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ABSTRACT

Histone genes in D. hydei are organized in tandemly
repeated clusters., accomodating in total 120 - 140
repeat units. We cloned one of the repeat units and
analysed the nucleotide sequence. The repeat unit has
a size of 5.1 x 10° base-pairs and contains one copy of
each of the genes coding for the core histones and one
copy coding for the histone H1. In the promoter regions
of the genes we identified the presumptive cap sites
and TATA boxes. Two additional sequence elements
are shared by all five Drosophila hydei histone genes
in the cluster. The sequence CCCTCT/G! is found in
the region upstream of the presumptive CAP sites. The
sequence element AGTGAA occurs downstream of the
presumptive cap sites and is, in contrast to the
promoter element, also seen in the histone genes of
Drosophila melanogaster [1]. Cell-cycle dependent
regulation of transcription of the Drosophila histone
genes may be different from that in other eukaryotes
since sequence elements involved in the regulation of
cell-cycle dependent transcription are absent. Also
other regulatory elements for transcription differ from
those of other genes. The highly conserved H1-specific
promoter sequence AAACACA and the H2B specific
promoter sequence ATTTGCAT, which are involved in
the cell-cycle dependent transcription of those histone
genes in eukaryotes, are missing in the Drosophila
genes. However at the 3’ end of the genes the
palindrome and the purine-rich region, both conserved
sequence elements in histone genes of eukaryotes, are
present. The spacer regions show a simple sequence
organization. The silent site substitution rate between
the coding regions of the D. hydei and D. melanogaster
histone genes is at least 1.5 times higher for Drosophila
than for sea urchin histone genes.

INTRODUCTION

The genes coding for the highly conserved histones constitute
a multigene family. Their structure and organization in the
genome have been studied in a variety of species. In higher
eukaryotes histone genes generally occur clustered in the genme
(for review see [2]). Two types of clustering have been identified.
In the first type the genes are arranged in random clusters
dispersed throughout the genome. Examples are chicken [3],

mouse [4] and man [5, 6]. In the second type of arrangement
histone genes are organized as tandemly repeated clusters with
each cluster containing all genes for the core histones and for
H1. This has been found, for example, for the genes coding for
the early histones in sea urchin (for review see [7]),
Notophthalmus [8] and Drosophila [9].

In Drosophila melanogaster histone gene organization is known
in detail. The majority of the histone genes, about 100 copies
per haploid genome, exists in two types of repeat units called
L (5.0 kb) and S (4.8 kb). They are localized in region 39 D-E
of chromosome 2 [9, 10]. The two types of clusters differ by
an insertion of a 240 bp tRNA-derived element in the H1 —H3
spacer region of the L unit 1, [9]. Most of the two repeat types
occur not intermingled [11]. In addition to the tandem repeats,
orphon genes of H3 and H2B may be present [12].

In Drosophila virilis histone gene organization seems to be
different from that in D. melanogaster. There are indications of
a type of cluster without an H1 gene [13]. Furthermore, histone
genes are located at two different sites as shown by in situ
hybridization on polytene chromosomes [14].

We initiated the analysis of the D. hydei histone genes since
we have evidence for testis-specific histone variants ([15], and
unpublished data). We cloned a 5.1 kb histone repeat unit from
an Eco RI genomic library. A 5.1 kb EcoRI band is one of the
main restriction fragments arising after hybridization with a D.
hydei histone gene probe.

The 5.1 kb Eco RI fragment was sequenced. It contains the
genes coding for the core histones and H1. Sequence analyses
of coding regions, promoter regions and the remaining spacer
regions including comparisons to the recently published sequence
of a D. melanogaster repeat unit of the L type [1] are presented.
The results of our comparison of the DNA sequences of both
species allow to conclude that some of the regulatory elements
for transcription of the Drosophila histone genes differ from those
of other eukaryotes.

MATERIALS AND METHODS

Drosophila strains

The wild-type strain of D. hydei from our laboratory collection
was used.

Isolation of nucleic acids

For small-scale DNA extraction from flies we followed the
procedure described by Huijser and Hennig [16]. DNA isolation
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of recombinant phages and plasmids were done according to
standard protocols as described by Maniatis et al. [17].

Hybridization of nucleic acids

Genomic DNA fragments from restriction digests were separated
on horizontal 0.8% agarose gels according to Maniatis et al. [17].

DNA blotting and hybridizations were done on Hybond N+
membranes (Amersham) according to the Amersham protocols
[18].

Isolation of clone pDh6/7

A genomic library of D. hydei wild type DNA, partially digested
with EcoRI and cloned in vector N641 was probed with
nicktranslated DNA of clone p604 [19] containing the genes
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Fig. 1. Hybridization of pDh6/7 insert DNA to blots of BamHI- (lane 1) and
EcoRI- (lane 2) digested genomic DNA of male flies. With genomic DNA of
female flies the same results were obtained (data not shown). The molecular weight
marker was HindIII- digested lambda DNA. large arrowhead, 5.1 kb; asterisk,
2.9 kb; small arrowhead, 2.3 kb.

coding for H1 and the core histones of D. melanogaster. One
of the selected D. hydei clones was designated A Dh6/7 and
studied in detail. The 5.1 kb insert of this clone was recloned
in pBR328 and designated as pDh6/7. Screening, subcloning and
isolation of recombinant DNA were performed according to
protocols of Maniatis ez al. [17]. A second D. hydei clone was
designated A\Dh6/8. It has an insert of 2.3kb. The insert was
recloned in pBR328 and designated as pDh6/8.

