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ABSTRACT
Sequence analysis of an 8.4 kb fragment containing five chicken histone

genes shows that an H4-H2A gene pair is duplicated and inverted around a
central H3 gene. A left and right region, each of 2.1 kb are 97% homologous
and the boundaries of homology coincide with ten base pair repeats. These
boundary regions also contain highly conserved gene promoter elements,
suggesting that interaction of transcriptional machinery with histone genes
may be connected with recombination in promoter regions, resulting in the
inverted duplication structure seen in this cluster.

INTRODUCTION
Histone genes of invertebrates such as sea urchin and Drosophila are,

with minor exceptions, clustered in highly ordered tandem arrays and repeated
several hundred-fold in their respective genomes, (reviewed in 1). In
contrast, core and HI genes of vertebrates such as chickens, (2,3) mice, (4)
and humans (5) are not present in ordered repeats, while the situation in the
frog is intermediate with the majority of genes in tandem arrays and others
disordered (6,7). In the chicken there are about ten copies of each core
histone gene and six Hi genes, thus the number of genes is approximately
balanced despite the diversity of gene arrangement (D'Andrea et al.,
submitted).

Current data suggests that sequences 5' to polymerase II genes are more
important in the control of gene expression than the gross organisation of
gene families within the genome. The 5' regions contain well characterised
elements such as the ubiquitous TATA box and the CAAT box which are important
for the regulation of transcriptional inJtiation. In addition to these
general promoter elements, several gene-specdfic motifs have been recognised
and their importance in transcriptional control has been documented (8).

In the sea urchin histone gene system specific elements have been
reported upstream from H2A (9) and H4 (10) genes. We previously reported an
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H2B-specific promoter sequence (11) which has now been found as an important
element for heavy and light chain imunoglobulin gene expression in lymphoid
cells (12) and recently a histone Hi-specific element has been noted (Coles
et al., submitted). If all such elements are shown to be functionally signif-
icant, they may account in part for independent regulation of the dispersed
histone genes in vertebrate genomes.

Here we investigate the organisation of five chicken histone genes and
their associated regulatory elements present in an unusual array in which H2A
and H4 genes form an inverted duplication centred around a single H3 gene.
Sequence analysis of an 8.4 kb region allows delineation of the borders of the
duplication and we note that regulatory elements are intimately associated
with these.

MATERIALS AND METHODS
Restriction endonucleases were purchased from New England Biolabs; Klenow

Polymerase and a-labelled 32P-dNTPs were purchased from Biotechnology Research
Enterprises S.A. Pty. Limited. All enzymes were used according to the specif-
ications of the manufacturer.
Fragment Sub-Cloning

An 8.4 kb EcoRI fragment isolated from the chicken genomic clone ACH03
(D'Andrea et al., submitted) was subcloned into the EcoRI site of pBR325.
This recombinant, pCH8.4E, contains five histone genes arranged in the order
H4-H2A-H3-H2A-H4 (Figure 1). To ensure that sequences from the left and right
regions of the cluster could be derived independently, a unique SalI site
within the coding region of the H3 gene was utilised and independent
recombinants pCH3.5E/S and pCH4.5E/S were constructed in pBR322.
Sequencing Strategy

Libraries of randomly sonicated fragments of the pCH3.5E/S and pCH4.5E/S
inserts were generated in Ml3mp8 and sequenced by the dideoxy chain termin-
ation sequencing method (13). Briefly, each insert was concatamerised by
ligation and sonicated under conditions which gave an average fragment length
of 700 bp (data not shown). The sheared DNA was blunt-ended using the Klenow
fragment of E. coli DNA polymerase and size-fractionated' on a LGT agarose
gel. DNA in the size range 0.5 - 1.5 kb was isolated and subcloned into Smal
digested M13mp8. A library of approximately 200 recombinants was generated in
this manner and sequenced by the dideoxy chain termination method. A computer
program was used to align overlaps (14).
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FIGURE 1: Organisation of pCH8.4E. Coding regions of the five histone genes
and their direction of transcription are denoted. The LH4-LH2A region and the
RH4-RH2A region form part of an inverted duplication shown in boxes. These
are referred to in the text and in Figure 3. Numbers represent base-pairs.
Small arrows indicate sequences generated from random M13 clones. The
subclones pCH3.5E/S and pCH4.5E/S were generated by cloning the two Eco/SalI
fragments from pCH8.4E into pBR322.

RESULTS AND DISCUSSION
Complete Sequence of the 8.4 Kb Region

The alignment of the M13 subclones used to generate the whole sequence of
the 8.4 kb fragment as well as the relative position and orientation of the

five histone genes is shown in Figure 1. The complete nucleotide sequence is
presented in Figure 2. Regions of significance are boxed in bold type and
designations are explained in the legend.
The H4-H2A Gene-Pairs are the Product of an Inverted Duplication

With complete sequence data, direct comparisons can be made between the
left and right H4-H2A gene pairs centred around the single H3 gene. It is

expected that each iso-coding region will be highly conserved within the
fragment pCH8.4E (and elsewhere in the histone gene locus) whereas non-coding

regions may diverge. In the case of the two H4-H2A pairs reported here it is
clear that both coding and substantial non-coding regions are highly homolo-

gous. Furthermore, the boundaries of homologous and non-homologous bases for
the left and right gene pair are easily defined. As shown by the boxes in
Figure 1, the homology extends 149 base pairs 5' to the H4 gene initiation
codon and 245 base pairs 5' to the H2A gene initiation codon. Omitting the

coding regions in each case, the remaining thousand or so base-pairs within
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each intergene region show 97% homology. If coding regions are now included
there is a block of approximately 2.1 kb containing an H4 and H2A gene which
has been duplicated in reverse orientation around the H3 gene (Figure 1). The
degree of conservation of sequences suggests that the recombination event is
relatively recent.
The Boundaries of the Duplication Contain Repeats

