coding regions of these nine histone H3 genes are
compared in Figure 6A. There is a clear consensus
411-nucleotide sequence for the coding region,
with each gene differing from the consensus in
from 0 (H3-H) to 7 (H3-C and H3-G) nucleotides,
excluding the nucleotide changes associated with
the single amino acid change. The amino acid
change (Ser — Cys) is in a region with 3 nucleo-
tide changes out of four between the H3.2 and
H3.1 genes, whereas only one of which (A - T in
the first position of codon 96) is necessary for the
amino acid change. All of the H3.1 genes are
identical in this region differing from all of the
H3.2 genes in the same three nucleotides. A 111-
nucleotide sequence in the center of the gene
(amino acids 51-87) is identical in all nine his-
tone H3 genes. This region contains specific se-
quences that are necessary for a high level of ex-
pression of the histone H3 genes (Hurt et al.
1989, 1991). The changes are clustered at both
the beginning and end of the coding region, con-
sistent with previous studies suggesting repeated
gene conversion events targeted at the coding re-
gion of the histone genes (Sittman et al. 1983b;
Taylor et al. 1986; Liu et al. 1987; Debry and Mar-
zluff 1994).
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Figure 3 Chromosomal mapping of the mouse Hist1 gene cluster. Clones D6 (4), XF10 (B), and P318 (C) were
labeled with biotin and hybridized to the same region of chromosome 13 (green areas, indicated by arrows). The
chimeric YAC XH10 clone (D) mapped not only to chromosome 13 but to chromosomes 9 and 17 as well
(arrowheads). The G/Q banding pattern was produced by a DAPI counterstain (blue). (E) An ideogram of mouse
chromosome 13 showing the range of signals (bar at right) on 13A2-3.

The 5'- and 3'-flanking sequences of the nine
genes are compared in Figure 6, B and C. Of these
18 sequences, 17 are unique, with the sole excep-
tion being the 3’'-flanking sequence of H3-B and
H3-C, which are clearly closely related to each
other. The 5'-flanking sequences of the H3-B and
H3-C genes are quite different, as different as any
of the other 5'-flanking sequences, and the cod-
ing sequences of these two genes differ in 5
nucleotides, most of which are in the 5’ end of
the coding region (Fig. 6A).

There are no common sequences present in
the 5'-flanking regions, except for the previously
noted TATAA and CCAAT sequences (Taylor et al.
1986). Most of the genes contain at least two
CCAAT sequences located within 140 nucleo-
tides of the TATAA box (Fig. 6B), although in two
genes (H3.1A and H3.2-B) the CCAAT boxes are
much further away. There are no other common

elements in the promoter regions of any of the
nine histone H3 genes.

In the 3'-flanking region the only common
sequence among the nine genes is the 26 nucleo-
tides at the 3’ end of the mRNA, which is nearly
identical in all nine histone H3 genes (Fig. 6C).
This sequence is located 19-32 nucleotides from
the stop codon, and the nucleotides between the
stem-loop and the stop codon are not conserved
(Fig. 6C). In contrast, the U7 snRNA binding site
located 3" of the stem-loop is quite variable
among the different histone H3 genes, both in
sequence and in distance from the 3’ end of the
histone mRNA (Fig. 6C).

Expression of the Histone H3 Genes
We used S1 nuclease mapping to determine

whether all of the histone H3 genes are expressed
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from the gene used as a probe.
The intensity of the H3,, frag-
ment is a measure of the amount
of the total cellular H3 replica-
tion-dependent histone mRNA,
whereas the intensity of the spe-
cific H3 band is a measure of the
amount of a specific H3 mRNA.
The relative intensity of these
two fragments reflects the per-
centage of the histone H3 mRNA
derived from the gene used as a
probe.