DNA sequencing

Cloning of selected as well as random restriction fragments of
insert DNA of the clone pDhH6/7 in M13mp18-19 [20, 21] and
isolation of single-stranded templates were performed according
to the Amersham protocols [22]. The nucleotide sequences were
determined by the dideoxy chain termination method of Sanger
[23]. In the last steps of sequencing oligonucleotide primers
synthesized according to known parts of the sequence were used.
Parts of the sequence were determined from denatured M13 RF
DNA of the subclones using T7 DNA polymerase according to
protocols of Pharmacia. The DNA sequence was determined for
both strands.

DNA sequence analysis

For assembly of gel readings the computer program of Staden
[24] was used. The GCG sequence analysis software package
version 5, 1987 (University of Wisconsin, Biotechnology Center),
was used for further sequence analyses.

RESULTS AND DISCUSSION
Structure and organization of the histone gene repeat unit

The D. hydei histone genes mainly occur in tandemly organized
repeat units of 5.1 kb in length as is shown in Bam HI digested
genomic DNA hybridized with pDh 6/7 insert DNA (fig. 1, lane
1). EcoRI digested genomic DNA (fig. 1, lane 2) shows
heterogeneity within the repeats. The 5.1 kb band represents one
of the main bands. The 2.3 kb and 2.9 kb fragments most likely
together form one repeat unit comparable to the unit represented
in clone pDh6/7. By Southern blot analysis it was determined
that H1 coding sequences are present in both fragments, H2A
and H2B coding sequences in the 2.3 kb fragment and coding
sequences of H3 and H4 in the 2.9 kb fragment. This is in
agreement with the organization of genes in clone pDh6/7 (fig
2, see below). Moreover the genomic clone pDh6/8 with an insert
of 2.3 kb is in its restriction pattern (BamHI, Hhal and Pstl)
identical to the region of pDh6/7 containing the genes H2A, H2B
and the 3’ region of H1.

The minor bands (fig. 1) might represent orphan genes or genes
coding for histone variants [25] located outside the gene cluster
(cf [12]), repeat units with either a deletion or with an inserted
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Fig. 2. Organization of the histone genes within the repeat unit pDhH6-7. The direction of transcription is given by the arrows marking the genes. BamH 1 EP EcoRl,LF
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Fig. 3. Complete DNA sequence of clone pDhH6-7 and the deduced amino acid sequence of the histones. The start of the sequence is at the unique BamHI site
in the H2B—H1 spacer region (see Fig. 4) The direction of transcnptlon is marked with arrowheads. The following sequence elements are marked: cap site, ['_'|

GATCCGTTTCTTTTTATATTACTTTTAACAGCAACAAGAAAGATACAGGTAGAAARATAT
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2701  AGAGATAGACATATTCGTTACTCATGTTAAATGCTATGCGCTCTACTCTACAAGTTGAGA
TITTTIICICTTGAATATATAAMATTGTAGTCCTGAAARGCATTTGTTTAATAGAAMAT 2761 GOQTAGTOTG AGCATTT TCCCTCGTGTTTTCGOGTTTCTCG
TTCATAGTTTTGAAATTTGTTCATACTCTGTCTGAAGAGTATATTTCGATGTGAAATTAC 2821 mumﬁmmdﬁmwmmummmi

. . . . . . .nu»u'rencxccxcv.c
TTCTTTGT TTTTGCCTTTOGCTTCT 2881 GTTCAT ““""‘“‘“":";_‘:“ \TGAC AAGGCTTGG
K ASATERK KKAAAKKPS . . . .

. o ol G AKRHREKVLRDNIQGITEK
GCAGCCGCAACAACCTTCTTAGOCTTAGCACTGGTOGTCTTAGGTTTAGGAGTTTTTGOC 2941 AAGCGTCATCGCAA GTGATAATATCCAGGGTATCACGA
AAAVVKKPKASTTIKPEKPTKSPEP . . . . .

. . PAIRRLARRGG GV VEKRTISGLTIY
TTTGCTGCOCTTGACTTTOCCTTTACTATTGTOO0CTTGGCTTTAATAGTACCAACTTTC 3001 TTAK :GTGAAGCGAATCTCTGGACTTATCT
KAASSKAKATTPEKAKITG GUVK . . . . . .

. . . . . EETRGVLKVYFLENVIRDAVT

TTTGCA! AGCTTTCTTCTTGTCAACACTCTTTTTOGTCACC 3061 ATGAAGAAACTCOTOOCGTTCTTAAGGTCTTTTTOGAMAATGTTATTCGTGATOCTOTCA
KADKAKAEKEAKKEKDVSEKTE KTV

. X . . . . T EHAKRKTVTAMDVYUVYVYALEK

TCTT >GACTCCCTTTGGTTTCT TAGTT 3121 TGTTGTCTATGCOCTGA
VAKSLEKEKDAVGEKPEKEKTASTIT

. ) . . RQGRTLYGFG GG .

