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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(H1, 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 tRNA.

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 (Hl-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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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 Hl 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

MboI 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 CaCl2 method (39)

using the strain JM83 or TBl.

Labelling of DNA

An EcoRI fragment of pKSL100 (histone 5.0 kb unit of D.

melanogaster) was labelled by nick translation (40) using a-
32PdCTP.
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 680C (37). The filters were washed

with 6xSSC once, 4xSSC twice, and lxSSC once at 680C.

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, TaqI, and HpaII
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 Hi

and H3 is 1400 bp and contains the AT-rich region (about 77 % of

10 20 30 40 s0 00 70 90 90 100 110
OAOAACC?CA OCOOCCAGAT ATTCCATTAC OOCAOCTAGG TAAACTGGAO CGCCTOCACC AACACGCTCT GCOTAGTTTC CCTTCCGGAG CAAACGGTCA ATACGIECM7A
CJ?OIP=[fa??A YrAAOOTAAT0COCACCATCL7C rCCTCTTG7GCQAA CCACAG£CAIIC( 2TCCI ATI:rrq-(%J4j
LeueIGUAIAIaouTrGlufttVal AIaAIaL.utYrVaI ProAIaGIyA1aG1yVal Ar~GIaUAIaTyrAsnGly LysArgLeuLeuArqHls IleAroGlyVal
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OTCa TA T 0CCOT OCCAAAT CCIAAACG GAAAGGGAAO TGIAAAGUTGI OAAAA G7M:AG'TLbTA AACGAAACGC AAATAAAGTITI AATC&AAGTI';t
ProP9reGlnLmeIY AlaArgAsnSerArwSerLysAIaLysGly LvsValLysGIyGly L.ysGIyArwGIyAer H2a
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TTACACACOO AACACOAATO CTCGCCTAAC CCAGACAOCO AAATATTTAT ACTYTTUCCGT TTIICCTGCGC ATTCAGITTAG GGGTOGGTGA CTTAGIACCTG AATTGACTGC
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Cg0AAACCOA AOCOACOTCA.GTQAAAQCGG AAArAAI!GCC GCC 2A~ 11S Il 0TC7AAAAIIA ACCGTACIGAA (CWAfitUI1A4S T IAAAA1
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GlInValILysLysGlIu AlaSerLeuValILys SerLysAlaLysProAspi.ysGluLystiys Al aSerAlaSerLeuLys P1heSerGlySerAlaGlyLysGlysLysThr
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Gilol eLauLysGly AspVa IValAl aSerEys LeuTyrLysLysl lePheProA-laLeuLys GlnAlaAspCysLys TyrThrAlaTOr IIeTyr LysLys! leAl aLeu
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AAOTOATOAA CCOCCACGTT CCTTTAAATT TTTAATOGIAA GCOTCCACCA TYTTICTGAGT TOGCGGATGT GACOOCGTCG CAGAGG2CTTT CTTTGCCTTT GTGCCACCAG