The expression of each of
these genes was analyzed in cul-
tured mouse myeloma cells and
in newborn mice, and similar re-
=-1kb sults were found with both
samples. We have shown previ-

Figure4 Detection of histone H1 genes on the YACs. (4) DNA from yeast  CUsly that the H3-A, H3-C, H3-E,

strains containing the indicated YACs was digested with Hindlll, the frag-
ments were resolved by agarose gel electrophoresis, and transferred to
Nytran. The filter was hybridized with a mixture of probes of H1¢, H1d, and
Hle. The bands are labeled A-E, T, corresponding to the H1a-e genes and
the H1t gene. The H1t gene (band T) hybridized more weakly than the
other H1 genes. The YAC ED11 ended near the Hle gene, resulting in a
9-kb fragment rather than the 15-kb fragment detected in the other YACs.
(B) To confirm the presence of the previously cloned histone H1 genes on
the YACs, primers specific for the H1a (top), H1e (middle), and H1t (bottom)
genes were used to amplify the various yeast DNAs. The PCR products
were resolved by agarose gel electrophoresis and detected by ethidium
bromide staining. The YAC DNAs used are indicated above each lane.

and H3-H genes are expressed at
low levels, accounting for <10%
of the total histone H3 mRNA
(Graves et al. 1985; Brown et al.
1996). Each of the other five
genes was expressed in both RNA
samples (Fig. 7; data not shown).
Each of these genes also produces
a small fraction of the total his-
tone H3 mRNA, 3%-10% of the
total, based on the ratio of inten-

and to determine the relative level of expression
of each of the genes. All of the histone H3 genes
have a Sall site spanning codon 58. Each gene
was digested with Sall and either the 3’ end was
labeled with Klenow fragment of DNA Pol [ or the
5" end was labeled with T4 polynucleotide ki-
nase. Because the coding regions are conserved,
each of these probes will hybridize to all the his-
tone H3 mRNAs derived from chromosome 13,
with the hybrids extending to the end of the cod-
ing region, either to the initiation codon or the
translation stop codon (Sittman et al. 1983a;
Graves et al. 1985) depending on whether the
probe was 5’ or 3’ end-labeled. Each probe will
also hybridize with the mRNA derived from that
particular gene, with the hybrid extending to the
end of the mRNA. Two fragments are protected
from digestion with S1 nuclease, one (H3,,) ex-
tending to the end of the coding region, and the
other (H3) to the end of the mRNA expressed
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sities of the protected band ex-

tending to the start of the mRNA

to the band extending to the end
of the coding region. It is likely that the same
situation holds for the genes for the other core
histones on chromosome 13. Thus, there are nine
distinct nonallelic histone H3 genes located on
mouse chromosome 13, each of which contrib-
utes only a small fraction of the total histone H3
mRNA.

DISCUSSION

Histone proteins must be synthesized at a very
high rate during S phase to package the newly
replicated DNA, and the core histone proteins are
produced in equimolar amounts. The high de-
mand for histone mRNA to synthesize the 10®
histone proteins required in each S phase pre-
sumably requires multiple copies of the histone
genes. Because histone mRNAs have a relatively
short half-life (~1 hr) (Heintz et al. 1983; Stimac
et al. 1984; Harris et al. 1991) even during S
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Figure 5 The two YAC contigs are overlapping.
(A) The end fragment of the YAC D6 clone was iso-
lated and used as a probe against various YAC DNAs
in a Southern blot digested with EcoRI. The size of
the markers (in kb) is indicated. (B) Primers were
synthesized that specifically amplify the end frag-
ments of YAC D6 as a 210-nucleotide fragment and
YAC XF10 as a 120-nucleotide fragment. PCR was
performed using these primers against several YAC
DNAs. The PCR products were resolved by agarose
gel electrophoresis and detected using ethidium
bromide staining.