TICTTTTT TACCTTCTTOGATTTCTTCTCT 3181  AAAGGCAAGGTCGCACACTGTACGGCTTTGOCGUTTAGGAAAGAAGAAAGTATAAARAGC
KAAAASSTVEKKSKKEVSS

R X . . N . 3241 Mmmmaocurcac_mgmcgou_wmccucammwmac
ACCTTAGGCT TTT ACTTAAACGAACCAGATGCACCC . : . . . .
VKPEKPETEKTEKSSASLEKFSGSALS 3301 TTGAAAATATAAAATTCAATATACATTTTTCGTAAACCAAATCGGTATTGGGCATATATT
TTGCCCTTTGTTTGAATCAACTTTCCATTO ITCTTCAGGTACTTCTTAATG 3361 TAGCTGATGTTCAGTATTGGCTACGAAATGATCGAGAAATTGAATTAATTCCGTCTAGTT
KGKTQTILKGNAVSNEKTLTYEKTK.TI - . . . - .

X . . . A 3421  AAACGATTCOGTTTCGACATTTATGAAAAATTTGAAGCTATCAAAAAGAAGTGCATATTT

ATATTTCTTTATAGCC : . . C . . .

AT '.'" QADCEKYTASTY KK T A 3481 CATATTCGATGTTACAGAAATCTTAGCTAAGCTOCGGTGAAAACTCGCGTGTATTTCAAG
" STTCCTTTAAATTTTGTATCS SCATCToCTGA 3541  OGTACATTGCCAAATTTATAGTTTACATATCAGCAATATTAGCAATATTICAGCTCAACA
LLSSGGREGK.HILL . . . . . .

A X . e .s AD v wa °. 3601 TATTTGAAACCTTTGGAATATGGAACAGAAACACTAAATGACTAAATGAATGGCGATGAC
Gl TGTTTTCTTTGCCTTC “GGATOCT . . . . . .
TP PHTGPPATTEKTEKATEKSASASA 3661 TGTACTTTTCTCAGCGTCTACCATCTGTAAATTTTCCCTTTATTTATTCTTATTATATAC
GGCTTTTTAG eTTC ; ; : ; 3721 ATATTATTTAGAATGTTTACGTATGAAAAAAGTCATCTCTTTTGTATAAATTGGTCGTCC
P KKAAVEKEKEASAT QPTVFPS A . . . : . .

s e X s 3781 JGAAAYGGACGTTTGGTTTCGATTTGCGTARATTCOTTATTAGTAATTTAAGCCTTCTTT
cancrocmmmmnmcnrmAmmcmrmrmmqunn A KK
S VAVVSDS MeHl : . . - . .

. 3841 TCGGTCTTCTTGGGCAACAAAACTGCTTGGATGTTAGGCAACACACCGCCCTGGGCAATA
AAxE"'TEElAcc11111cTrrAAchAA TT TGGCATTTTGGTC ETKKPLLVAQINPLVGGQAI
ACCCGTT \TCGAGGAGGAAGGCT AATGTTTTTGCTATTGAACGT 3901 GTGACGCCTGAAAGCAGTTTATTCAACTCCTCATCGTTGCGGATGGCCAATTGCAGATGG

A ; X : . TVGSLLEKNLTETETDNRTIALGO LM
TCGTTACACAGAAGTTTACAATTACCATTTTATTGATTTATCTTTTTGAACAATTTATAC . . . . .

. N . X X . 3961 CGAGGGATAATTCTAGTTTTCTTGTTATCGCGGGCTGCATTACCAGCCAACTCCAARACT
ATGGAATTTAAACTAAATAGTTAATTGAACATATTCCAAAATGTTTGAAAAATTGAAAAA RPIIRTIKEKNDRAANGALETLV
ATAAmCTCAmAMTATGATITMCGAﬂmMmCMCTMAGﬂTGAC 4021 NAGCGO:CAAEI‘AT[‘CCATAACAGOCOOCMG]‘ACACIUGAOCACCG}CACCMCAC@

EAALYEMVAALYVPAGAG GV VR

ATTGTATGATAGCAAAATAAGATATCTTGGAAAAATCGCATTTTTAATTAAATAATAATG
4081 TCAGCATAGTTGCCTTTGCGAAGAAGACGGTGAATACGACCAACGGGGAACTGAAGGCCA
AAMATGTTAACAAATTATGTTGACAGATAATAATTCATTAATTTTTTTGTCAAATTCAAC EAYNGEKRLLRHIRGVPFOQLG
TATTAATATGAACATTCCTTATATCTTTATCTTTTAAATGCGATTTTAACTAACCCATTT 4141  GCGCGGTTCGAACGCGACTTTGCCTTTCCCTTAACTTTTCCACCTTTACCACGGCCAGAC

. . . X . X ARNSRSEKAKGEKVYEKGGEKGRGS
ooTGT TGCAT ACGCAATACAAAAATGGTTTOTAAAAATAA . . . . . .

