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ABSTRACT

Analysis of 41 histone homologous clones from an isogenic
gene library of Drosophila melanogaster showed that non-histone
fragments interrupt the histone repetitive clusters at several
sites. Long (L) and short (S) forms of the repeating units are
distinguished by the insertion of 240 bp into the spacer between
Hl and H3 of the L units; Each form appears to be clustered with
its own kind. The complete DNA sequence of the histone 5.0 kb
repeating unit was determined. Five histone genes(Hl1, H2A, H2B,
H3, H4) were identified in a repeating unit and several sequence
blocks common to the five histone genes were found in the 5'- and
3'-regions. The insertion sequence of 240 bp was found to be
similar to the Alu family, an element derived from CtRNA.

INTRODUCTION

There are two types of histone gene families, a tandem
cluster type and a dispersed type. The former is found in
Drosophila (1, 2) and the latter, in chicken (3, 4, 5), mouse (6,
7) and human (8-10). In some species, such as Xenopus (11-17) and
sea urchin (18-22, 61-62), both types are present together. The
order of histone genes in a repeating unit, polarity of
transcription and copy number often differ among species (2, 23-
25). The orientation of transcription in the sea urchin is
unidirectional in all five early histones (H1-H4-H2B-H3-H2A) (20),
but not in yeast (H2A-H2B, H3-H4) or Drosophila (H1-H3-H4-H2A-
H2B). In the latter species, H2A and H2B, H3 and H4 are
transcribed in opposite directions (1, 26, 27). The number of
copies in several species has been estimated as: 1-2 in yeast
(26, 27), about 10 in chicken (5), 20-60 in Xenopus (12, 13), 110
in Drosophila (1, 28) and several hundred in the sea urchin (20,
22, 23).
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Fig. 1. The structure of the type II Alu family and insertion of
histone gene are shown along with the location of insertion
sites.

The histone genes of D. melanogaster repeat tandemly in the

39D-E region of chromosome IIR (28), where two kinds of repeating
units, L (5.0 kb) and S (4.8 kb) are known to be present (29).
The L unit has about 240 bp inserted between H1 and H3 (29) (see
Fig. 1). Saigo et al.(30) analyzed the organization of the
histone gene family by two dimentional electrophoresis and
found that both of these units were clustered. Variant types also
exist at low frequency (30). For instance, transposon 297 (a
copia-like element) is inserted in the TATA box of H3 (31). As
for the structure of the repeating unit, Goldberg (32) determined
about 70 % of the DNA sequence of the S repeating unit, but the
3'-coding region and intergenic spacer have yet to be
characterized completely.

In this study, restriction enzyme mapping and histone homo-
logous fragments were determined for forty-one histone positive
clones from the lambda library of a D. melanogaster isogenic

strain. The organization of the histone gene family in a genome
was deduced. The complete DNA sequence of the histone L unit was
determined so as to examine the structure of histone genes.

MATERIALS AND METHODS
D. melanogaster library

To study the organization of the histone gene family in a
chromosome, the isogenic strain, AK-194, was used. AK-194 was
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previously constructed by extracting both the second and third
chromosomes simultaneously from an isofemale line using a
balance-lethal system (33). The gene library was constructed by
either EcoRI partial digestion using a charon 4 vector (34) or
MbolI partial digestion using a AEMBL4 vector (35). In order to
minimize the production of the artificially ligated DNA of small
size (<10 kb) the DNA with the molecular weight of 12-20 kb was
purified by sucrose gradient centrifugation. In addition, the
Drosophila DNA was treated with alkaline phosphatase prior to
ligation to vector DNA. Plaque hybridization was performed to
screen the histone genes (36).
Cloning

DNA of a plasmid or phage was prepared by the Alkali-SDS and
liquid culture methods, respectively (37). Digested DNA was
ligated into the poly-linker site of a pUC9 plasmid (38).
Transformation was conducted according to the CaCl, method (39)
using the strain JM83 or TB1.
Labelling of DNA

An EcoRI fragment of pKSL100 (histone 5.0 kb unit of D.
melanogaster) was labelled by nick translation (40) using o-
32pgcre.
Southern blotting

Digested DNA was separated by agarose gel electrophoresis
and transferred to a nylon membrane filter (Pall) by the method
of Southern (41). Hybridization was conducted with a histone
gene probe for 24-36 hrs at 68°C (37). The filters were washed
with 6xSSC once, 4xSSC twice, and 1xSSC once at 68°C.

DNA sequencing

We determined the DNA sequence by dideoxy chain termination
(42, 43) using a denatured plasmid as the template (44). Takara
sequencing kit and Amersham's universal primer or oligonucleotide
primer (17mer 5'-GCGATGACGCTTGGCG-3') were used for the
sequencing reactions.