L Fe3*G YGAr9GluLysLeuAsn LYvsleeAlaAspVaI MeGDInThr rorfIs erProThrAlaSerAlaLys LssAlaLvsTbrGlyAlaSer
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ATCCAOATOC CT?TTTTTT00 ACCACTT?CT TCTCAACTOT CGCTGOTGGG OCAOCCACTG GGGAAGCGG2A CGTTGCAACT GCAGAATCAG ATCTTTTT TTCACTGAGA
pa_QQTQAAAGAAQA=aACAGCGACCA &XCTTA AAAA AAGGACTC
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ACACTTTTTT TCTOTTAAAA ATOOCTCOCG COCTOCCTAC CAACCTCCTT TOCTCTGATG AOAATCGACG AGGAGAGCAC TTTAACAATG CTACTGACAT CAGTCATTTA
TOTGAAAAAA AGACAATTTT TACCGAGCOC OCOACGGATO 0TOGGAGOAA ACGAGACTAC TCTTAGCTCC TCCTCTCGTG AAATTGTTAC GATGACTGTA GTCAGTAAAT
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CTATOTCAAA OTTTOCTTOA AGT'OTAAACT TTTTTTAATT TTTTAGTATT TTAAATCATT AATAAAAATA AGGTTTTAAT AGTTCTACAC TTTTAAATAA TTTITTTCGTC
GATACAOTTT CAAACGAACT TCACAITTTOA AAAAAATTAA AAAATCATAA AATTTAGTAA TTATTTTTAT TCCAAAATTA TCAAGATOTG AAAATTTATT AAAAAAGCAG
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ACTTTCCATT TTTA"AAAGA TO0?AATATOO GTTITTAGAC TTTCAAATOT TOATTGAATT TTTATAATCA AATTTTTAAC TOOACCAATT TATAAAAAAA CATCTATTAA
TOAAAOOTAA AAATTTTCC? ACATTATACC CAAAACTCTG AAAGTTTACA ACTAACTTAA AAATATTAGT TTAAAAATTG. ACCTC(iTTAA ATATTTTTTT GT%SI1ATAATT
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AATAAOAATC ATOOCAAATA TTTCACTAAT TCO"TTAT0T TATTAAAATT GAAACOTTCA TCCCTAGAAO OCTTCTGAAA OAAGCGTCTA TTATTAATTA AOATACTTTA
TTATTCTTAO TACCOTTTAT AAAOTOATTA AOCAA?ACAA ATAATTTTAA CTTTOCAAOT AGOGATCTTC COAAGACTTT CTTCGCAGAT AATAATTAATr TCTATGAAAT
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1¶ACTWOATT ?AAOTTCACA YTOAAC?ACA OAAAA?TTTO CTTTAAAOCA OCATTCAOAA ATAATTTTCG ATCOTTAAAA ATACAGATAC TTTCTTAAAT AACATAATAT
AATOAACTAA ATYCAAGTG AACTTOATGT CTTTTTAAAC OAAATTTCOT CGTAAOTCTT TATFAAAAGC TAGCAATTTT TATGTCTATG AAAGAATTTA TTGTATTATA
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TAATATAATA AATAATATTT TCTTAAATTA TTAATGTGTT TGCTTGTTAT TAATGTGTTT TCATGCATAT TTTAAAATAA TTTGTTCTGA AATCAATCGA TTTCCTCGCC
ATTATATTAT TTATTATAAA AGAATTTAAT AATTACACAA ACGAACAATA ATTACACAAA AGTACGTATA AAATTTTATT AAACAAGACT TTAGTTAGCT AAAGOAGCGG
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ACATATGCAT TACCGTCTAT GTAGTCAAAT AAATAAATCA AATAAAAAAT AAAAAGAAAC AATTTTTGTA TTATCCTTTA TTATGTAATA TATATTACAT TCCGCAACAA
TGTATACGTA ATGGCAGATA CATCAGTTTA TTTATTTAGT TTATTTTTTA TTTTTCTTTG TTAAAAACAT AATAGGAAAT AATACATTAT ATATAATGTA AGGCGTT1STT
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AATTAGCCAA TTTCCGTGCT OAATTTTACA TAGGTTTTAT TTTTTACAG7A CGTTTGAAGG7 GACAGTGTCA ATTGTCCCGT ACGACCTCTT CAATAATAAC ACATTCTTCA%
TTAATCGGTT AAAGGCACGA CTTAAAATGT ATCCAAAATA AAAAATGTCT GCAAACTTCC CTGTCACAGT TAACAGGGCA TGCTGGAGAA GTTATTATTG TGTAAGAAO;T
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CAATTGTGTA CCTTTTTTAT ATTTTATCGA TCAAAATAAA ATAATAAAAG ACAATAAAAT ATTTATA--I--T 'T-,m,%-,TiicT AAA%,.
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CTTTGTATTA ACCTCTTCTT TAATTTAATA AATGTTGAGC TGACAATT"IAA AATAAGATT'A TTTTTAlTCC TTCTrcTGG;(: A GAATTAITAT TTTTACATAT GATTTAAGAC
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GGTCATGGCA AACGCGOOTAT TTATTATCTT ATASCTTAAAA CAAGAATAAA AAAAATTCASA TATrTATCTAG CCGTTOTCTT TTAAAATAGA GTAA(UTTr(0A C(7AAACACCA