The boundaries of the duplication are characterised by a ten base pair
direct repeat 5' to the H4,gene and a ten base pair inverted repeat 5' to the
Ii2A gene. The direct and inverted repeats are separated by forty and twenty-
one base pairs of DNA respectively and are related to each other sharing the
octamer sequence 5' GCCCCGCC 3' (Figure 3). Immediately adjacent to the
inverted repeat upstream from the right H2A gene (RH2A - Figure 1) and outside
the duplicated area is another inverted repeat of unrelated sequence. These
seven base-pair sequences are twenty-one base-pairs apart and are shown in
bold type as regions IR(1) at positions, 4,652 and 4,680 in Figure 2. The
coincidence of repeated sequences immediately adjacent to the boundaries of
the inversion suggests involvement of these elements in recombination events
giving rise to the inverted duplication. One mechanism which may account for
this is reverse chromatid pairing as suggested by Vitelli and Weinberg (15).
They have reported an inverted duplication in an unusual sea urchin histone
gene cluster and the presence of short direct repeats at one of the boundaries
of the duplication. In the chicken histone gene cluster, the inverted repeats
5' to the H2A genes (IR(L), positions 2,717 and 2,757; IR(R) 4,687 and 4,727,
Fig. 2) are themselves made up of a direct repeat (5' CCGCCCCGCC 3').
Although not commented on by Vitelli and Weinberg (op. cit.), the sea urchin
inverted duplication also contains an imperfect inverted repeat close to one
of the boundaries of the duplication. The repeats may have played a role in
the generation of the chromosomal inverted duplications seen in both systems.
The Five Gene Coding Regions

None of the five genes contains intervening sequences and each encodes a
protein with the same amino acid sequence as the respective calf thymus
histone (16).

The DNA sequence of the left H4 gene (LH4 - Figure 1) has been previously
reported, (17). We find 17 differences between our sequence and the reported
one but none of these changes affect the coding potential of the gene. In
addition, Sugarman et al. (17) assigned an EcoRI site just 3' to the end of
the gene which is not present in our sequence. These differences may
represent polymorphisms although the extra EcoRI site 3' to the gene would

1372



Nucleic Acids Research

ATTCATGGACATTTAAAATCATGTTTGCTGTATTTGAGCCTTTAAAAAACATATATTGTTAAAAATTACTTCTTACG
TAAGTACCTGTAAATTTTAGTACAAACGACATAAACTCGGAAATTTTTTGTATATAACAATTTTTAATGAAGAATGC

4
GTTTATGCAATTTATCATTTATTCTTAGATATAATGTTGTTTGCAATGGCTTGGGTTGCATATGCAGGCCTAACTGC
CAAATACGTTAAATAGTAAATAAGAATCTATATTACAACAAACGTTACCGAACCCAACGTATACGTCCGGATTGACG

4
ATAATAATAATAATAATAATAAAATAATCGAAGGGAACAAAGTCATACTGTTCTTAGGGATCAGTACACTAAACATG
TATTATTATTATTATTATTATTTTATTAGCTTCCCTTGTTTCAGTATGACAAGAATCCCTAGTCATGTGATTTGTAC

I
CGTAAGGCAACTTATATACTGTATTGACATCTTCGGATTGTACGTACAGTGCCCACCATCAAAAGAGCAAGACATGA
GCATTCCGTTGAATATATGACATAACTGTAGAAGCCTAACATGCATGTCACGGGTGGTAGTTTTCTCGTTCTGTACT

AGAGTTGAAAGACTTGGTGCTACTCTAAATGGAAAGCGAATTAAAGAAAATTCCCTATGGTTTGACACCAGTTAGAG
TCTCAACTTTCTGAACCACGATGAGATTTACCTTTCGCTTAATTTCTTTTAAGGGATACCAAACTGTGGTCAATCTC

GAAMAAAAACCTCACCTTGGAACTACAAGGTTACATATACACAGGAATTGTTACATGACTATTGAAAAATATTACG
CTTTTTTTTTGGAGTGGAACCTTGATGTTCCAATGTATATGTGTCCTTAACAATGTACTGATAACTTTTTATAATGC

500
4

ATACACGGAAAGCATTCAAGAAAATAAAGAGGAGCAATACAAAAAGAAAGTGCAATAGATTTCTCAGGTAGTGTACT
TATGTGCCTTTCGTAAGTTCTTTTATTTCTCCTCGTTATGTTTTTCTTTCACGTTATCTAAAGAGTCCATCACATGA

4
TTACACCGAAAAAAAAAAAAAGTGATGAGAGAAACAGACTGTAATGAGGAAAATGAAACGCATTGCAGCCAGGAGAA
AATGTGGCTTTTTTTTTTTTTCACTACTCTCTTTGTCTGACATTACTCCTTTTACTTTGCGTAACGTCGGTCCTCTT

DR(L)OIU H4 I

AAAAAAM TTAGCTAGGAGGA 66CCCCCCI TCCAGGGAGGAGGAGGCAGTGGCGC [TCCC6CC CCCGCCTG
TTTTTTTTTAATCGATCCTCCT ICCG66CGM AGGTCCCTCCTCCTCCGTCACCGCGI e66J6 GGGCGGAC

DR(L) 4 1 4I H4 TATA
GGCCCCGCCC CTGGT ITTCA ATCAG IGCC GACCATACGCC IATAAA CCCGCGCGCGCCCCGCCACATCCTC
ICCGGGGCGG GACCA I MjJ TAGTC I CTGGTATGCGG GT^[T6 I GGGCGCGCGCGGGGCGGTGTAGGAG

I
ACTGGTGTCGGACGACTCAGGCTCTCGGC ATG TCT GGC AGA GGC MG GGC GGG MG GGG CTC GGC
TGACCACAGCCTGCTGAGTCCGAGAGCCG ser gly arg gly lys gly gly lys gly leu gly

AAG GGC GGC GCC MG CGC CAC CGC MG GTG CTG CGC GAC MT ATC CAG GGC ATC ACC
lys gly gly ala lys arg his arg lys val leu arg asp asn ile gin gly ile thr

4
AAG CCG GCC ATC CGC CGC CTG GCG CGG CGC GGC GGC GTC MG CGC ATC TCG GGG CTC
lys pro ala ile arg arg leu ala arg arg gly gly val lys arg ile ser gly leu

ATC TAC GAG GAG ACG CGC GGC GTG CTC MG GTC TTC CTG GAG MC GTC ATC CGC GAC
le tyr glu glu thr arg gly val leu lys val phe leu glu asn val ile arg asp

1000
4

GCC GTC ACC TAC ACC GAG CAC GCC AAG AGG AAG ACG GTC ACG GCC ATG GAC GTG GTC
ala val thr tyr thr glu his ala lys arg lys thr val thr ala met asp val val