phase, there must be a continuing high rate of
histone mRNA synthesis during S phase. There-
fore, it is likely that histone proteins are encoded
by a multigene family to allow the rapid produc-
tion of large amounts of histone mRNA and pro-
teins. Jacob (1976) estimated that the core his-
tone proteins are encoded by a multigene family
containing 10-20 copies of the histone genes.
Most of these genes have now been isolated, and
we estimate that there are a total of 11-14 genes
for each core histone, which is in excellent agree-
ment with the initial estimate of Jacob (1976).
Studies using A phage have shown that there
are often multiple histone genes in mammals lo-
cated on a single 15-kb phage, suggesting that
many histone genes are very tightly linked
(Heintz et al. 1981; Sierra et al. 1982). However,
definitive information on the overall organiza-
tion is not known. We have shown here that the
histone genes on mouse chromosome 13 are not
uniformly spaced but, rather, there are three
patches of histone genes spread out over at least
1 Mb of DNA. The histone genes are 0.5-5 kb
apart within the patches, but the distance be-
tween patches is at least 500 kb in one case, i.e.,
between patches I and II. It is not known whether
there are any other genes located in the regions
between the histone patches. Given the large size

MOUSE HISTONE GENE CLUSTER ON CHROMOSOME 13

of these regions, it seems very likely that other
genes are present here. Whether any genes pre-
sent in these regions are also cell cycle-regulated
will be of particular interest.

Each of the three patches contains multiple
histone genes and at least one histone H1 gene.
Patch I, present on the second group of YACs,
VB2, XF10, and DES, contains one histone H1
gene, H1b, along with 14 genes encoding the
four core histones. Patch II contains the Hle and
H1d genes, in addition to 16 core histone genes.
Patch 111, defined by the P1 clone P318, contains
three histone H1 genes, Hlc, Hla, and HIt, as
well as nine core histone genes, including the
previously characterized phage MM143 (Yang et
al. 1987) and clone 53 (Gruber et al. 1990). Note
that the testis-specific H1t is located near the cen-
ter of the entire cluster, at one end of patch IIIL.

The histone gene cluster on mouse chromo-
some 13 is likely orthologous with the histone
gene cluster on human chromosome 6. All of the
histone H1 genes, except the gene for histone
H1° which is encoded by a polyadenylated
mRNA, are present on human chromosome 6
(Doenecke et al. 1994). Likewise, all of the mouse
histone H1 genes, except for H1Y, are in the clus-
ter from chromosome 13. The detailed organiza-
tion of the histone gene cluster on human chro-
mosome 6 is not known, and it will be of interest
to see whether the patch organization has been
maintained during mammalian evolution. There
has clearly been conservation of the gene organi-
zation within mammals at some level, as there is
a histone H4 gene closely linked with the histone
H1t gene in both rodents and humans (Drabent
et al. 1995). The extent of conservation of orga-
nization throughout the entire cluster awaits
characterization of the human gene cluster.

It is likely that a similar organization of his-
tone genes is present in most vertebrates, with
the exception of amphibians (Turner and Wood-
land 1983; Destree et al. 1984) where many, if
not all, of the histone genes are tandemly re-
peated. All of the replication-dependent chicken
histone genes have been cloned and mapped us-
ing overlapping A phage, and they fall into two
clusters (Grandy and Dodgson 1987; Nakayama
et al. 1993). It is not known whether these two
clusters are present on different chromosomes, or
whether they are two clusters on the same chro-
mosome, analogous to the genes located on
mouse chromosome 13. The genes in each cluster
are relatively close together, as the entire cluster
was defined by overlapping A phage (Grandy and
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GTGCAGGAGTTAACCAATCGGTGTGCAGGAGTTAA