3310 3320 3330 13310 3350 336U0 3370 3380 3390 3400 3410
CCTGAAAAGG ACCGATTATA GAGTACOCTA OCOCTT"ITA rc TGCAA4(T r,AS TGUCC I'G r CA GCTI .1CA( (5CTCG(CCi;CG AATGSCGTCGC GCTAACT(GG\ TGTCTTTCGC5
('(;OACTTTTCC TGGCTAATAT CTCATGCGAT CGCGAAST.\r( \SUITrTIA ITT \ (1"GC CASGT C'4Itr-T CSC7OCTACIAC 0TAC CAGAACCC

AlaArgGluGlyAr9I leArgArg AlaLeuGInI leAspLysPro
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CATTATG7GTG ATACGCTT17G CATGAATrG1C ACACAAG5TTG OT'IATCTTC(OA AGA(;scco.CAA CAGGTAOOOCT TCGCTAGCTT CCTGCAGAGC CATAACCGCC GAGCTCTGGA
GSTAAT3u:s1A( TAT(1CGAA(.1T OT;CTTA('1'G TGTGTTCAA\ CATv1sAl;(T TC,TC'TG('TTO;(iTCCAT3T GA A ,CGATCGAA GGACGTCTCG GTATTGGCO;G CTCGAlOACCT
MetiIeThrI leArgLys AlaH!sI IeAIaCysLeuAsnlThrAsPGIu PheL.euGlyValLeuTyrAlaGIuSerAlaGIu GInLeuAlaMetVaIAIaSerSerGInPhe
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ATCGCAAGTC CGTCITTAAG T,ccTrAGCGA TTTCACGCAC CAGACOC(TGG AAAG(OCAGCT 1O'CGGATTAG AAGCTCGGTG CTCTTTTGGT AGCGACGAAT TTCACGCAAG
TAS;CGTTCAI; GI'AGAATTTC AGGACTCGCT. AGIIT 7(0153 TTTCCS;TCI;A ACGCCTAATC TTCGAGCCAC GAGAAAA5CCA-TCGCTGCTT5\ AAGTGCGTTC
ArgLeuAspThrLysPheAspGlnAlal leGlu ArgValLeuArgGlnPheProLeuLYSArg leLeuLeuGluThr SerLysGInTyrArgArg leGluArgLeu

3640 3650 36011 305i0 3080 3690 3700 3710 3750 3730 3740
GCCACGGTTC CAGGGCGATA GCGGTGGGGC TTCTTrCACAC CTCCUOGTGGC TGGAGCACTC TTGCGAGCGG CCTTAGTAGC CAGTTGTT'TG CGTGGCGCCT TTCCACCAGT
CGGTGCCAAG GTCCCGCTAT CGCCACCCCG AAGAAO;TGTG GAG(OCCAI,CCO ACCTCGTGAG AACGCTCGCC GGAATCO'TI3 O,TC7AACAAAC GCAC3C;(G(5A AAGGTGGTU'A
AlaValThrGlyProArgTyrArg HlsProLYSLYsValGlyGlyThrAla ProAlaSerLysArgAlaAlaLys ThrAlaLeuGInLys ArgProAla LysGlyGlyThr

3750 3760 3770 3780 3750 380(1 3010 3020 3030 3840 :80
CGATTTGCGA GCAGTTTGCT TGGTACGAGC CATCTCCGAT TTOGGG1TT (CA CTAAAGTTCA CGTTCACTAC TTCACGTTTG AAAACACAAT AAACGATCAG AGCATTTOCT
GCTAAACGCT CGTCAAACGA,ACC-ATI1CTCG GTAG.AGOCTA AACCCAAA*GT GAlTTTCAA(;T GCAAGTGATG AAGTGC,AAAC TTTTGTGTTA TTTGCTAGTC TCGTAAA(-GA
Ser LysAr9AlaThr GInLy!sThrArgAla 9