FIGURE 2
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I
TAC GCG CTC MG CGC CAG GGA CGC ACC CTC TAC GGC TTC GGC GGT TM ACTCGTCTCCGAT
tyr ala leu lys arg gin gly arg thr leu tyr gly phe gly gly stop TGAGCAGAGGCTA

T DSE
TCCGGCCACCCGMCTCGTTTTTAGCA ACCCAAAG6CTCIT1TCAGAGCCGCCCA CTTGGTTCjT
AGGCCGGTGGGCTTGAGCMAAATCGT TGGTTCCGAGAAAAGTCTCGGCGGGT GAACCMG [GTA

I
GTGTCACCTCGCCTGATGTGACGGGGCTTTTTCACTTAATAGTTAGGCTCTTTTATCTCCCCCAGCCGTATTTTCAG
CACAGTGGAGCGGACTACACTGCCCCGAAAAAGTGMTTATCAATCCGAGAAAATAGAGGGGGTCGGCATAAAAGTC

I
CTCTTCGCTTTCCGTGTCCGGACTGCAGAGCTGTGTAGCACAGCTCTAGCGCCTCGCGGCGTCCCTCCGTTCCCTCG
GAGAAGCGAAAGGCACAGGCCTGACGTCTCGACACATCGTGTCGAGATCGCGGAGCGCCGCAGGGAGGCAAGGGAGC

I
CAAGCGGCTCGCTGCCTCCGCTTCCCCGCAGCAGGCTCTCACCGGGCAGCTTTCGGGCTCCGCTCGCTCCAGGGCGC
GTTCGCCGAGCGACGGAGGCGMGGGGCGTCGTCCGAGAGTGGCCCGTCGAAAGCCCGAGGCGAGCGAGGTCCCGCG

GCTCTTGACTTCTATTCCCGTTGCTAGCGACCGGGTCAGGCACGTGCGACACAGTGCCCAGGCGCGMTCCAGCCCC
CGAGMCTGAAGATMGGGCAACGATCGCTGGCCCAGTCCGTGCACGCTGTGTCACGGGTCCGCGCTTAGGTCGGGG

1500
I

TCCCTTCGGCACCGCGTCCGGAMGGCCAGGAGAAGGGGGCCGGCCCCATTACTCACAGACCGGGGGMGGGCGMG
AGGGMGCCGTGGCGCAGGCCTTTCCGGTCCTCTTCCCCCGGCCGGGGTMTGAGTGTCTGGCCCCCTTCCCGCTTC

GAGMGCAGGTTCTGCCCTGACAGGAACCCCCCGAGGTGGGGGGAGAAATGGGGMGAGGCGGCTATTCCGCTTCCG
CTCTTCGTCCMGACGGGACTGTCCTTGGGGGGCTCCACCCCCCTCTTTACCCCTTCTCCGCCGATMGGCGMGGC

I
CCCGCCCGCAGGCCGCGCACGCCGGGCTGCGCGGCMGAGGCGGACACCACMCGGACCCCGCGGTGTCCGCTCCTT
GGGCGGGCGTCCGGCGCGTGCGGCCCGACGCGCCGTTCTCCGCCTGTGGTGTTGCCTGGGGCGCCACAGGCGAGGM

I
TTCCCCCCMCTGGGCGTTTCGCCCGCCCTTACGAAAGGCGCGCGCGGGGCGCCCACGCGGGACGCGGATGCGCGGC
MGGGGGGTTGACCCGCAAAGCGGGCGGGAATGCTTTCCGCGCGCGCCCCGCGGGTGCGCCCTGCGCCTACGCGCCG

TGCCGCTCGAGAGGGGGACGGGGAGCGGCTTCAGCGCAGCGTTTCGGGTTGCAGTCAGGACAGGGCAGCGACGCCCA
ACGGCGAGCTCTCCCCCTGCCCCTCGCCGMGTCGCGTCGCAAAGCCCMCGTCAGTCCTGTCCCGTCGCTGCGGGT

GGGGAAAACTCGGGGCTTCCCGAACGAACACAGCGCCTCTCCGGCGGAGCTGCGAGGGCCGCACGGAcGGAAACACCC
CCCCTTTTGAGCCCCGMGGGCTTGCTTGTGTCGCGGAGAGGCCGCCTCGACGCTCCCGGCGTGCCTGCCTTTTGGG

2000

CCCAGTGCCGCCGTGCGCCCAGCAGTACGGAACCTCCCGCMCMCACACCACACMGCACTCGTCGAGTCACCGCA
GGGTCACGGCGGCACGCGGGTCGTCATGCCTTGGAGGGCGTTGTTGTGTGGTGTGTTCGTGAGCAGCTCAGTGGCGT

DSE T 4
TTCCG[CCI IrCTC61AGACTG IT UTT C TIA GC ITG6GTT TTCACTTCGCTGCTCSSCBCG
MGGC TC6 TCTGAC ACCCACCGAGACTMCTCGG AAACCCA AMGTGMGCGACGAGCCGCGC

CTTCCTCGGGGCCGGC stop lys ala lys ala lys his ser asp thr lys lys pro
GMGGAGCCCCGGCCG GAT GM TCG GM CCG GAA CAC CGA CAG CCA GAA GAA CCC
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i
leu leu val ala gin ile asn pro leu val gly gly gin ala ile thr val lys gly
GTC GTC GTG CCG GAC CTA CM CCC GTC GTG GGG TGG GAC GCG CTA CCA GTG GAA CGG

leu leu lys asn leu glu glu asp asn arg ile ala leu gin leu his arg pro ile
GTC GTC GAA CM CTC GAG GAG CAG CM CGC CTA CCG GTC GAC GTC CAC CGC CCC CTA

I
ile arg thr lys lys asn asp arg ala ala asn gly ala leu glu leu ile glu ala
CTA CGC GCA GAA GAA CM CAG CGC CCG GCG CM CGG GCG GTC GAG GTC CTA GAG CCG

thr leu tyr glu leu val ala ala leu tyr val pro ala gly ala gly val arg glu
GCA GTC CAT GAG GTC GTG CCG GCG GTC CAT GTG GCC CCG CGG CCG CGG GTG GGC GAG