RESULTS
Organization of the histone gene family in D. melanogaster

The organization of this family in D. melanogaster, that is,
the distribution and structure of members of this family in the
genome, was deduced by analyzing many independent histone clones
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Fig. 2. Restriction mapping of 31 clones from the AK-194 EcoRI
library and 10 clones from the BamHI library. In the right column
is shown the number of clones with the same mapping patterns. The
thick line shows the histone repeating homologous fragments.

from an isogenic strain (AK-194). To avoid biased selection of a
cloning enzyme, thirty-one and ten clones were obtained from
EcoRI and BamHI libraries, respectively. In Fig. 2, the histone
homologous repetitive fragments (thick line) with and without the
EcoRI site are considered to be the histone L (5.0 kb) and S (4.8
kb) units, respectively. As expected from the tandemly clustered
structure, most of the clones (28 out of 41: 18 clones of 3L
units from the EcoRI library, 8 clones of 3L units from the BamHI
library and 2 clones of 3S units from the BamHI library) each had
3 units of the same length in tandem, indicating that each unit
was grouped with its own kind. This is consistent with the
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Fig. 3. Sequencing strategy of the histone 5 kb unit. DNA
sequences were determined mainly from PstI, Taql, and Hpall
sites. Boxed regions at the bottom of the figure indicate those
sequenced previously by Goldberg (32).

conclusion arrived at by a different method (30). Twelve of the
remaining clones, however, had histone non-homologous fragments
as well as one or two histone units. Although at most two diffe-
rent clones of these fragments may be at the ends of a histone
cluster, some may be situated in the middle of histone loci. This
is because the histone genes were found to be located in the 39D-
E region of chromosome IIR by in situ hybridization (28). Thus,
some parts of the histone gene cluster may possibly be
interrupted by non-histone DNA. Southern blotting experiments of
genomic DNA digested with BamHI showed the presence of histone
homologous fragments with various sizes when blotted against the
histone probes, confirming the above interpretation about the
structure of histone gene families (data not shown).
Complete DNA sequence of the 5.0 kb histone gene repeating unit
One L unit was cloned (AK-194-19) and its DNA sequence was
determined. The sequencing strategy and 5041 bp sequence
determined are shown in Figs. 3 and 4, respectively. Five histone
coding regions were identified within a repeating unit by
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computer analysis and amino acid sequence (45-48).

Units of the histone repeats have 200-1400 bp of
nontranscribed spacer sequence. The largest spacer between H1l
and H3 is 1400 bp and contains the AT-rich region (about 77 % of
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4410 4420 4430 4440 4450 4460 4470 4480 1490 4500 4510
CCCCTATTAA GCAATCGGTC CTTTTCAGGA CCACCATTCA GTTTTTAAAA GGAGGAAGAT TTTCAAAAAG TATTTAATTT TATTGGTCGG GACTCCCAAA AAATATGTTA
GGGGATAATT CGTTAGCCAG GAAAAGTCCT GGTGGTAAGT CAAAAATTTT CCTCCTTCTA AAAGTTTTTC ATAAATTAAA ATAACCAGCC CTGAGGGTTT TTTATACAAT

4520 4530 4540 4550 4560 4570 4580 4590 4600 4610 4620
AACTAAAAAT AAATGTCTGT CGTTCGTACT CTTTCAAATA GAATGTGTAT TTCTAACATG GATTTGTACA GACTGTACAA ATGGTTTCAG ACACCGCATG TACAGCATCA
TTGATTTTTA TTTACAGACA GCAAGCATGA GAAAGTTTAT CTTACACATA AAGATTGTAC CTAAACATGT CTGACATGTT TACCAAAGTC TGTGGCGTAC ATGTCGTAGT

4630 4640 4650 4660 4670 4680 4690 4700 4710 4720 4730
CATCGTGGTG TGCGATTGTT TAAAGAAGCA AATTATAGTT TATACCGCAT ATAGTAGAAA ACCCTTACTA CATTACCATC TTTACGTTAA TAATTCTTTA TGATTTATTA
GTAGCACCAC ACGCTAACAA ATTTCTTCGT TTAATATCAA ATATGGCGTA TATCATCTTT TGGGAATGAT GTAATGGTAG AAATGCAATT ATTAAGAAAT ACTAAATAAT