3860 3870 38860H 3890 3900 3910 3920 3930 3940 3950 3960
ACCTACTTAT ATAGCAATCG TGGACGGTGA AAGAGAGAGA GAGAGAGAGA GAAAAACAGA GGCCATTTCA TTTGACGAGC GAAAAGCGAA CGAACATATC GTTCGTACTC
TGGATGAATA TATCGTTAGC ACCTGCCACT TTCTCTCTCT CTCTCTCTCT CTTTTTG;TCT CCCGTAAAGOT AAACTG;CTCG CTTTTCGCTT GCTTGTATAG CAAGCATGAG

3970 3880 3990 4000 4010 4020 4030 4040 4050 4060 4070
TCTCGGGTTT TTGTCGTTTT ACCTATAAAT AGGGGCACAC AGAAACGTTG AAATTAGTTC TTTAGTGACT TTCGTGCTGT GCGTGTATAA TAGTATAGAA CAGTGA0AAA
AGAGCCCAAA AACAGCAAAA TGGATATTTA TCI'CCGTGTG TCTTTGCAAC' TTTAATC'AAS AAATCACTGA AAGCACG;ACA CGCAC'ATATT ATCATATCTT GTCACTTTTT

94 4080 4090- 4100 4110 4120 4130 4 140 4150, 4160 4 170 41800
TILOCTGTCG TGGTAAAGGA-GGCAAAGGCT TGGGAAAGGG TGGCGCCAAG CGTCATCG-CA AAGTGCTGCG, TGATAACATC-CAAGGTATCA CGAAG-CT C TATCCGCCGT
ACTGACCAGC ACCATTTCCT CCGTTTCCGA ACC,CTTTCCC ACC(OCGGTTC GCAGTA(GC0'T TTCACGACGC ACTATTGTrAG GTTCCAT.*5GT (1CTT(SO;ACG ATAG(;CGGCA

ThrGlyArgGlyLysGlyGlyLysGIyLeu GlyLysGIyGIyAlaLysArgHilsArgLysVaI LeuArgAspAsnl leGlnGlyl leThrLys ProAlal leArgArg
4190 4200.. 4210 4220 4230 4240 4200 4 2060 4270 .12800 4290

TTGGCCCGTC GAGGCGGTGT GAAGCGCATA TCTGGACTCA TATACGAGGA AACGCGTGGC GTTCTGAAGG TTTTCTTGGA GAACGTAATT CGTGATGCCG TGACTZ ACAC
AACCGGGCAG CTCCGCCCACA CTTCGCGTAT AGACCTGAGT ATATGCTCCT TTGCGCACCG CAAGACTTCC AAAAGAACCT CTTGCATTAA GCACTACGGC ACTGGATGTG
LeuAlaArgArgGlyGly ValLysArgI leSerGlyLeuI leTyrGlu GluThrArgGlyval LeuLysValPheLeuGlu AsnVal IleArgAspAlaValThrTyrThr

4306 43100 4320 4330 4340 4350, 4360 4370 4380 4390 4400
GGAACACGCC AAGAGGAAGA-CAGTTACAGC CATGGATGTT GTGTACC,CTC TGAAGAGGCA AGGCCGCACC CTCTACGGAT TTOGGC-G-GftA_AAAAGTrGTAC ATCCTGTGTA
CCTTGTGCGG TTCTCCTTCT GTCAATGTCG GTACCTACAA CACATO.CGAG ACTTCTC,CGT TCCGGCGTGG GAGATGCCTA AACCGCCAAT TTTTCACATG TAGGAOACACT
GluHlsAlaLysArgLysThrValThrAlaMet AspValValTyrAlaLeuLysArg GInGlyArgThr LeuTyrGIyPIteGlyGlY

4410 4420 4430 4440 4450 4460 4470 4480 41490 4500 4510
CCCCTATTAA GCAATCGGTC CTTTTCAGGA CCACCATTCA GTTTTTAAAA GGAGGAAGAT TTTCAAAAAG TATTTrAATTT TATTGGTCGG GACTCCCAAA AAATATGTTA
GGGGATAATT CGTTAGCCAG GAAAAGTCCT GGTGGTAAGT CAAAAATTTTr CCTCCTTCTA AAAGTTTTTC ATAAATTAAA ATAACCAGCC CTGAGGGTTrT TTTATACA;%T