I
ala tyr asn gly lys arg leu leu arg his val arg gly val pro phe gin leu gly
GCG CAT CM CGG GAA CGC GTC GTC GGC CAC GTG CGC CGG GTG CCC CTT GAC GTC GGG

2500

ala arg ser ser arg ser lys ala lys ala arg ala lys gly gly gin lys gly arg
CCG GGC GCT GCT CGC GCT GM CCG GAA CCG CGC GCG GAA GGG CGG GAC GAA GGG CGC

gly ser CGCCGATCAGTCGCTCAGAAGCTCMCTGCCMCTCMCAGAAATCAMACACGCMCAGCTGC
GGG GCT GTA GCGGCTAGTCAGCGAGTCTTCGAGTTGACGGTTGAGTTGTCTTTAGTTTTGTGCGTTGTCGACG

TATA I H2AC2
CCGCGCTCGCCCGCGCGCC [MTAT CCCTTCCCCGTTGCGCGCCCGCCGGCTCC f6AT6] GGACGTGTCC
GGCGCGAGCGGGCGCGCGG MATATA GGGAAGGGGCMCGCGCGGGCGGCCGAGG ACTATCC CCTGCACAGG

H2AC1 I
TCACGGGGAACGAGCGC [CCAATGC GTAGCGAATCTCGGCCCGACCAATAGCGACGGGCGCCCTTCC
AGTGCCCCTTGCTCGCG |6 ACC CATCGCTTAGAGCCGGGCTGGTTATCGCTGCCCGCGGGAAGG

IR(L)
= H2A S.S. IR (L)

ICCGCCCCG lCC CCTCTCTCTGCTCAC AT [I66C66 G MGGGGCGGGAGCMGGGGGCATTCCGCCCA
CG C GG GAGAGACATTCT| TA |CC6CCCC6CC TTCCCCGCCCTCGTTCCCCCGTMGGCGGGT

CTMCTGAGCGTGTGCTGCGGGCGGGTGTGGGGCGGTCMTGAGAGCGGTTACGGCTGCTCCGGCCTTTTTCTCTAC
GATTGACTCGCACACGACGCCCGCCCACACCCCGCCAGTTACTCTCGCCMTGCCGACGAGGCCGGAAMAGAGATG

ATCTCTTATTTATTTTGTTGATCTGTTTTTTTAMCAGTTGCCMGGGCCCGAGCACGGCACAGTCAGGGGGAGAGG
TAGAGAATAMTAAAACMCTAGACAAMAAATTTGTCAACGGTTCCCGGGCTCGTGCCGTGTCAGTCCCCCTCTCC

3000
I

GATTCATAAMGAGGGTGTTGAGCGTTTGCGTCATAGCGAGCCGAGGGGTGGGACATTTCGGACGGCCCCTCTGAAA
CTMGTATTTTCTCCCACMCTCGCAAACGCAGTATCGCTCGGCTCCCCACCCTGTAAAGCCTGCCGGGGAGACTTT

ATTMCCGTTCTAGGTTGCCTTCCTGGAAGTAAACATCACAGTTCTACTTCCATGCCTAAATTMTCACTTGAAACG
TMTTGGCMGATCCMCGGAAGGACCTTCATTTGTAGTGTCMGATGAAGGTACGGATTTMTTAGTGAACTTTGC

AAAAGCTMTACAGATGGCACTCTGCTAGCGACTCTGTATACATACATAGTACATTGACTAGCGTTTCGTTCTTTGC
TTTTCGATTATGTCTACCGTGA4ACGATCGCTGAGACATATGTATGTATCATGTAACTGATCGCAAAGCMGAAACG
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TTGTATATAAGAATCTCAGATTGGCTTCGATAATTGTATAAATTTGTGCCTATTTCAGTTACATTGCAGCGTTAC
AACATATATTCTTAGAGTCTAACCGAAGCTATTAACATATTTAAACACGGATAAAGTCAATGTMCGTCGCAATG

DSE T I
A6CTCFFTTATT6 TAGA TGG6T6MTCTTAAAA6ACM TGGGT TGATTTAAGTAGACGTTTAAAGAT
TC ATCT ACCTCACCG6AGATTTMCTCGGAA ACCCA ACTAAATTCATCTGCAAATTTCTA

AACTTTCGAGGCTTAACTTTCT stop ala arg glu gly arg ile arg arg ala leu gin Ile
TTGAAAGCTCCGAATTGAAAGA MT ACG GGA GAG GGG CGC CTA CGC CGC CCG CTC GAC CTA

I
asp lys pro met ile thr val arg lys ala his ile ala cys ieu asn thr asp glu
CAG GAA CCC GTA CTA CCA CTG CGC GAA CCG CAC CTA CCG CGT GTC CM CCA CAG GAG

phe leu giy vai ieu tyr ala glu ser ala glu gin leu ala met val ala ser ser
CTT CTC GGG GTG GTC CAT CCG GAG CGA GCG GAG GAC GTC GCG GTA CTG CCG GCT CGA

3500
i

gin phe arg ieu asp thr lys phe asp gin ala ile glu arg vai leu arg gin pheGAC CTT CGC GTC CAG CCA GAA CTT CAG GAC GCG CTA GAG GGC GTG GTC CGC GAC CTT

pro leu lys arg ile leu ieu glu thr ser lys gin tyr arg arg ile glu arg ieu
CCC GTC GAA CGC CTA GTC GTC GAG GCA CCT GAA GAC CAT CGC GGC CTA GAG CGC GTC

ala val thr giy pro arg tyr arg his pro lys lys val gly giy thr ala pro ala
GCG GTG GCA CGG CCC GGC CAT CGC CAC GCC GAA GAA GTG CGG CGG GCA CCG GCC GCG

Iser lys arg ala ala lys thr ala ieu gin lys arg pro ala lys giy gly thr ser
CGA GAA CGC CCG GCG GAA CCA GCG CTC GAC GAA CGC CCC GCG GAA GGG CGG GCA GCT

lys arg ala thr gin lys thr arg ala CGCTTMGAACGCMGCAGGCAGGGAGGAACGCCAG
GAA TGC GCG GCA GAC GAA GCA TGC GCG GTA GCGAATTCTTGCGTTCGTCCGTCCCTCCTTGCGGTC