AAGGGGACGGAATTACCATTGGT TATTEACCAATCAARAATCGTACTACAG
CAARACGTAACTAGAGTGTCAGAACAAGGTAGCCAATCAGATACTCTTAAAACTA
CCANTCACCACTTGAATTCTCAGCCAATAGGACTACTGCGCGGGACACTTGRARA
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GTCAATCCCCAGATGCACTTCCGCAAATTCCGAATGACGCCTGAGTGCTGCTGG
AGACCTGTTATCCAATTACCAAGTACTTCCGCATACATCATCATAGGCATTTGA
CCAATCACACGGGCTATTTCCCAGCCAATGAATTTGTAGCGCGCGACTITCARA
GCCTGGAGAGATATTAGCAAATCTACCAATAAGGTCGCTGTGGTAATGTATTGT
GAATG
GCAGACACGCCTATCAGGATGCTTTCTCGGTGGGAAGGACGGGTACGAGCGCGE
ACTGCAGTTCTTARACATAMACCAATCAGAGTCTTAAACGTCACAGATAACCAG
AGTTCAGACTGCGAAAACAAAAGGACTCACCAGCCAATTAAGTTGATCTGECAG
CCTTACTCGGTTTAAACGCGAACCARTCCCCTGTCTGGARCTATGATGTCAGCA
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CCAGAATCCAATCAGAGCGACGCATTTCCAGCATAMATAGCAGCAGCCCGAGCE
AGATTTCAACCAATCAGGAGCATGTTCCTTCTATAAAGGAACCCAGAACCTAAC
AAGTTGCAAQGCCAATCAAAATGTTTC TTAGTATATTTAAGGGCAAGATTTCTT
TTC ATCAGAACGAGGCTCTTTCGCTT GTACTCCGGCCACA
TTCTTC GCGGATAGTCTGAT TGGACAGCGCCTTG
GTACGTGTGTTGCGCGTGTGCGACGCAAGE CAARGTGCGCTA

TATTTTCATCCAATCACTATCCTTTGCATACTATAAATAGTAGTTCTGAACTCA
CCATTTT ATCAGAACTCGGCCGTCT TTT TGAAGCT
GTTTACTGTCCAATCCAARAGGGTGGCTTGTTATATATATACTTGGGCTTTTCC
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.2-3 CTCT@CTCCCETTTCTCCTCCTCTGCA ATG

.2-C CTCTGCATTTCCTATTTCTTTGTAGAA ATG
H3.2-E TCGTCCTGCACTTTTGTGTATCTCCTCCCAAGA ATG
H3.2-F GTTCATTACCGTTCTCATTCCCTGAGACTICTCTCTTTTTICTIATC  ATG
€3.2-G CAGCTCACTATAGTGTCAGTCTATTTTCCCTTGTTAAAGTC ATG
H3.1-A CTTAGGTATCTCACTTTTCCCTACGGTTACTTGCC ATG
H3.1-D CCATCTCCAAGTGCTCACCCGCTTGCTTTCTAGTTITTGCT ATG
H3.1-H TTCCCTCCATCACTTTGCTTTGGAAGCTCGGGTGTTACC ATG
H3.1-I ATCTCAACACCACTTTATTCACTTTCTAGTGTACTGAG ATG

Stem-loop

2-B  TAA TAGGCACGCCTTCTACACTGGCACGTAAACC —AAAACGGCTCTTTTAAGAGCCACCT
H3.2-C TAA TAGGCACGCTTTCTACACTGGCACGTAAACC AAAACGGCTCTTTTAAGAGCCACCT
H3.2-E TAA TGGTTTTTATGCTATTTAA ARAAAGGCTCTTITAAGAGCCACCTA
H3.2-F TAA ATTAGGGTAGTGAGTGAATTTGGACC CCAAAQGCTCTTTICAGAGCCACCC
H3.2-G TAA ACGAAACAAAGTGCAAACTGGAAC CCARAGGCTCTTTTCAGAGCCACCCA
H3.1-A TAA GGGTTTCTGTTAATCCACACAACCACT TTAAAGGCTCTTCTTAGAGCCACCA
H3.1-D TAA TTGTACAGTTCCGTACAGTTCTACGGAATTAA CCAAAGGCTCTTITTCAGAGCCACACA
H3.1-H TAA AGTTCGTCTTTCTGTGTTTT TCAAAGACTCTTTTCAGAGCCACCCA
H3.1-I TAA TTCCCCTACCTGTTAATAA CAAAAGGCTCTTTTCAGAGCCCCCT

u7 site

H3.2-B CCATTATCCACC AAAGATGCTQTA-GTACAAGTTTGTAGAGTGT
H3.2-C CCATTATCCACC AAMAGATQCTTGAAGTACAAGTTGTGAGAGTTT
H3.2-E AGATGTCATGT  AMAGTTGCTGTATACTT