. A K K . K 4201  ATTTCTTAAATTCTTTTTTTTTTCACTTTAACACTGCACAAACAAGTATEGAATGCLCAG
AATCATCTCCTTAACAATAAATATATGTTAATAAAGATAATATTAGAAGAAAAATGTTTT N-H2A
ATTTTCGTTACTTOCATCAAACATATAGTCATTTCATATCGTAATATTATATATATAATT 4261 TCAACAATATGACAACTTATACTTTTTTCACTACCTACTTTTTCAGGTARACGAG
C CTTCTCCTTCACCAAGAA AAAATATTTTTTCATGTAAGCCA 4321 mmmMAmmmmomm
CTTTATTTTATTAAGAAGAATGCTAAAATGTTTAAAAACTAATATAGTTTTATCTTCAAT 4381 GCAATTTGTOTOCTTCTGTCAXRCATTTONG TAAAGTGAACTTGAGTGAATA
AGGAAGTOCTTATAAAAATAAAAGGAAAATCTCAGAAAAGAAATATATTATCTTAAGTTA H2BM-M P P K TS G K A A K K A G K AQ

. . . . . . L4441  ATAACAATCA AGC AAAGCCCAG
CATCAAACGTATCACACATTAACGATACGTTCACATTCGATATTCGCTTTAAAAATACAC . . . . . .

. . . X . X K NITKNDTEKTEKTEKTEKE REKREKESYA AT
ATATTTTTATTAAGCAAGAAACGTTTCCCTTTAACAAAAATATATTGAGATCCTTACTCA 4501 MGAATA‘ITACCMGMNATMGMGMGMGCG'I‘MGAGGMGGMAOCI‘ACGCCATC
ATTACTTGACTAGGACTAGGACTAGTTAGTGAAAATAAACGCGTGTACCTTCAATTATAA Y I YKVLKQVHPDTGTISSEKA M.

. . . X . X 4561 TACATTTACAAAGTGCTAAAGCAGGTCCATCCTGACACTGGAATCTCGTCAAAGGCCATG
AACACATTTGCTCTAACCTACATTTTATTATGTAAATATAAACCTATATACTCGTTTCCT . . . . . .

. . X A K . S I MNSFVNDIFERTIAAEASHTR
TTATTTTTATATCAACTCAAATTCAAAATGATTGTCGTTTAAACGAAAATAGGAATCTCC 4621 TAGCTT TTTTGAGCGTATTGCTOCTGAAGCCTCTCGT
11ur1ATAAArA11tng5ggg]pAAA4gg4ggcA11TGTTGGarcccAr11cTATATcTA LAHYNKRSTITSGRE 19 T AV R

N 4681 TTGOCCCACTACAACAAACGTTCTACGAT \TCCAA,

CA AGCAATTTA 'GAA’ mnA‘l‘G‘l‘ . ° N
AREGRTIRRALG QT LLLPGELAKHAVSEGTEKA VT

. . . . . . 4741 CTTCTGT AGGAACAA TACC
CCTTGOGCATGATTGTGACACGCTTAGCATGAATGOCACACAAGTTTGTATCTTCGAATA .

D KPMITVRKAHIACLNTDETF KYTSS

. . . . . 4801 M(mcmnom:cmcrmmaocnmmnmwcwccwocm
‘GGCCAACCAAATAGGCTTCGCTAGC 'TCACAGCTGAGCTCTOGAAAC
LGVLYAESAEQLAIIVASSQP uwlwncwwmmcwnmnmmmmcw
A T T ITT AGACGCTGGAACGGCAACTTGS 4921  ATTTCTGATTCTGATTCTGAATAGATTACCTTTAATTCTTATTGTATAAAACTTACTGAA
RLDTEKTPFD o ATERVLRQFPLK . . . . . .

. . 4981  GCAAATATATTTGCTTGCTATTCAAGAAAAACTATAAAATTATCGTTACTCCACAAACAT
GAATA, TCTTCTGGTAGCGACGAATT MCAG'I'GOCAG
RILLETSEKQYRRIERLAVTSG®G 5041 CCCACTACAATTTCCTACGTTTTTATTATGATGAAGTTOGACACGTAAAAACTATTTGAC
GGCGATAGCG TTCTTGACACCOCC, g A T 5101 GAAAACAGAAATTAACATCGAATATATTTCAAATATTGCTGCTGACTAAATAG 5153
PRYRHPKKVGGTATPASTEKTRAA.

TGATT OQTCTOCTTTG
KTALQKRPAKGG GTSIKRATDQ QK
TACGAGCCATTTTTTTCTCTCTTTCACAATTCTTACTTTACACTGTGAGTOTTAAAAAEA
T R A MeagH3
CARTARCTCGAGATOCTCOCTTACGCATCGAFTATATARAAAACTOGTOGTGAGTTAGAA

TATA box| ] . AGTGAA, ........; CCCTGT/G — — — —; palindrome, —; purine-rich region, _____.
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transposable element (cf [1, 13]) or fragments at the border of
the tandemly arranged repeat clusters.