I TATA H3C5
GAAATAGACGCCGCTCTCCGCTGTGGGGAT [AMATAYT1 CTAGCACCGCTC [ATTCT6TTG GCCGAAACAAACAG
CTTTATCTGCGGCGAGAGGCGACACCCCTA TAATAT GATCGTGGCGAG TATACTAC CGGCTTTGTTTGTC

H3C4 ars- like
GCTG MTCTCATTG GTCGA TTCiGAAimAAAATAA CCGCCTTTTGGAACGTACCGGCMCCACCG
CGAC TTAGAGTAAC CAGCT A6CTTC TMATTJ GGCGGAAAACCTTGCATGGCCGTTGGTGGC

4000
H3C3 H3C2 H3C1 I[TCTCTCATTG T TGTCTCATTG CAG TGTCTCATTG AGCACACAGAAACTTTTTTTTTTTTTTTGCTTTGTTTTAGTACI A A CA GTC1ATMCI TCGTGTGTCTTTGAAAAAAAAAAAAAMCGAAACAAAA

CTTTTTTATCCTTTTGGTTTCTTTTMGGTAGAMTTTATTCTCGCATTTCTGGAAAGCACTCATGTACGCTAGATTGAAMAATAGGAAAACCAAAGAAATTCCATCTTTAAATMGAGCGTAAAGACCTTTCGTGAGTACATGCGATCTM
I

CAGTAGAGAGACMTMGCGGTAGATTGCAAAGCCTTCCATGCTGAAGTCAGTMTGAAAAAATMGAGCAMAAT
GTCATCTCTCTGTTATTCGCCATCTMCGTTTCGGAAGGTACGACTTCAGTCATTACTCTTTTTATTCTCGTTTTTA
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I
ATGTTTTGTTAAGGAAAGATATCTAAAATAGGTTCCGATTATGTGCCTATACTGAATTACGAGGAATACATTACCTC
TACAAAACAATTCCTTTCTATAGATTTTATCCAAGGCTAATACACGGATATGACTTAATGCTCCTTATGTAATGGAG

IAGGAAATGAGGATCATTAGGTTTTTCATAACTACTGTTGATTTCTTTGAGAAGTGCTGTTTAGAAAGGAGGGTGGGG
TCCTTTACTCCTAGTAATCCAAAAAGTATTGATGACAACTAAAGAAACTCTTCACGACAAATCTTTCCTCCCACCCC

GTCTCTTCATGGTACATGGAAGAGTGGGTGCCCATATAACATGACCGTGTGGCAACCGCGTAAAGTTCCCCTGTGGG
CAGAGAAGTACCATGTACCTTCTCACCCACGGGTATATTGTACTGGCACACCGTTGGCGCATTTCAAGGGGACACCC

I
GAAAAGTCCCAGGACGCCTTACGGGGGCACAGTGAGGGGAGCTCATTATGACAGAAATTCCGTGCACTCAGAGACAC
CTTTTCAGGGTCCTGCGGAATGCCCCCGTGTCACTCCCCTCGAGTAATACTGTCTTTAAGGCACGTGAGTCTCTGTG

4500
I

ACGTGCGCACAAGTCCCGTTCTCCCCACAGGCCGCTCATCCTTACAAATAACTCTTTCCCTCAGCTACAGTTTCCCT
TGCACGCGTGTTCAGGGCAAGAGGGGTGTCCGGCGAGTAGGAATGTTTATTGAGAAAGGGAGTCGATGTCAAAGGGA

I
CACTCTGCAGTAGAAGGGCAAGGAAAAAAGAAAGAAAAAGAAAGAAAGAAAAAACGGAAAAAAAGACCCGGTTCAGA
GTGAGACGTCATCTTCCCGTTCCTTTTTTCTTTCTTTTTCTTTCTTTCTTTTTTGCCTTTTTTTCTGGGCCAAGTCT

IR (1) IR (1)

CCCCCCGGAAGGACCGGGACATGAGACTGCCCGT f 6CTGC TGCCGCCAGTGGGCAACCACC IWiTCI
GGGGGGCCTTCCTGGCCCTGTACTCTGACGGGCA ICTCGAC ACGGCGGTCACCCGTTGGTGG ICTCGAG

IR (R)
I I. H2A S.S. IR (R)

ICCCCCCGCC AT |TGCTGTGAGCAGAGAGAGG 1661 CGG6GCGG GGAAGGGCGCCCGTCGCTATTGGTCGGGCCG
GGCGGGGCGG TA IACGACACTCGTCTCTCTCC ICCI GCCCC6CC CCTTCCCGCGGGCAGCGATAACCAGCCCGGC

H2AC1 H2AC2

AGATTCGCTAC GCCATTGI GCGCTCGTTCCCCGTGAGGACAGCTCC CCTATCA] GGAGCCGGCGGGCGCGCAA
TCTAAGCGATG CGGTAACC CGCGAGCAAGGGGCACTCCTGTCGAGG ICGGTAGT CCTCGGCCGCCCGCGCGTT

TATA I
CGGGGAAGGG AITATAAA GGCGCGCGGGCGAGCGCGGGCAGCTGTTGCGTGTTTTGATTTCTGTTGAGTTGGCAGT
GCCCCTTCCC ITATAM CCGCGCGCCCGCTCGCGCCCGTCGACAACGCACAAAACTAAAGACAACTCAACCGTCA

TGAGCTTCTGAGCGACTGATCGGCG ATG TCG GGG CGC GGG MG CAG GGC GGG AAG GCG CGC
ACTCGAAGACTCGCTGACTAGCCGC ser gly arg gly lys gin gly gly lys ala arg

5000
I

GCC MG GCC MG TCG CGC TCG TCG CGG GCC GGG CTG CAG TTC CCC GTG GGC CGC GTG
ala lys ala lys ser arg ser ser arg ala gly leu gin phe pro val gly arg val

CAC CGG CTG CTG CGC AAG GGC MC TAC GCG GAG CGG GTG GGC GCC GGC GCC CCG GTG
his arg leu leu arg lys gly asn tyr ala glu arg val gly ala gly ala pro val

I
TAC CTG GCG GCC GTG CTG GAG TAC CTG ACG GCC GAG ATC CTG GAG CTG GCG GGC MC
tyr leu ala ala val leu glu tyr leu thr ala glu ile leu glu leu ala gly asn