H3.2-F CCGTTTTCTA  TAAAMGQCTGTATATCGATAAGCTTGCAAATT
H3.2-G CAGTTTCTGTA TTACTTTTCTACTGTCTTGGAA
H3.1-A TCTTCCAAAA GCGCTTTTTCCAACTTGT
H3.1-D CGATTTCAAGT  AAAATGGCTGTAATTTACTCCATCCTTAAACG
H3.1-H AACCTACAC AAAGGTACTGTTGACTTATAGGCCAATTGGAG
H3.1-I CCTTTGTCACCAA AAAGCGQCTQTTTACCTACCTCAGGTCCAACA

Figure 6 Comparison of histone H3 gene sequences. (A) Coding region of all nine histone H3 genes. The five
histone H3.2 genes and the four histone H3.1 genes are compared in the coding region. A consensus nucleotide
sequence for these nine genes is shown at the top. The histone H3 genes sequenced previously (A, C, E, G, and
H) are identified in Table 1. (B) The 5'-flanking regions of the nine histone H3 genes. The transcription start site,
the TATAA box, and the CCAAT boxes are underlined. The sequence of only 80 nucleotides 5’ of the H3.2-G gene
was determined previously (Meier et al. 1989). The sequences shown extend to include at least two of the CCAAT
boxes found in the promoter of each gene. (C) The 3’-flanking region of all nine histone H3 genes. The stem-loop
at the 3’ end of the mRNA and the U7 snRNP binding site are underlined. The end of the histone mRNA is the

last nucleotide in the first line.

Dodgson 1987). Because there are histone H1
genes present on both of the chicken histone
gene clusters (Nakayama et al. 1993), it is likely
that these clusters are present on the same chro-
mosome and are closely linked. All of the chicken
H2b genes have been cloned and sequenced
(Grandy and Dodgson 1987). The sequences of
the different chicken histone H2b genes also
have strikingly conserved coding regions, with
each gene having distinct flanking regions
(Grandy and Dodgson 1987). The expression
level of the individual chicken histone H2b genes
was not determined.
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Gene Conversion Among the Core Histone Genes

We have proposed previously that the mouse his-
tone genes have undergone gene conversion tar-
geted at the coding region, based on the presence
of H2a pseudogenes (located on chromosome
13), which are nearly identical in nucleotide se-
quence with the authentic H2a genes on chro-
mosome 13 (Liu et al. 1987; Brown et al. 1996).
. The coding regions of the other core histone
genes are also remarkably similar at the nucleo-
tide level (Taylor et al. 1986; Liu et al. 1989). It is
possible that there has been selection on the
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Figure 7 Expression of the histone H3 genes. The histone H3-8, H3-D, H3-F,
H3-G, and H3-I genes were labeled at either the 3’ or the 5’ end of the Sall site
at codon 58. These probes were hybridized to 5 g of total cell RNA from
newborn mice (lanes 2, 3) or mouse myeloma cells (lanes 4-13), and the
S1-resistant fragments were resolved by polyacrylamide gel electrophoresis
and detected by autoradiography. The probes used are indicated above each
panel. The 5" probes protected a fragment of 176 nucleotides (H3,,) extend-
ing to the start codon as a result of protection by the other histone mRNAs,
and a longer fragment (H3) extending to the end of the mRNA derived from

the gene used as a probe. Similarly the 3’ probe protected a

nucleotides (H3,,) extending to the stop codon as a result of protection by all
the other histone mRNAs, and a longer fragment (H3) extending to the end
of the mRNA derived from the gene used as a probe. A diagram of the

nuclease protection assay is shown at the bottom.

nucleotide sequence of the coding region (Debry
and Marzluff 1994), together with frequent gene
conversion among the coding regions of indi-
vidual genes to maintain the nearly identical
coding region sequences in the replication-
dependent histone gene family (Debry and Mar-
zluff 1994).