The copy number of the histone gene cluster per haploid
genome is determined to range between 120 and 140. By in situ
hybridization it was determined that the cluster is located on
chromosome 3 in band 50 A which is in agreement with the
results of Boender [26].

The general structure of the D. hydei histone repeat unit present
in clone pDhH6/7 is shown in figure 2. The total length of the
D. hydei repeat unit is 5153 bp (base-pairs). The sequence is
presented in figure 3. After sequencing, the genes were located
with aid of the D. melanogaster sequence of an L repeat unit
[1]. The arrangement and orientation of the genes within the
cluster is the same as in D. melanogaster [1, 9].

Upstream sequence elements

The 5’ upstream regions of the histone genes were examined for
sequence elements relevant to regulation and initiation of
transcription using data from the literature for upstream sequence
elements of histone genes.

Cap site and TATA box: We searched upstream of the ATG
codon for TATA boxes and presumptive cap sites. These
elements are marked in Fig. 3. For determining the presumptive
cap sites we used the consensus sequence for initiation of
transcription as defined by Breathnach and Chambon [27], the
consensus sequence for cap sites of Drosophila genes,
TCAGTT/C, deduced from sequences given by Snyder et al.,
[28], the distance between TATA box and cap site (25 to 30 bp
in eukaryotic genes transcribed by RNA polymerase II [27]) and
the sequence similarity between the upstream regions of the
coding regions of the D. melanogaster histone genes [1].

The cap site of the H1 gene of D. melanogaster has been
determined by S1 mapping at —34 + 2 bp from the start codon
[29]. A homologous sequence of 6 bp is found in the D. hydei
H1 upstream sequence at —38 bp from the ATG codon (pos.
964 ). A clear TATA box is not found within 150 bp upstream
of this presumptive cap site. No sequence similarity to the TATA
box of D. melanogaster H1 gene [1], located at —82 bp from
the cap site, is found in the respective region of D. hydei. It is
not a common phenomenon that H1 genes lack a TATA box or
have a TATA box at a significantly larger distance from the cap
site (see 30, 31 ). Alternatively, a 5 bp sequence (GCAAA) (pos.
992) may serve as a TATA box. GCAAA occurs in the H1
promoter region of both D. hydei (—22 bp from the cap site)
and D. melanogaster (—25 bp from the cap site).

The transcription initiation site of many histone genes is located
within the consensus sequence PyCATTCPu [32 —34]. This also
holds true for the most likely candidates for cap site sequences
of D. hydei and D. melanogaster histone genes. The presumptive
cap sites resemble this sequence better than the consensus
sequence for the D. melanogaster cap sites as given above.

Generally accurring upstream sequence elements: CAT box and
Spl binding site: The CCAAT box and the Spl binding site
(GGGCGG or GC box) are generally found in histone genes ([35,
36], see also [30]). Neither D. hydei nor D. melanogaster gaster
histone genes contain upstream sequences identical to either the
CAT or the GC boxes. However, an exact match to the CAT
box and GC box sequences seems to be necessary for function
[37—39]. Since the Sp1 and CCAAT binding factors are absent
in Drosophila culture cells, [40] these factors are probably not
general transcription factors in Drosophila.

Promoter elements specific for histone genes: Most histone H1
genes contain the H1-specific promoter element ([41], see also
[30]). The H1 genes of both D. hydei and D. melanogaster have
similar elements in their 5’ upstream regions as do the upstream
regions of the core histone genes if one mismatch is accepted.

The H2B-specific octamer ATTTGCAT is generally highly
conserved (see [30]). In the H2B genes of D. hydei and D.
melanogaster such a octamer sequence can only be identified if
4 and 3 mismatches respectively are accepted. It is unlikely that
they are funtional since mutation of two nucleotides in the octamer
eliminates its function in a human H2B gene [42].

Both the H1-specific as well as the H2B-specific element are
assumed to be required for cell-cycle-dependent regulation of
transcription in human cells [42, 43] The lack of these two
elements in the corresponding Drosophila histone genes that have
been studied so far, suggests that factors involved in cell-cycle-
dependent regulation of transcription of histone genes in
Drosophila may be different from those in other eukaryotes.

To find promoter sequence elements shared by all five D. hydei
histone genes we looked for perfect matches of at least 5 bp in
the 5’ upstream regions. One element (CCCTCT/G)occurs at
—104 to —184 (pos. 1039, 2758, 2798, 4261 and 4317) from
the ATG of all the D. hydei histone genes (see below). In D.
melanogaster such an element is only found upstream of the H1
gene as part of the 16 bp conserved element (see fig. 4). The
functional significance of the CCCTCT/G element, needs to be
analysed experimentally. Possible promoter elements are
indicated below.

Conserved sequence elements in the 3’ region

In the 3’ non-protein-coding regions of cell-cycle regulated
histone genes two conserved sequence blocks are found, namely
a region of about 24 bp including a palindromic sequence and
a purine-rich sequence 13 —17 bp downstream of the palindrome
([30, 44] for review see [45]).