GCG GCC CGC GAC MC MG MG ACG CGC ATC ATC CCC CGC CAC CTG CAG CTG GCC ATC
ala ala arg asp asn lys lys thr arg ile ile pro arg his leu gin leu ala ile
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I
CGC MC GAC GAG GAG CTC AAC MG CTG CTG GGC MG GTG ACC ATC GCG CAG GGC GGG
arg asn asp glu glu leu asn lys leu leu gly lys val thr ile ala gin gly gly

GTG CTG CCC MC ATC CAG GCC GTG CTG CTG CCC MG MG ACC GAC AGC CAC MG GCC
val leu pro asn ile gin ala val leu leu pro lys lys thr asp ser his lys ala

MG GCT MG TAG GCCGGCCCCGAGGAAGCGCGCCGAGCAGCGAAGTGAA
lys ala lys stop CGGCCGGGGCTCCTTCGCGCGGCTCGTCGCTTCACTT

T DSEI
ACCCAAGGTCTTTTCAGAGCCACCCA CAGTCTI C6A T CGGAATGCGGCGACTCGACAGTGCTTGT
TGGGTMCCGAGAAMGTCTCGGTGGGT GTCAGA 1CTCTTTCTCG6 GCCTTACGCCGCTGAGCTGTCACGAACA

5500

GTGGTGTGTTGTTGCCGCGGGAGGTTCCGTACTGCTGGGCGCACGGCGGCACTGGGGGGTTTTTCCGTCCGTGCGGG
CACCACACMCMCGGCGCCCTCCMGGCATGACGACCCGCGTGCCGCCGTGACCCCCCAAMAGGCAGGCACGCCC

L I LbLAWL I LLbLLb6bA%bWIbt I b I b I ItI I I tbbbbAAAALIbAb I II I UAA; IbbbUb I UbI IMI. I bI U,
GGAGCGTCGAGGCGGCCTCTCCGCGACACAAGCMGCCCTTCGGGGCTCAAAAGGGGACCCGCAGCGACGGGACAGG

TGACTGCMCCCGAAACGCTGCGCTGMGCCGCTCCCCGTCCCCCTCTCGAGCGGCAGCCGCGCATCCGCGTGCCGC
ACTGACGTTGGGCTTTGCGACGCGACTTCGGCGAGGGGCAGGGGGAGAGCTCGCCGTCGGCGCGTAGGCGCACGGCG

I
GTGGCGGCCCCGCGCGCGCCTTTCGTAAGGGCGGGCGAAACGCCCGGAAGGGGGGAAAAGGAGCGGACACCGCGGGG
CACCGCCGGGGCGCGCGCGGAAAGCATTCCCGCCCGCTTTGCGGGCCTTCCCCCCTTTTCCTCGCCTGTGGCGCCCC

TCCGTTGTGGTGTCCGCCTCTTGCCGCGCAGCCCGGCGTGCGCGGCCTGCGGGCGGGCGGMCGGGMTAGCCGCCT
AGGCMCACCACAGGCGGAGMCGGCGCGTCGGGCCGCACGCGCCGGACGCCCGCCCGCCTTGCCCTTATCGGCGGA

CTTCCCCATTTCTCCCCCCACCTAGAGAGGGTTCCTGTCAGGGCAGAACCTGCTTCTGCCTTCGCCCTTCCCCCGGT
GAAGGGGTMAGAGGGGGGTGGATCTCTCCCMGGACAGTCCCGTCTTGGACGAAGACGGAAGCGGGAAGGGGGCCA

I
CTGTGAGTMTGGGGCCGGCCCCCTTCTCCCGGCCTTTCCGGACGCGGTGCCGAAGGGAGGGGCTGGATTCGCGCCT
GACACTCATTACCCCGGCCGGGGGAAGAGGGCCGGAAAGGCCTGCGCCACGGCTTCCCTCCCCGACCTAAGCGCGGA

6000
I

GGGCACTGTGTCGCACGTGCCTGACCCGGTCGCTAGCMCGGGAATAGAAGTCMGAGCGCGCCCTGGAGCGAGGGC
CCCGTGACACAGCGTGCACGGACTGGGCCAGCGATCGTTGCCCTTATCTTCAGTTCTCGCGCGGGACCTCGCTCCCG

I
AGCCCGAAAGCTGCCCGGTGAGAGCCTGCTGCGGGGAAGCGGAGGCAGCGAGCCGCTTGCGAGGGAACGGAGGGACG
TCGGGCTTTCGACGGGCCACTCTCGGACGACGCCCCTTCGCCTCCGTCGCTCGGCGAACGCTCCCTTGCCTCCCTGC

CCGCGAGGCGCTAGAGCTGAGCTACACAGCTCTGCAGTCCGGACACGGAAAGCAAAGAACTGAAAATGCGGCT6GGG
GGCGCTCCGCGATCTCGACTCGATGTGTCGAGACGTCAGGCCTGTGCCTTTCGTTTCTTGACTTTTACGCCGACCCC

DSE
GAGATAAAAGAGCCTMCTATTMGTAAAAGMAAGCCCCGTCACATCAGGCGAGGTGACAC [pIuWI iTII1 6
CTCTATTTTCTCGGATTGATMTTCATTTTCTTTTCGGGGCAGTGTAGTCCGCTCCACTGTG|CGl C
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AACCAAG TBGG6CGTCTGAAAAGAGCCCmIIGTT GCTAAACACGAGTTCGGGTGGCCGGAATCGGAGACGAGT
TTGGTTC ACCC6CCGAGACT CTCGAACCCM CGATTTGTGCTCAAGCCCACCGGCCTTAGCCTCTGCTCA

stop gly gly phe gly tyr leu thr arg gly gin arg lys leu ala tyr val val
MT TGG CGG CTT CGG CAT CTC CCA CGC AGG GAC CGC GAA CTC GCG CAT CTG GTG

asp met ala thr val thr lys arg lys ala his glu thr tyr thr val ala asp arg
CAG GTA CCG GCA CTG GCA GM GGA GAA CCG CAC GAG CCA CAT CCA CTG CCG CAG CGC