Here we have reported the complete se-
quence of all nine of the histone H3 genes on
mouse chromosome 13. Each of these nine genes
is expressed, contributing a small fraction of the
total histone H3 mRNA. Five of these genes en-
code histone H3.2 proteins and four encode his-
tone H3.1 proteins. The histone H3.2 protein is
the predominant histone H3 protein present in
rodents, making up ~80% of the total histone H3
protein (Zweidler 1984). The high level of the
H3.2 protein is a result of the presence of highly
active histone H3 genes on mouse chromosome
3, which also encode the histone H3.2 protein

SE HISTONE GENE CLUSTER ON CHROMOSOME 17
Ha.1-1 (Graves et al. 1985; Wang et

3 5 al., this issue). In cattle (Mar-

zluff et al. 1972; Patthy and

Smith 1975) and in humans

351 (Wu and Bonner 1981) the
- e major histone H3 is the his-

tone H3.1 protein. Assuming a
similar gene organization in
humans and mice, we predict
that the histone H3 genes pre-
sent on human chromosome
1 will encode histone H3.1
proteins.

The coding regions of the
histone H3 genes on mouse
chromosome 13 have been re-
markably conserved at the
nucleotide level. There is a
clear consensus at every
nucleotide, with the excep-
tion of the single amino acid
difference between histone
H3.1 and H3.2. At this site,
there is a characteristic
3-nucleotide difference be-
tween the H3.1 and H3.2
genes, in the third nucleotide
of codon 95 and the first and
third nucleotide of codon 96
(although the amino acid
change could be accomplished
by simply changing the first
nucleotide of codon 96).
There are very few changes
among all of the histone H3 genes (seven variant
positions) between codons 30 and 124, but there
are nine changes in the last 10 codons and seven
changes in the first 30 codons. It is difficult to
reconcile the near identity in the coding region
with the 3-nucleotide changes present between
the H3.1 and H3.2 genes, which are in a region
where all the genes are otherwise nearly identi-
cal. If these three changes are not included, then
the H3.1 and H3.2 genes are equally similar to
each other.

In one case there has been a recent gene con-
version event that extended past the coding re-
gion. The 3’'-flanking regions of the H3-C and
H3-B genes are nearly identical for >150 nucleo-
tides past the stop codon. The 5’-flanking regions
of these same genes are completely distinct (Fig.
6B), suggesting that the conversion event ex-
tended from the coding region to the 3'-flanking
region of the gene. These two genes are located in

H3u
H3

242 ‘
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S
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the same patch (patch II) suggesting that these
tightly linked genes were involved in a recent
gene conversion event. Note that these genes
have 5-nucleotide changes in the 5’ end of the
coding region, a number similar to that found
between any two histone H3 genes.

Why Are the Histone Genes Clustered?

The histone genes encode five distinct families of
proteins, and the four core histone proteins have
been highly conserved at the amino acid levels in
all metazoans and plants. Unlike the genes for
many coordinately expressed proteins (e.g. a-
and B-globin), the genes for the different histone
proteins have remained tightly linked during
evolution. This is a unique organization for a co-
ordinately regulated gene family in metazoans,
particularly one in which the five proteins are so
different from one another. The mRNAs encod-
ing the replication-dependent histone proteins
are unique, in that they are the only nonpolyade-
nylated mRNAs (Marzluff 1992). They end in-
stead in a highly conserved stem-loop structure
that is present on all replication-dependent his-
tone mRNAs. Despite the fact that the genes for
the different histones are linked, there are two
clusters of histone genes in mammals.