4520 4530 4040 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 4970 4880 4890 4900 4910 4920 4930 4940 4950
TAGCCTTTGA AACGTTTAI2G CCTTCTTCTC GGTCTTCTTG GGCAACAGAA CAGCCTGTAT ATTAGGCAAC ACGCCACCTT GTGCAATTGT GACGCCGGAG AGCAGCTTGT
ATCGGAAACT TTGCAAA¶E-C I7GA4GAA CAAI2A rCTITT-nTrnn AT ATCGT GCITIAA CACGTTAC CTGrrGrCTr TCGTCGOAAr

AIaLysLysGlu ThrLysLysProLeuLeuVal AIaGInI IeAsnProLeuValGlyGlyGIn Ala! IeThrValGlySerLeuLeuLysAsn
4960 4970 4980 4990 5000 5010 5020 5030 5040 5050

TTAACTCCTC GTCGTTGSCGG ATGO6CCAGTT GCAGATGACG CGGAATAATT CTAGTCTTCT TGTTGTCACG AGCAGCATTG CCAGCCAACT C

AATTGaGGAG CAGCAACGCC TACCGGTCAA-CGTCTACTGC GCCTTATTAA GATCAGAAGA ACAACAGTGC TCGTCGTAACgGGTCGGTTGA G

LeuGi uGluAsPAsnArg I leAlaLeuGItiLeu 9 ISArgProI lel leArgThrLysLys AsnAspArqAlaAlaAsnGlyAlaLeuiGlu

Fig. 4. Complete DNA sequence of the histone 5 kb unit. Position
No. i is the XhoI 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)l0 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 HI 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. 5A. 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 polIII

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 polIII 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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General promoter 6NNTGNTNNAGN.GGN..AN NGNN27-- 49NNNNGATCN62
6.27 44 55TCTGCCAGAGAAGGA. .AT. .AAAAA ------- GTCAGCTCAA. .CA

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 polIII 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 polIII (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 -130 -120 -110

HI CTTATTTTTA TTAATGATTT AAAATACTAA AAAATTAAAA AAAGTTTACA CTTCAAGCAA ACTTTGACArr AGTAAAGAC TGATGTCAGT AGCATTGTTA
H42A ACAATTCACT TATCGTAATG TGGGCCCGAA CGCGTTCACG TTTATACTTT TTTTCGAGCA GTCAATTCAG GTCTAAGTCA CCCACCCCTA ACTGAATGCG
H2B ACTTTACACA CGGAACACGA ATGCTCGCCT AACCCAGACA GCGAAATATT TATACTTTTC CGTTTGCCTG CGCATTCAGT TAGGGGTGGG TGACTTAGAC
H3 AAAACCCGAG AGAGTACGAA CGATATGTTC GTTCGCTTTT CGCTCGTCAA ATGAAATGGC CTCTGTTTTT CTCTCTCTCT CTCTCTCTCT TTCACCGTCC
H4 GGACGGTGAA AGAGAGAGAG AGAGAGAGAG AAAAACAGAG GCCATTTCAT TTGACGAGCG AAAAGCGAAC GAACATATCG TTCGTACTCT CTCGGGTTTT

-100 -90 -80 -70 -60 -50 -40 -30 -20 -10
HI AAGTGCTCTC CTCCTCGATT CTCATCAGAG CAAAGGAGGT TGGTAGGCAG CGCGCGAGCC ATTTTTAACA GAAAAAAAGT GTTCT AAA
H2A CAGGCAAACG GAAAAGrATA AATA;TTCGC TGTCTGGGTT AGGCGAGCAT TCGTGTTCCG TGTGTAAAGT GAA CT AAACGC AAAGCAA T
H2B CTGAATTGAC TGCTCGAAAA AAAG ATAAA CaTGAACGCG TTCGGGCCCA CATTACGATA AGTGAATTGT GT ATATAAGTAA CGTGAAC T
H3 ACGATTGCff1 MTAGG TAGCAAATGC TCTGATCGTT TATTGTGTTT TCAAACGTGA AGTAGTGAA GTGAACTTT CCA AATCGGA T
H4 TGTCGTTTTA CCEATAAA GGGGCACACA GAAACGTTGA AATTAGTTCT TTAGTGACTT TCGTGCTGTG CGTGTATAAT AGTATAGAAC A T