4740 4750 4760 4770 4780 4790 4800 4810 4820 4830 4840
ATTACAACAA ATTGCCAAGC TAAAAAATTT TTCAATTCTT TGGTAATAAT TTGGTCGTCC TGAAAAGGAC GGTTTGATTG ACGATTTTAT GTACATGTAG GTTTTTAGCT
TAATGTTGTT TAACGGTTCG ATTTTTTAAA AAGTTAAGAA ACCATTATTA AACCAGCAGG ACTTTTCCTG CCAAACTAAC TGCTAAAATA CATGTACATC CAAAAATCGA

4850 4860 4870 4880 4890 4900 4910 4920 4930 4940 4950
TAGCCTTTGA AACGTTTAGG CCTTCTTCTC GGTCTTCTTG GGCAACAGAA CAGCCTGTAT ATTAGGCAAC ACGCCACCTT GTGCAATTGT GACGCCGGAG AGCAGCTTGT
ATCGGAAACT T'I'GCAMﬁﬁ F‘tﬁuﬂ‘n CCAGAAGAAC CCGTTGTCTT,GTCGGACATA TAATCCGTTG TGCGGTGGAA CACGTTAACA CTGCGGCCTC, TCGTCGAAC,

AlalLysi ysGlu ‘I'hrl.YSLvsProLeuLeuvn AlaGlnlleAsnProLeuValGlyGlyGln Alalle‘l‘hrValGIySerLeuLeuLysAsn

4960 4970 020 50. 5050

2 030
TTAACTCCTC GTCGTTGCGG A‘I‘OOCCAGTT OCAGATGACG CGGAATAATT CTAGTCTTCT TGTTGTCACG AGCAGCATTG CCAGCCAAC’I" c

Le&l%iuxspumrg TieAlaLeuGlfiLeu ﬁi sArq#ol lelleArgThrLysLys ASnAspArgAlaAl aAsnzl yAlaLeuGlu

Fig. 4. Complete DNA sequence of the histone 5 kb unit. Position
No. 1 is the Xhol site. Five histone structural genes are
indicated by underlines. The boxed sequences show tRNA derived
insertions (Alu-like family).
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the sequence is A or T in Nos. 2115-2927 of Fig. 4) and 240 bp
insertion (Nos. 2927-3167 of Fig. 4). The AT-rich region may have
a specific structure and perform certain functions (49). The
repeat of a simple sequence (GA)10 was found in the spacer
between H3 and H4 (Nos. 3882-3902 of Fig. 4). A similar repeating
structure was found in the histone repeating unit of sea urchin
(50) and in the gammer-globin genes of human (51).

t-RNA derived insertion sequences (240 bp) in the L unit

The structure and sequence of the insertion in the spacer
between Hl and H3 were examined in detail. The insertion site was
inferred from the sequences of the S (4.8 kb) and L units (5.0
kb) (32, 52 and Fig. 4). These sequences have several features in
common with elements derived from t-RNA. First, the length of the
insertion of each of these sequences (240 bp) is comparable to
that of the Alu-like family (approximately 70-300 bp). Secondly,
the structure of the sequence is quite similar to that of the
Alu-like sequences ( 53) as described below. Thirdly, direct
repeat (DR) and insertion sites are very AT-rich as suggested by
Daniels and Deininger in Alu-like sequences (54). A typical
structure of Alu-like sequences is shown in Fig. 1. There is a DR
block at either end and inbetween, 57-leader, t-RNA derived, t-
RNA unrelated and AT-rich blocks. Insertion sequences found in
histone L repeating unit have similar structures and putative DR
(ATA) (Fig. 1). The DNA sequence of the insertion corresponding to
the tRNA derived block is shown in Fig. 5B and the conserved
sequence in the tRNA family, in Fig. S5A. Twelve out of 14
positions in the latter were found in the former (55). t-RNA is
transcribed by RNA polIII and contains its promoter within the
molecule (boxed in Fig. 5A) (56). The general promoter for polIIl
proposed by Sharp et al.( 56 ) is indicated at the bottom of Fig.
5 as well as the insertion sequences corresponding to this
region. Conserved sequences of the polIll promoter were found in
the insertion sequences at the same position (15 out of 16 were
matching). From these findings the structure of these insertion
sequences appears similar to that of the Alu-like family and the
insertion sequences may possibly be derived from t-RNA.