Both sequence elements are found in the 3’ downstream region
of the D. hydei histone genes (fig. 3). The consensus sequence
which can be deduced from the D. hydei and D. melanogaster
genes confirms the consensus given by Wells [30]. The
palindrome sequences of the H1 genes of both species differ from
those of the core histone genes: the position of the inverted
repeats, the imperfectness of the inverted repeats and divergence
of their sequences between D. hydei and D. melanogaster. The
distance between the repeat and the stop codon is significantly
longer in the H1 gene than in the core histone genes (73 bp in
D. hydei, 85 bp in D. melanogaster). The distance in most histone
genes given by Wells is about 30 bp with a maximum of 59 bp.
Furthermore in both D. melanogaster and D. hydei the inverted
repeat is imperfect which is also an exception (see 30 ). While
the palindrome is perfectly conserved between the core histone
genes of D. melanogaster and D. hydei, for the H1 gene 3 out
of 16 nucleotides are different. Among Drosophila species the
purine-rich region is less well conserved than in sea urchin, thus
resembling the situation in vertebrates [45]. Since the purine-
rich region, together with the U, snRNA, is necessary for 3’
end processing [46], it would be worthwhile to determine for the
Drosophila U; snRNA whether the larger sequence divergence
in the purine-rich region finds its complement in a longer region
of complementarity to the U; snRNA as was found in mammals
[47, 48].

For mouse histone H3 it has been shown that the palindrome
sequence is involved in posttranscriptional, cell-cycle-dependent
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GA........us GAGAAAAACAGAGGCCATTTCATTTGACGAGCGAAAAGCGAACGAACATATCG
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Fig. 4. Alignment of the 5’ regions of the histone genes of D. hydei and D. melanogaster. Sequences were aligned using the program GAP of the GCG programs
with a gap weight of 3.0 and a length weight of 0.2. For the 5’ end of the H1 gene corrections were made. Cap site, TATA box and regions of similarity upstream
of the cap site are marked. Sequences are presented in the same sorientation as in figure 1. (a) 5’ region of H1 (204 bp, pos. 9271130 in fig. 2), (b) H3—H4
spacer region (pos. 2591 —2906 in fig. 2), (c) H2A —H2B spacer region (pos. 4203 —4449 in fig. 3). Gaps are indicated by dots, identical nucleotides are marked by dashes.

regulation of the mRNA level. The conservation of the 3’
downstream sequence elements suggests that this part of the cell-
cycle-dependent regulation of histone mRNA levels in Drosophila
is similar to that in vertebrates. This is in contrast to sequence
diversity in the elements involved in the regulation of transcription
(see above).

Structure of the spacer regions

The spacer regions of the histone repeat of D. hydei were
screened for the occurrence of repeats, simple sequences and
purine-pyrimidine stretches and they were compared with each
other. The designation ‘spacer region’ is used for those regions
of the repeat unit not coding for proteins.

All spacer regions are AT-rich. Short (3—6 bases)
homopolymers of dA or dT are often found, but rarely runs of
dG or dC. This is regularly observed in spacer regions of histone
genes, for example in D. melanogaster [1], sea urchin [49—52],
in Xenopus [35], trout [53], and in the sea star [54]. The short
homopolymers of dA or dT might have a function in nucleosome
positioning since homopolymeric runs longer than 4 or 5 bp have
preferential rotational settings on the nucleosome supercoil [55].

Short simple repeating sequence elements of two or three
nucleotides in length and longer repetitive elements are frequent
in histone gene spacers ([35, 50, 53, 56]). In the histone gene
spacers of D. hydei neither was found. No simple repeating

sequence elements with more than three repeats are present. The
fact that the (GA)10 element of H3-H4 spacer of D. melanogaster
is not found in D. hydei, although the region in which the GA
repeat starts is conserved between both species, in combination
with the differences which are generally found in histone gene
clusters with regard to simple sequence elements [35, 50, 51]
support the idea that these elements in general have no specific
function in gene expression [57]).

Alternating purine-pyrimidine stretches longer than 6 bp are
also not found in the D. hydei histone gene spacers.

The different spacers of the D. hydei histone repeat show no
extensive homology with each other. Analyses were done with
dot matrices (window-stringency 11-—8). The similarities
immediately upstream and downstream of the protein coding
region are somewhat higher than in the spacer regions in between.

The leader regions between the presumptive cap sites and the
ATG codons of the different histone genes seem to be constructed
of homologous AT-rich elements. Their positions differ however
in the different leaders. Most of these elements are related to
the sequence AGTGAA. AGTGAA elements are found once or
twice in each of the leaders of the five histone genes in D. hydei
(fig. 4) as well as in D. melanogaster [1]. Only the H3 leader
in D. hydei shows the sequence AGTGA. Matsuo and Yamazaki
[1] suggested a function of this element specific for Drosophila
histone gene expression. This is supported by the conservation
of this element in the histone genes of D. hydei.
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At the 3' ends of the genes homology is restricted to the
palindrome and the purine-rich region (see above).