B
10 20 30 40 50 60 70 80 90 100

HI ITAATTGTGA AAAAGTGCAG TATTTGGTAC ATGTTCGCAA TTAAAATTTT AGATTTATGA TTTATAGATC TGAAATTTGT TTAAACAAET CCTTTTCAGGI
H2A TAA XCGTTTC AAAGGCTAAG CTAAAAACCT ACATGTACAT AAAATCGTCA ATCAAAC GT CCTTTTCAGG ACGACCAAAT TATTACCAAA GAATTGAAAA
H2B TAA tTTTCTC CTGCGAATGC GGACAATAAT CCAAAAC C CCTTTTCAGGI GCCACATGT GTTATACCAA AGAAATGCAT TTTTCAACCA CCAATCATCG
H3 TAA SCTGACA CGGCATTAAC TTGCAGATAA AGCGCTAGCG TACTCTATA TCTTT TCAGGCCAC AAACCAGATT CAATGAGATA AAATTTTCTG
H4 OIAAAGTGT ACATCCTGTG TACCCCTATT AAGAATCGG TCCT A TT CAGTTTTTAA AAGGAGGAAG ATTTTCAAAA AGTATTTAAT

I 10 120 130 140 150 160 170 180 190 200
HI GCIACAACGT TCCGTTGCAA GAGAAAAAAA CTTTTATTTT CTTCCACTTA TTTATTAGCT GACGTTCGCA GCAAC XAACGTTTCAT GTCATGAATT
H2A ATTTTTTAGC TTGGCAATTT GTTGTAATTZ XrCATA AAGAATTATT AACGTAAAGA TGGTAATGTA GTAAGGGTTT TCTACTATAT GCGGTATAAA
H2B AATATGAATT TACAAATAAA ACTTATTTAC CCGCAATATG GGTAATTGGG TAATGTTCAZTAURrACAA AAAAATCGGG AACGAAAACT GAATGCGACC
H3 TTGCCGACTA TTTATAACTT AAAAAAAATA AGAACAAAAT TCATATTCTA TTATTTATGG CGCAAACGGT ACTGGGTCTT AAATCATATG TAAAAATACT
H4 TTTATTGGTC GGGACTCCCA AAAAATATGT TAAACTAAA GTCT GTCGTTCGTA CTCTTTCAAA TAGAATGTGT ATTTCTAACA TGGATTTGTA

210 220 230 240 250
H1 ACATTGAATG TTGGTCGCAT TCAGTTTTCG TTCCCGATTT TTTTGTATTT
H2A CTATAATTTG CTTCTTTAAA CAATCGCACA CCACGATGTG ATGCTGTACA
H2B AACATTCAAT GTAATTCATG ACATGAAACG TTTTATTGTT GCTGCGAACG
H3 AATTCTGCCA GAGAAGG T~ATAATC TTATTTTAAT TGTCAGCTCA
H4 CAGACTGTAC AAATGGTTTC AGACACCGCA TGTACAGCAT CACATCGTGG

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 polIII, since the conservative sequence of the

RNA pollII 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.

ACKNOWLEDGMENTS

We are grateful to Dr. K. Saigo for his considerable advice

and suggestions and providing the histone probe. Thanks are also

due to Drs. T. Mukai and S. Yokoyama for reading the manuscript,

235



Nucleic Acids Research

to Dr. M. Hattori for his comments on sequencing DNA, to Dr. R.
Yoshioka for preparing the synthetic DNA, and to Dr T. Gojobori
and Miss E. Nakamura for assisting in the DNA sequence analysis.
This work was supported in part by a research grant from the

Yamada Science Foundation, Kudo Science Foundation and Ministry
of Education, Japan.

* Present address: Department of Ecology, Ethology and Evolution,
University of Illinois, Shelford Vivarium, 606 E. Heaky St.,
Champaign, Illinois 61820, USA

** To whom correspondence should be addressed.

REFERENCES
1. Lifton, R. P., Goldberg, M. L., Karp, R.W. and Hogness, D.