6500

ile val asn glu leu phe val lys leu val gly arg thr glu glu tyr ile leu gly
CTA CTG CAA GAG GTC CTT CTG GAA CTC GTG CGG CGC GCA GAG GAG CAT CTA CTC GGG

ser ile arg lys val gly gly arg arg ala leu arg arg ile ala pro lys thr ile
GCT CTA CGC GAA CTG CGG CGG CGC GGC GCG GTC CGC CGC CTA CCG GCC GM CCA CTA

gly gin ile asn asp arg leu val lys arg his arg lys ala gly gly lys gly leu
CGG GAC CTA CM CAG CGC GTC GTG GAA CGC CAC CGC GAA CCG CGG CGG GAA CGG CTC

gly lys gly gly lys gly arg gly ser GCCGAGAGCCTGAGTCGTCCGACACCAGTGAGGATG
GGG GAA GGG CGG GAA CGG AGA CGG TCT GTA CGGCTCTCGGACTCAGCAGGCTGTGGTCACTCCTAC

TATA H4X H41[ DR(R)
TGGCGGGGCGCGCGCGGG [|T6TTAT GGCGTATGGTC |AC CTGAT TGAA ACCAG G6GGG6CC
ACCGCCCCGCGCGCGCCC LACATA CCGCATACCAG | GACTA [ACT] TGGTC |CCC6CC66

H4II DR(R)
CAGGCGGGIGG[CGA GCGCCACTGCCTCCTCCTCCCTGGT I6G6GIACC TTCGGCTCTCGCCGCTCTCTGTC
GTCCGCCC T CGCGGTGACGGAGGAGGAGGGACCA CCC6CT6 MGCCGAGAGCGGCGAGAGACAG

IR(2)Z

ACCCAGGGCCTCAGCCTGGTTCGCCCTCCCCATCCCG CCTCCTCCC TTAAGTTCCCTTTCCCAGCATCTCTCGCT
TGGGTCCCGGAGTCGGACCAAGCGGGAGGGGTAGGGC 1666AMTTCAAGGGAAAGGGTCGTAGAGAGCGA

IR (2)
CTCGT GG TGCTTCCGTCCTCATTCCTCTCCAACTCAGTGTCTCCCCGTGAGGATTAGTGGTGTTTTTT
GAGCA CCCTCCTCC ACGAAGGCAGGAGTAAGGAGAGGTTGAGTCACAGAGGGGCACTCCTMTCACCACMMMA

7000

GTTTCTTTTTTTTACGGTAGTAAAATGATACGTTGATATACTTTATTGCTCTTACTATTTACATTTCTATGTTATTT
CMAGAAAAAAAATGCCATCATTTTACTATGCAACTATATGMATMCGAGAATGATAAATGTAAAGATACMTAAA

TTCTATTTAGTTMTATTTATGTCGCATACCTTTGTTACTCTTATCCAGCTTGTTTMTTTCTGGGAATTTTGTGAA
MGATAAATCMTTATAAATACAGCGTATGGAAACMTGAGAATAGGTCGAACAAATTAGACCCTTAAAACACTT

ATTTTTTGTACTTTATTTTCAAAATCTCAAAAMTGAAGTGGACAGAMGGCCMCCTMTGTACTTTTTAGGCAGC
TAAAAAACATGAAATAAAAGTTTTAGAGTTTTTTACTTCACCTGTCTTTCCGGTTGGATTACATGAMMTCCGTCG

CTMTCTTGMMMTMCATTTGCTTTGTATGGAATTAGGGCTATGGTCTGATTTCATATTACACTGAAGAMACA
GATTAGAACTTTTTTATTGTAAACGAAACATACCTTMTCCCGATACCAGACTAAAGTATMTGTGACTTCTTTTGT
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GAACCCCTGGAGATTTCTATGTCATTTATTGCCCAAATTATTTGATTTTTAGTAGAATCTATTGACTAAGCTTTAAA
CTTGGGGACCTCTAAAGATACAGTAAATAACGGGTTTAATAAACTAAAAATCATCTTAGATAACTGATTCGAAATTT

TGATTTCATAATTATATGACCCCTTTGTTGTAGGACATAAATTTGCTGCTTCTTGTGGACTGTGGTGTAGGTGACAC
ACTAAAGTATTAATATACTGGGGAAACAACATCCTGTATTTAAACGACGAAGAACACCTGACACCACATCCACTGTG

7500

TTGTTCCTATTTATTATGTGCACTGTTTTTCACGTGGGTACTCATCGAGACAGGGAGAAGGGTTGTAGGTGAAAGCA
AACAAGGATAAATAATACACGTGACAAAAAGTGCACCCATGAGTAGCTCTGTCCCTCTTCCCAACATCCACTTTCGT

ATCTGGCTTTGTGCACCTGGAACTAAAGATCTGAAATGTTGTCTACACTGATCTTGCATTTGTTTGTAAAAATAACT
TAGACCGAAACACGTGGACCTTGATTTCTAGACTTTACAACAGATGTGACTAGAACGTAAACAAACATTTTTATTGA

AACTACATACTAATAATAACCTGCCCATTAATTTGGGTACATACTCATAATGAGTGCTACATGTTTTTGGTGTTCAT
TTGATGTATGATTATTATTGGACGGGTAATTAAACCCATGTATGAGTATTACTCACGATGTACAAAAACCACAAGTA

GCACACACCTCTAAATCATTGAGTCCGAGCTCTGCTCGCCTCATAAATGAAAGCAGCAAGTTAAAAAAAAAAAAAAA
CGTGTGTGGAGATTTAGTAACTCAGGCTCGAGACGAGCGGAGTATTTACTTTCGTCGTTCAATTTTTTTTTTTTTTT

AAAAAAAAAAAAGCTTGGCTGTTTTAATGTACACAGTGTGCATCCTACAAGCAGTCTCTGGAAGGTCACTTCCCACT
TTTTTTTTTTTTCGAACCGACAAAATTACATGTGTCACACGTAGGATGTTCGTCAGAGACCTTCCAGTGAAGGGTGA

GAGCCACTGTATTTCCAGGTGACAGTTTCTCTGAAACACTGCATTCAAAACATCCTGCATGCTGAAGTAGGCCAGTG
CTCGGTGACATAAGGTCCACTGTCAAAGAGACTTTGTGACGTAAGTTTTGTAGGACGTACGACTTCATCCGGTCAC