Common sequences among five histone genes in D. melanogaster

The 5'-upstream positions of five histone genes in D.
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Fig. 5. A: Conserved sequences in the all t-RNA derived family
and all t-RNA are shown in the position of the t-RNA structure.
Promoters of RNA polIIIl are boxed. B: Insertion sequences of
histone genes are shown in the form of the t-RNA structure.
Conserved positions are shown by circled letters. Bottom: General
promoters of RNA polIIIl (the upper sequence) and insertion
sequences of the histone thought to correspond to the promoter of
RNA polIII are shown as lower sequences. ":" indicates the
conserved sites in both sequences. *: General promoter shown in
this figure is slightly modified from Sharp et al (56).

melanogaster (500 bp examined) were compared by computer. Two
common sequence blocks, "TATA box" and "AGTGAAA" were found in
the 5'-region (boxed in Fig. 6A). AGTGAAA was present at -8 bp to
~25 bp from the initiation codon and nearly identical sequences
were also noted further upstream (-31 to -46 bp, underlined in
Fig. 6A). A few similar sequences were found in the histone genes
of other species (see 47). The 3'-regions (500 bp downstream from
stop codon examined) were also compared. Two common sequence
blocks, a " hair pin loop" structure block and " AATAAA" were
observed in the 3'-region (shown in Fig. 6B). It is well known
that Drosophila histone m-RNA is not polyadenylated, in contrast
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A

-200 -190 -180 -170 -160 -150 -140 -120 -110
H1 CTTATTTTTA TTAATGATTT AAAATACTAA AAAATTAAAA AAAGTTTACA CTTCAAGCAA Acn"mmm C TGATGTCAGT AGCATTGTTA
H2A ACAATTCACT TATCGTAATG TGGSCCCGAA CGCGTTCACG TTTATACTTT TTTTCGAGCA GTCAATTCAG GTCTAAGTCA CCCACCCCTA ACTGAATGCG
H2B ACTTTACACA CGGAACACGA ATGCTCGCCT AACCCAGACA GCGAAATATT TATACTTTTC CGTTTGCCTG CGCATTCAGT TAGGGGTGGG TGACTTAGAC
H3  AAAACCCGAG AGAGTACGAA CGATATGITC GTTCGCTTTT CGCTCGTCAA ATGAAATGGC CTCTGTTTTT CTCTCTCTCT CTCTCTCTCT TTCACCGTCC
H4 GGACGGTGAA AGAGAGAGAG AGAGAGAGAG AAAAACAGAG GCCATTTCAT TTGACGAGCG AAAAGCGAAC GAACATATCG TTCGTACTCT CTCGGGTTTT

-100 -90 -80 -70 -60 -40 -30
HI  AAGTGCTCTC CTCCTCGATT CTCATCAGAG CAAAGGAGGT TGGTAGGCAG CGCGCGAGCC ATTTTTAACA GAAAAAAAGT GTTCTMA
H2A CAGGCAAACG GAAAAGTATA AATATTTCGC TGTCTGGGTT AGGCGAGCAT TCGTGTTCCG TGTGTAAAG] ARGTG AARTAAACGC AAAGCAAAAT

H2B CTGAATTGAC TGCTCGAAAA AAAGTATAAA CQTGAACGCG TTCGGGCCCA CATTACGATA AGIGAATTGT GTT A
H3  ACGATTGCTA TATAAGTAGG TAGCAAATGC TCTGATCGTT TATTGTGTTT TCAAACGTGA AGTAGTGAAC GTGAACTTTA GIGAAACCCA AATCGGAGAT
H4 TGTCGTTTTA CCTATAAATA] GGGGCACACA GAAACGTTGA AATTAGTTCT TTAGIGACTT TCGTGCTGTG CGTGTATAAT AGTATAGAAC [A

AN ATATAAGTAA CGTGAACAAT!

>

B

40 50 60 70 80 90 100
H1 [TAAATTGTGA AAAAGTGCAG TATTTGGTAC ATGTTCGCAA TTAAAATTTT AGATTTATGA TTTATAGATC TGAAATTTGT TTAAACAAGT CCITIICAGG
H2A |TAMACGTTTC AAAGGCTAAG CTAAAAACCT ACATGTACAT AAAATCGTCA ATCAAAC AT TATTACCAAA GAATTGAAAA
H2B [TAATTTTCTC CTGCGAATGC GGACAATAAT CCAAAACGGC CCTTTTCAGG GCCACAATGT GTTATACCAA AGAAATGCAT TTTTCAACCA CCAATCATCG
H3 [TAAGCTGACA CGGCATTAAC TTGCAGATAA AGCGCTAGCG TACTCTAT, ACCAGATT CAATGAGATA AAATTTTCTG
He AAAGTGT ACATCCTGTG TACCCCTATT AAGCAATCGG TCCIT] ATT CAGTTTTTAA AAGGAGGAAG ATTTTCAAAA AGTATTTAAT