S. (1977) Cold Spring Harbor Symp. Quant. Biol. 42, 1047-
1051.

2. Kedes, L.H. (1979) Ann. Rev. Biochem. 48, 837-870.
3. Engel, J.D., Sugarman, B.J. and Dodgson, J.B. (1982) Nature

297, 434-436.
4. Grandy, D.K., Engel, J.D. and Dodgson, J.B. (1982) J. Biol.

Chem. 15, 8577-8580.
5. Harvey, R. R., Krieg, P. A., Robins, A. J., Coles, L. S. and

Wells, J. R. E. (1981) Nature 294: 49-53.
6. Sittman, D., Chiu, I., Pan, C., Cohn, R., Kedes, L. and

Marzluff, W. (1981) Proc. Natl. Acad. Sci. USA 78, 4078-4082.
7. Seiler-Tuyns, A. and Birnstiel, M.L. (1981) J. Mol. Biol.

151, 607-625.
8. Heintz, N., Zernik, M. and Roeder, R.G. (1981) Cell 24, 661-

668.
9. Sierra, F., Lichtler, A., Marashi, F., Rickles, R., VanDyke,

T., Clark, S., Wells, J., Stein, G. and Stein, J. (1982) Proc.
Natl. Acad. Sci. USA 79, 1795-1799.

10. Zhong, R., Roder, R.G. and Heintz, N. (1983) Nucleic Acid
Res. 11, 7409-7425.

11. Turner, P.C. and Woodland, H.R. (1982) Nucleic Acid Res. 10,
3769-3780.

12. Old, R. W., Woodland, H.R., Ballentine, J. E. M., Aldridge,
T. C., Newton, C. A., Bains, W. A. and Turner, P. C. (1984)
Nucleic Acid Res. 10, 7561-7580.

13. Moorman, A. F. M., DeLaff, R. T. M. and Destree, 0. H. J.
(1980) Gene 10, 185-193.

14. Ruberti, I., Fragapane, P., Pierandrei-Amaldi, P., Beccari,
E., Amaldi, F. and Bozzoni, I. (1982) Nucleic Acid Res. 10,
7543-7559.

15. Van Dongen, W., de Laaf, L., Moorman, A. and Destree, 0.
(1981) Nucleic Acid Res. 9, 2297-2311.

16. Zernik, M., Heintz, N., Boime, I. and Roeder, R. (1980) Cell
22, 807-815.

17. Perry, M., Thomsen, G.H. and Roeder, R.G. (1985) J. Mol.
Biol. 185, 479-499.

236



Nucleic Acids Research

18. Childs, G., Nocente-McGrath, C., Lieber, T., Holt, C. and
Knowles, J. A. (1982) Cell 31, 383-393.

19. Maxon, R., Mohun, T., Gormezano, G., Childs, G. and Kedes, L.
(1983) Nature 301, 120-125.

20. Cohn, R.H., Lowry, J. C. and Kedes, L.H. (1976) Cell 9, 147-
161.

21. Overton, G.C. and Weinberg, E.S. (1978) Cell 14, 247-257.
22. Cohn, R. H. and Kedes, L. H. (1979) Cell 18, 855-864.
23. Hentschel, C.C. and Birnstiel, M.L. (1981) Cell 25, 301-313.
24. Maxon, R., Cohn, R. and Kedes, L. (1983) Ann. Rev. Genet. 17,

239-277.
25. Old, R. W. and Woodland, H.R. (1984) Cell 38, 624-626.
26. Smith, M. M. and Andresson, 0. S.(1983) J. Molec. Biol. 169,

663-690.
27. Wallis, J.W., Hereford, L. and Grunstein, M. (1980) Cell 22,

799-805.
28. Pardue, M. L., Kedes, E. S., Weinberg, E. S. and Birnstiel, M.