There must be selective pressure maintaining
the different histone genes in a tightly linked
cluster. The selective pressure that has kept the
histone genes relatively closely linked may be the
unique mechanism of histone mRNA synthesis
in metazoans. The replication-dependent histone
pre-mRNAs must take a different pathway
through the nucleus than the other pre-mRNAs.
The histone genes lack introns and the 3’ ends
are formed by a cleavage reaction requiring U7
small nuclear ribonucleoprotein (snRNP) (Gick et
al. 1986; Mowry and Steitz 1987; Soldati and Sch-
timperli 1988). It is possible that the clustering of
the histone genes is attributable to the need to
efficiently process the histone mRNA, which may
take place at defined subnuclear sites that are
close to the histone genes. There is evidence for
discrete subnuclear structures located near the
histone genes (Frey and Matera 1995) that con-
tain U7 snRNA. The one exception to this clus-
tering is the H2a.X gene, which ends in the same
stem-loop (Mannironi et al. 1989; Nagata et al.
1991) and is located on human chromosome 11
(Ivanova et al. 1994), in a different location from
the other histone genes. The H2a.X gene encodes
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both a replication-dependent mRNA and a poly-
adenylated mRNA (Mannironi et al. 1989; Nagata
et al. 1991). We have noted that there are cases
where a transfected replication-dependent his-
tone gene produces some polyadenylated mRNA,
whereas the endogenous gene does not, suggest-
ing that the chromosomal localization may influ-
ence the efficiency of histone 3’-end formation
(Chodchoy et al. 1987). If histone processing is
tightly coupled with transcription in vivo, a pre-
diction is that there are at least two centers of
histone pre-mRNA processing, one for chromo-
some 3 and the other for chromosome 13. The
two histone gene clusters could be in close prox-
imity in the nucleus. These possibilities are cur-
rently under investigation.

METHODS
Isolation of YAC and Pl Clones

Pooled DNA from the mouse YAC library (Princeton Uni-
versity, NJ) was screened by PCR using primers from the
coding region of mouse histone H3. Primer 1 extended
from codon 12 to 18 (GGCGGCAAGGCCCCGCGCAA)
and primer 2 from codon 126 to 119 (CTGGATGTCCT-
TGGGCATGATGGT). Nine YACs containing the histone
genes were identified using PCR. The YAC sizes were de-
termined by pulsed-field gel electrophoresis (Schwartz and
Cantor 1984), followed by Southern blotting using a probe
from the coding region of histone H3. DNA was prepared
from each of the yeast strains by the method of Olsen et al.
(1979). The DNA was digested with restriction enzymes,
separated by agarose gel electrophoresis and transferred to
Nytran. Probes specific for each of the four core histone
genes were used to estimate the number of each type of
histone gene on each YAC.

The P1 clone P318 was isolated by Genome Systems
(St. Louis, MO) using primers specific for the histone Hla
gene (Dong et al. 1994). Additional P1 clones were isolated
using primers specific for the histone Hilb (P894), H1d
(P271, P895, P896), and Hle (P391) genes.

Identification of the Ends of the YAC Clones

The ends of the YAC inserts were identified by bubble PCR
(Riley et al. 1990). The yeast DNA was digested with several
restriction enzymes that result in blunt-end DNA frag-
ments, a bubble primer was ligated onto the end of the
fragments, and the fragments where linearly amplified for
10 cycles using a single primer complementary to one end
of the YAC vector. The end fragments were then amplitied
for 30 cycles using a primer complementary to the bubble
and a nested primer specific for one side of the insertion
site in the YAC. The amplified fragments were then cloned
into pUC18. The fragments were sequenced to verify that
they contained the insertion sites of the YACs. The end
fragments were labeled using random primer labeling and
hybridized to a Southern blot containing DNA from all of
the YACs. Specific primers for the insert were synthesized
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based on the sequence, and all of the YACs were tested by
PCR for the presence of these end fragments.