SAR: The existence of a scaffold attachment region (SAR) in the
H1—H3 spacer of the D. melanogaster histone repeat unit has
been reported [S8—60]. It is suggested that SARs may border
functional units in the chromatin (for review see [61]). Because
of the basic similarity in organization of the histone genes we
analysed the D. hydei histone gene cluster for the existence of
a SAR with the same criteria 59, 60 . They are: (1) enrichment
of topoisomerase II cleavage site consensus sequences
(GTNA/TAC/TATTNATNNG) [62] (2) the occurrence of A
boxes (AATAAAT/CAAA) and T boxes
(TTA/TTT/ATTT/ATT). We repeated these analyses for the
sequence of the D. melanogaster [1]. According to table 1, in
D. melanogaster the H1 —H3 spacer shows a clear enrichment

Table 1. Topoisiomerase II sites, A and T boxes.

Topoisomerasell A boxes T boxes

sites/100 Lp /100 bp /100 bp

Dh Dm Dh  Dm Dh  Dm
Hi - H3 1.2 09" | 22 26 | 93 14
H3 - H4 0.0 0.0 1.3 0.3 32 1.0
H4 - H2A 1.3 0.0 06 08 3.7 4.0
H2A - H2B 0.8 0.4 04 04 8.1 2.6
H2B - Ht 1.8 0.7 1.0 2.2 6.6 7.0
Hi 0.1 0.1 04 04 1.7 1.8
H3 0.0 0.0 05 0.0 07 00
H4 0.0 0.0 00 00 00 00
H2A 0.0 0.3 00 00 0.5 0.0
H2B 08 0.3 03 00 0.5 11

Occurrence of topoisomerase II sites (6 bp surrounding the cleavage site conserved,
70% overall similarity). A boxes and T boxes (2 mismatches allowed) in both
orientations in the protein and non protein coding regions of the histone repeat
unit of D. hydei (Dh) and D. melanogaster (Dm) as published by Matsuo and

Yamazaki .

The number of sites are given per 100 bp. *, in contrast to Gasser and Laemmli
[60] we find only 10 topoisomerase II sites in the Hinfl — EcoRI fragment (including
the SAR region) by using the criteria defined by the authors. They give the number
of 18.

10 20 30 4o 50

of sequences homologous to the topoisomerase II cleavage site
and both A and T boxes occur. In D. hydei, however, the
enrichment in topoisomerase II cleavage sites is less prominent.
In addition, both the H2B—H1 and to a lesser extent the
H4—H2A spacer regions show more topoisomerase II cleavage
site homologies per 100 bp than the H1 - H3 spacer region and
in addition contain A and T boxes. This picture of topoisomerase
II cleavage site enrichment did not change for nucleotides
1280—1990 which are in position comparable to the SAR in the
D. melanogaster H1 —H3 spacer. In contrast to the situation in
D. melanogaster, the H2B—H]1 spacer in D. hydei, would be
the most likely candidate for having a SAR since it contains 1.4
topoisomerase II sites. This means that either the SAR in the
H1—H3 spacer is not conserved in D. hydei or the criteria given
[59, 60] are not generally applicable to detect SAR regions.

Comparison of the D. hydei and D. melanogaster histone
repeat unit

The protein coding regions of the core histone genes of both
species are of the same length. The H1 protein coding region
of D. melanogaster, however, codes for a protein which is 7
amino acids longer than that of D. hydei (see below). Otherwise
the difference in length between the repeat units of both species
is due to length differences in the spacer regions, mainly in the
spacers between the H1 —H2B and H2—H4 genes. The high
degree of length conservation of the spacers of the H2A —H2B
and H3 —H4 genes, which are transcribed in opposite directions,
is barely reflected in sequence conservation. Also the H1 —H3
spacer shows a high degree of length conservation which might
be correlated to the functions of a SAR (see above).

Protein coding sequences: We compared the amino acid sequence
of the histones as it can be deduced from the sequence of clone
pDhH6/7 of D. hydei (fig. 3) with those for D. melanogaster
[1]. The amino acid sequences of the core histones are identical
(H4 and H2A) or nearly identical (H3 and H2B). In H3 there
is one conservative amino acid substitution in position 117 which
is a valine in D. hydei and an isoleucine in D. melanogaster.
In H2B there is a nonconservative amino acid substitution from
asparagine in D. hydei by threonine in D. melanogaster in the
N terminal region of the protein at position 22. The N terminal
region is the most variable region of H2B [63].

For all organisms H1 is the least conserved of all histones [64].
The N and C terminal parts generally show a high degree of
sequence variation in comparison to the globular part which
includes a central stretch of about 80 amino acids [63 —66]. An
alignment of the H1 amino acid sequence of both species was
made (fig. 5). The amino acids 44—128 form a central highly

60 70 80 90 100 110 120

Dh  SDSVVAVSASPVTPQTASAEKKVAAKKPASASAS . KAKKTTAPPTHPPTQQMVDASIQNLKERGGSSLLAIKKY ISATYKCDAQKLAPFIKKYLKNSVANGKLIQTKGKGA!