L. (1977) Chromosoma 63, 135-151.
29. Karp, P. W. (1980) Ph. D. Thesis, Stanford Univ.
30. Saigo, K., Millstein, L. and Thomas, C.A. (1981) Cold Spring

Harbor Symp. Quant. Biol. 45, 707-710.
31. Ikenaga, H. and Saigo, K. (1982) Proc. Natl. Acad. Sci. USA

79, 4143-4147.
32. Goldberg, M. (1979) Ph. D. thesis, Stanford Univ.
33. Yamazaki, T., Matsuo, Y., Inoue, Y. and Matsuo, Y. (1984)

Jpn. J. Genet. 59, 33-49.
34. Maniatis, T., Hardison, R.C., Lacy, E., Lauer, C., O'Connell,

C., Quon, D., Sim, G.K. and Efstratiadis, A. (1978) Cell 15,
687-701.

35. Karn, J., Brenner, S. and Barnett, L. (1983) Methods in
enzymology 101, 3-19.

36. Benton, W. and Davis, R. (1977) Science 196, 180-182.
37. Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982) A

laboratory manual, Cold Spring Harbor Laboratory, Cold Spring
Harbor, New York.

38. Vieira, J. and Messing, J. (1982) Gene 19, 259-268.
39. Mandel, M. and Higa, A. (1970) J. Mol. Biol. 53, 159-162.
40. Rigby, P.W.J., Diekmann, M., Rhodes, C. and Berg, P. (1977)

J. Mol. Biol. 113, 237-251.
41. Southern, E. (1975) J. Mol. Biol. 98, 503-518.
42. Sanger, S., Nicklen, S. and Coulson, A. (1977) Proc. Natl.

Acad. Sci. USA 74, 5463-5467.
43. Sanger, F., Coulson, A.R., Barrell, B.G., Smith, J.H. and

Roe, B.A. (1980) J. Mol. Biol. 143, 161-178.
44. Hattori, M., Hidaka, S. and Sasaki, Y. (1985) Nucleic Acid

Res. 13, 7813-7827.
45. Alfageme, C.R., Zweidler, A., Mahowald, A. and Cohen, L.H.

(1974) J. Biol. Chem. 249, 3729-3736.
46. Isenberg, I. (1979) Ann. Rev. Biochem. 48, 159-191.
47. Wells, D.E. (1986) Nucleic Acid Res. 14, r119-r149.
48. Elgin, S. C., Schilling, J. and Hood, L.E. (1979)

Biochemistry, 5679-5685.
49. Gasser, S. M. and Laemmli, U. K.(1986) The Embo Journal 5,

511-518.
50. Sures, I., Lowry, J. and Kedes, L.H. (1978) Cell 15, 1033-

1044.

237



Nucleic Acids Research

51. Slighyom, J.L., Blechl, A.E. and Smithies, 0. (1980) Cell 21,
627-638.

52. Matsuo, Y. and Yamazaki, T. (1989) Genetics (in press).
53. Sakamoto, K. and Okada, N. (1985) J. Mol. Evol. 22, 134-140.
54. Daniels, G.R. and Deininger, P. L. (1985) Nucleic Acid Res.

13, 8939-8954.
55. Lawrence, C.B., McDonnell, D.P. and Ramsey, W. J. (1985)

Nucleic Acid Res. 13, 4239-4252.
56. Sharp, S., DeFranco, D., Dingermann, T., Farrell, P. and

Soll, D. (1981) Proc. Natl. Acad. Sci. USA 78, 6657-6661.
57. Birchmeier, C., Grosschedl, R. and Biernstiel, M.L. (1982)

Cell 28, 739-745.
58. Kreig, P.A. and Melton, D.A. (1984) Nature 308, 203-206.
59. Endoh, H. and Okada, N. (1986) Proc. Natl. Acad. Sci. USA

83,251-255.
60. Liebermann, D., Hoffman-Liebermann, B., Weinthal, J., Childs,

G., Maxon, R., Mauron, A., Cohen, S.N. and Kedes, L. (1983)
Nature 306, 342-347.

61. Cohn, E., Strachan, T. and Dover, G. (1982) J. Mol. Biol.
158, 17-35.

62. Dover, G. (1982) Nature 299, 111-116.
63. Childs, G., Maxon, R., Cohn, R.H. and Kedes, L. (1981) Cell

23, 651-663.

238