110 120 130 140 150 160 170 180 190 200
Hl  GCTACAACGT TCCGTTGCAA GAGAAAAAAA CTTTTATTTT CTTCCACTTA TTTATTAGCT GACGTTCGCA GCAACRATAA MACGTTTCAT GTCATGAATT
H2A ATTTTTTAGC TTGGCAATTT GTTGTAATTA ATAAATCATA AAGAATTATT AACGTAAAGA TGGTAATGTA GTAAGGGTTT TCTACTATAT GCGGTATAAA
H2B AATATGAATT TACAAATAAA ACTTATTTAC CCGCAATATG GGTAATTGGG TAAT! ACAA AAAAATCGGG AACGAAAACT GAATGCGACC
H3  TTGCCGACTA TTTATAACTT AAAAAAAATA AGAACAAAAT TCATATTCTA TTATTTATGG CGCAAACGGT ACTGGGTCTT AAATCATATG TAAAAATACT
H4 TTTATTGGTC GGGACTCCCA AAAAATATGT TAAACTAAAR ATAAATGTCT GTCGTTCGTA CTCTTTCAAA TAGAATGTGT ATTTCTAACA TGGATTTGTA

210 220 230 240 250
Hl  ACATTGAATG TTGGTCGCAT TCAGTTTTCG TTCCCGATTT TTTTGTATTT
H2A CTATAATTTG CTTCTTTAAA CAATCGCACA CCACGATGTG ATGCTGTACA
H2B AACATTCAAT GTAATTCATG ACATGAAACG TTTTATTGTT GCTGCGAACG
H3 AATTCTGCCA GAGAA( ATAATC TTATTTTAAT TGTCAGCTCA
H4  CAGACTGTAC AAATGGTTTC AGACACCGCA TGTACAGCAT CACATCGTGG

-
>

0

Fig. 6. 5' regions and 3' regions are compared in 5 histone genes
in Drosophila melanogaster. Only 200 bp upstreams from the start
codon and 250 bp downstreams from the stop codon are shown in the
figure. Common sequences are boxed.

to Xenopus (23) and yeast (24). The hair pin loop structured
block (AATCGGTCCTTTTCAGGACCACAA) found at about 40-100 bp
downstream from the stop codon appears important for the 3'-end
formation of the m-RNA (57, 58). This sequence block was
conserved in most of the histone 3' region (23). The AATAAA
sequence thought to be a polyadenylation signal, is rarely
present in published DNA sequences of histone genes (47).

DISCUSSION

Several common sequence blocks were found in the 5'- and 3'-
regions of five histone genes of D. melanogaster. The AGTGAAA
sequence block was found in the 5' region at almost the same
position, but a homologous sequence could not be detected in
other species such as sea urchin (18-22), yeast (26, 27), chicken
(3-5), or human (8-10). Thus, this sequence block may be impor-
tant for the specific expression of Drosophila histone genes. In
addition to the " hair pin loop " structure block, the AATAAA se-
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quence block was found in the 3'-region. From this, it is
conceivable that Drosophila histone genes produce two kinds of m-
RNA, one carrying poly(A) and one that does not.

Recently, the Alu-like family, rodent type 2 Alu family, rat
ID sequences, rabbit C family, and the bovine or goat 73-base-
pair repeat were found to be similar to tRNA (53, 54, 59). The
insertion sequence in the AT-rich spacer region of histone repeat
unit is also similar to t-RNA. This insertion could be
transcribed by RNA polIIlI, since the conservative sequence of the
RNA polIII promoter is in this insertion. The insertion site is
very close to the region reported as the binding sites for
protease sensitive components (49). Thus, the element may perform
some role in gene expression or constructing the chromatin
structure. The functions of these sequences (AGTGAAA, AATAAA,
Alu-like insertion) remain to be determined by future research.

In regard to the organization of the histone gene family in
D. melanogaster, the L and S units are polymorphic and clustered,

respectively. Variant types having non-histone fragments are
sometimes present in the histone cluster (31, 60). In some
Drosophila species such as D. mauritiana, D. teissieri, D.
erecta, and D. orena, the length type is constant (61, 62). It

appears that variant types accidentally increase or become fixed
in the histone clusters of certain Drosophila species and several
subclusters segregate in the polymorphic state in D.
melanogaster.

The interruption of a histone cluster by non-histone frag-
ments may at times reduce the rate of genetic exchange among the
members of a family. Disruption of homogenization would cause the
histone clusters to differ from those of the main cluster. If
these "orphan" genes (63) come to have different function(s) as
in the case of the late histone genes in sea urchin (18, 19), the
processes responsible for hindering the exchange of genetic
information among the members of a family, will also be important
for the progressive evolution of organisms.
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