In Situ Hybridization

Mouse metaphase spreads were prepared from cultured
spleenocytes using a standard methanol/acetic acid fixa-
tion protocol. The following YAC clones were used for
fluorescence in situ hybridization (FISH): BC11, CTC4, D6,
DE8, ED11, VB2, XF10, XH10, CID1, and P318 (a P1
clone). The probes were nick-translated, incorporating bio-
tin-16-dUTP (Boehringer Mannheim, Indianapolis, IN).
Approximately 500 ng of total yeast DNA (or 70-80 ng of
P1 DNA) was precipitated along with 2 pg of mouse Cot-1
DNA (GIBCO/BRL, Gaithersburg, MD) and 9 u.g of salmon
sperm DNA for use on each metaphase slide. The probe
solution consisted of 50% formamide/2x SSC/10% dex-
tran sulfate at 37°C; subsequent washings 3 5 min each)
were performed in 50% formamide/2 x SSC at 42°C and
then in 1X SSC at 60°C. The hybridization signals were
detected with FITC-cojugated avidin (Vector Laboratories,
Burlingame, CA). The G/Q banding pattern on the chro-
mosomes was generated by a DAPI counterstain.

The metaphase chromosomes were imaged using a
cooled charge-coupled device (CCD) camera (Photomet-
rics, Tucson, AZ). The 16-bit source images were stored as
normalized 8-bit gray scale data files by use of the software
program CCD Image Capture (Yale University, New Ha-
ven, CT). Proper image registration was maintained by the
use of highly plane parallel bandpass filters (Ballard and
Ward 1993). Image merging and pseudocoloring were
done with the use of Gene Join (Yale University) on an
Apple Macintosh computer. Finished color prints were
produced using Adobe Photoshop 2.5.1 (Adobe Systems)
and a dye sublimation printer (Kodak).

Identification of the Histone H3 Genes

To identify the previously isolated histone gene clusters,
primers from the 5'- and 3'-flanking region were utilized
in PCR reactions with total DNA from yeast strains con-
taining the YACs. This strategy allowed us to identify all of
the previously reported mouse histone genes on chromo-
some 13. To isolate the additional histone H3 genes, the
yeast DNA was digested with the appropriate restriction
enzyme and then resolved by electrophoresis on a 1% aga-
rose gel. The region containing the histone H3 genes iden-
tified by Southern blotting was eluted and the DNA cloned
into pGEM3zf, pUC18, or pBluescript. The positive clones
were identified by colony hybridization (Buluwela et al.
1989) using the H3-614 gene as a probe.

Analysis of Histone H3 Gene Expression

All of the histone H3 genes contain a Sall site in the coding
region at codon 58. The cloned gene was digested with
Sall, and the 3’ end was labeled with [«-**P]dCTP using the
Klenow fragment of DNA Poll. To label the 5’ end, the
digested DNA was treated with calf intestinal phosphatase
followed by labeling with [y-*2P]ATP using T4 polynucleo-
tide kinase. The labeled DNA was hybridized with 5 pg of
RNA from either mouse myeloma cells or newborn mice.
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S1 nuclease protection assays were performed as described
previously (Graves et al. 1985). The protected fragments
were analyzed by electrophoresis on 6% polyacrylamide/7
M urea gels and detected by autoradiography.

Identification of Individual Histone HI Genes
by PCR

Primers specific for the histone Hla (Dong et al. 1994),
Hle (Dong et al. 1994), and H1t (Drabent et al. 1993) genes
were synthesized and used in a PCR reaction to amplify the
individual H1 genes. The Hla primers were from the 5’
untranslated region (UTR) (TGCAGGCAGACAGGCG-
CACQG) and from the center of the coding region (TGCAC-
GATGAGCTCCGACAC), and the PCR-amplified product
was 310 nucleotides. The Hle primers were from the 5'-
(TGCATGAAGCCCGAGACTTC) and 3'-(CTAACCACAC-
CCCCTGTGAATG) flanking regions, and the PCR ampli-
fied product was 1042 nucleotides. The H1t primers were
from the 5-(GTCGCGTGGAATCTAAGTCC) and 3'-
(AACTGCCCACCTTAACTTTGG) flanking regions, and
the PCR amplified product was 994 nucleotides.

DNA Sequencing

The DNA was sequenced on an Applied Biosystems Model
373A sequencer in the DNA Sequencing Facility at the Uni-
versity of North Carolina at Chapel Hill. Both strands of all
genes were sequenced.
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