L A o o N Y o N RN R . IIIIIIIHIIIIIIIIIIII

Dm  SDSAVATSASPVAAPPATVEKKVVQKK .ASGSAGTKAKKAS

ATPSHPPTQQMVDASIKNLKERGGSSLLATKKY ITATYKCDAQKLAPFIKKYLKSAVVNGKLIQTKGKGASGSFKLSAS

130 140 150 160 170 180 190 200 210 220 230 2lo

Dh S?Tllapxxinl(....vlls?vlll l”‘Ifl'SSAA,IAAll(Il(KTISATKKPKTVADKK LSII(/'X\IIV'll‘II(ll(SVDKII(II(AIITlI(II\KAKDAhKVCﬂIKAKP‘I'I‘AKI\KSSAAKPKTPKPKTI‘ ...... SAKPKKVY
PELCLEE T 1
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250 260
Dh  AAASPKKAAA KKPKAKTASATKK

| 111
Dm  .KKASVSATAKKPKAKTTAA.KK

Fig. 5. Alignment of the amino acid sequence of H1 of D. hydei and D. melanogaster. Gaps are indicated by dots, identical residues are marked by dashes.



conserved region of 85 amino acids. The homology (amino acid
level) in that region is 89% while in the N (43 amino acids) and
C terminal part (127 and 120 amino acids in D. hydei and D.
melanogaster, respectively) it is 63 % and 61 %, respectively. The
alignment shows that the length difference of 7 amino acids
between H1 of D. hydei and D. melanogaster is located in the
C terminal region of the protein.

Non protein-coding regions: We analysed the conservation of the
non protein coding-regions of the D. hydei and D. melanogaster
[1] repeats by alignment. In general the homology between
corresponding non coding regions is very limited. We found that
the regions upstream (= total H2A —H2B and H3 —H4 spacer,
200 bp for the H1 gene) and downstream (150 bp) of the protein
coding regions are slightly more conserved than the remaining
spacer sequences (about 57% and about 50% respectively,
calculated by the GCG program GAP, gap weight 3.0; length
weight, O0.2). The 5’ regions show short perfectly matching
regions of 5—10 bp (a 16 bp region for H1), in addition to the
TATA boxes and the presumptive cap sites. These sequence
elements are marked in the alignment (fig. 4). Because the core
histone genes are divergently transcribed the promoter regions
of H2A and H2B genes might be overlapping (cf. chicken
H2A —H2B spacer region [67]). So we cannot assign specific
elements to specific genes. The same situation exists for the H3
and H4 genes.

The H1 upstream regions are difficult to align. A conserved
sequence element of 16 bp (TCCTCCTCGATTCTCA) (pos.
1032) is found which has a different location upstream of the
presumptive cap site of D. hydei H1 in comparison to D.
melanogaster. We marked conserved sequence elements in an
alignment based on the 16 bp conserved region and the cap sites.
Whether or not the marked sequence elements (fig. 4) are
functional promoter elements has to be determined
experimentally. Sequences of further Drosophila species which
could give additional information are unknown.

Silent site substitution rate: Histones, with the exception of H1,
are that highly conserved [64] that amino acid substitution rates
can only be calculated over relatively long periods of divergence.
However, the phylogenetic distance between D. hydei and D.
melanogaster results in a significant amount of silent site
substitutions at the DNA level. The highly repeated sea urchin
histone genes, coding for H3 and H4 necessary in early
embryogenesis, evolved at the silent sites with a constant rate
of 0.5—0.6% base changes-Myr (million years) [68] (method:
[69]). We used the same method (GCG Sequence Analysis
Software Package) to calculate the silent site substitution rate for
the Drosophila histone genes (table 2). The substitution rate for
H4 of Drosophila is about 1.3—3 times higher than for sea
urchin. The rate for Drosophila H3 is 1.7—4.2 times higher than
that for sea urchin H3. The values for H2A and H2B are
comparable to those for H3.

Our results indicate that the silent site substitution rate for
histone genes in Drosophila is generally higher than in sea urchins
and thus that histone genes in different organisms do not mutate
with a constant rate at silent sites. This is in agreement with data,
showing that the rates of silent site substitutions vary among
groups of animals and among genes [70—72].

The differences in the rates of silent site substitution might
result from differences in the generation times, which differ
largely between Drosophila and sea urchin, and/or selection
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Table 2. Silent site substitutions in the histone genes of D. hydei and D.
melanogaster.

% SSS | %SSS/Mvr
H3 128 1.0-2.1
H4 90 0.8 1.5
H2A 132 1122
H2B 135 1.1-2.3

The percentages of silent site substitutions were calculated using the program
diverge of the GCG software (method: [69]). Because of restrictions in the program
it was not possible to calculate a percentage of silent site substitutions corrected
for multiple hits for the highly diverged H1 genes. The time of divergence between
D. hydei and D. melanogaster is estimated to range between 30 and 60 million
years [73, 74]. The two values given in column 2 represent the percentage silent
site substitution per million years using the two extreme values of the divergence
time. Myr, million years; sss, silent site substitutions.

pressure on codon usage as discussed by Britten [70] and Li and
coworkers [71].

CONCLUSIONS

The genomic organization of the histone genes of D. hydei
resembles closely that of D. melanogaster. The DNA sequence
similarity in the 5’ and 3' regions of the individual histone genes
between D. hydei and D. melanogaster indicate that the regulation
of transcription of the histone genes in the genus Drosophila,
and possibly in insects in general, involves regulatory elements
different from other higher eukaryotes.
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