TGGGACAGCCATTTTCCTCCAGTCTGTTGCTGTAACTTTTTGTCATTCATGCCATGGTGCTTGTCTGCATCAAGGAT
ACCCTGTCGGTAAAGGAGGTCAGACAACGACATTGAAAAACAGTAAGTACGGTACCACGAACAGACGTAGTTCCTA

8000

AGCCCATTTCCCTGTGTGAGTGACAATGCTACAATACTTTGATGCATGTGAGCCTGAGAGAATTAACTTGGGGTAAC
TCGGGTAAAGGGACACACTCACTGTTACGATGTTATGAAACTACGTACACTCGGACTCTCTTAATTGAACCCCATTG

CTCCATGGACTTATGCTCACATATTGCTCACACTTTGAAGAATCAACAAACCCAGTTTCATGCCTTTATCTCAGACC
GAGGTACCTGAATACGAGTGTATAACGAGTGTGAAACTTCTTAGTTGTTTGGGTCAAAGTACGGAAATAGAGTCTGG

AGGGAGAAGTGTGAATCTTCTCAGCCATGTGTCCMCCCGCTAGATTTATATTTCTGTTGCCTTCATTTTTTTAATA
TCCCTCTTCACACTTAGAAGAGTCGGTACACAGGTTGGGCGATCTAAATATAAAGACAACGGAAGTAAAAAAATTAT

TATATTTTAATAACCAATATATACAAATTAGGAAAGCTTTGTTACATACATTAACAATATTATACATTTTTTATGTT
ATATAAAATTATTGGTTATATATGTTTAATCCTTTCGAAACAATGTATGTAATTGTTATAATATGTAAAAAATACAA

GTTCAAGACAACATTCCTCTTTACACAACCCGATTCTCAGACTGTAGCATCACTGTCATGATGAGCATCATCAGCAT
CAAGTTCTGTTGTAAGGAGAAATGTGTTGGGCTAAGAGTCTGACATCGTAGTGACAGTACTACTCGTAGTAGTCGTA

AGAGCATGAATT
TCTCGTACTTAA

1380



Nucleic Acids Research

give a different genomal blot pattern to that which has been previously

reported for the H4 genes (18). The coding region of the RH4 gene differs
from the LH4 gene by one conservative third base change in the 26th codon
(LH4; MT + RH4; MC). Similarly, the coding region of the RH2A differs from
the LH2A gene by one conservative third base change in the 106th codon (LH2A;
GGT + RH2A; GGC).

The startpoint of transcription of the LH4 gene has been reported (17)
while the other startpoints have been inferred by their proximity to the TATA
box. As with other histone genes, the putative 5' untranslated regions of the

five genes in pCH8.4E are characteristically short and pyrimidine rich.
Correct 3' processing of histone gene transcripts requires a dyad

symmetry element found in the 3' untranslated region of most histone mRNAs as

well as an adjacent conserved downstream element (19). All the genes shown
here contain these elements. The second homology block contains a three base
pair extension (GCT) which we have previously noted for other chicken histone
genes (11). In the case of the H3 gene, the second element contains the

sequence AATAAA. While this motif has been shown to be important in the
generation of correct 3'-termini of mRNAs which are polyadenylated (20,21), we

do not find polyadenylated forms of mRNA from this H3 gene in chicken.

Non-Coding Sequences
(a) The H3 Gene

The H3 gene leader sequence contains a canonical TATA box (5' TATAAAT 3',
position 3,827, Fig. 2) and 5 potential CMT boxes, 23, 51, 113, 124 and 137
base pairs upstream from the TATA box with the three most 5' of these elements
almost fused head to tail (Figure 4). These five elements all share a 10 base

pair consensus sequence (5' CAATGAGANt 3'). Whether these multiple motifs
modulate gene expression awaits further experimentation.

FIGURE 2: Total sequence of pCH8.4E. A vertical arrow marks each 100 base-
pairs. Important elements are printed in bold type and boxed. Direct repeats
delineating one boundary of the 2.1 kb inverted repeat element are marked with
arrows (DR L) and DR(R)) as are the inverted repeats at the other boundary
(IR(L) and IR(R)). Two other inverted repeats just upstream (IR(1)), and
downstream (IR(2)) from the right 2.1 kb repeat element are also marked with
arrows. TATA boxes, as well as histone gene terminators (T) and associated
downstream elements (DSE), are shown for each gene sequence. Upstream from
the H4 genes three elements, which may be important for the transcriptional
regulation of these genes, are marked (H41, H411 and H4111). The H2A 5'
sequences contain two potential CAT boxes (H2AC1 and H2AC2) and another
element shown to be important for the expression of sea urchin H2A genes (H2A
SS) while the H3 gene 5' region contains five potential CAT boxes (H3Cl -

H3C5) and a sequence (ars-like) with a high degree of homology with a human
sequence which acts as in ars element in yeast.
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L. R

2118 b.p. 2131 b.p.

40 21

I.R. C C G C C C C G C C

D.R.(L). G G C C C C G C C C

D.R.(R)* G G T C C C G C C C

FIGURE 3: The inverted duplication. The area covered by the inverted dupli-
cation is boxed. The position and orientation of the direct and inverted
repeats are shown relative to the histone genes and the boundaries of the
duplication. An octamer sequence is shared between the direct repeats (DR)
and inverted repeats (IR).

Within the H3 gene promoter, between the third and fourth CAAT boxes,
there is an element 5' TTATTTTAAACTTCGAA 3' which has a high degree of
homology with two human elements 5' TATTTTAAATTTAGTI 3' which can act as

autonomously replicating sequences (ars) in yeast (22). Osley and Hereford
(23) have shown that a DNA sequence in the 3'-flanking region of a yeast H2B
gene is necessary for S-phase transcriptional regulation of an adjacent H2A
gene. This motif appears also to act as an ars sequence. Experiments to
determine whether the element in the chicken H3 gene promoter region can act
as a yeast ars sequence are in progress. This sequence may also be involved
in S-phase transcriptional control of the H3 gene and other histone genes in
the cluster.
(b) The H4 Genes

The two H4 gene leader sequences are identical for almost 150 base pairs
upstream from the initiation codon except for one base change. Each TATA box
(728 and 6,724, Fig. 2) is slightly unusual in sequence (ATAACA) although it
still contains the highly conserved tri-nucleotide (ATA).
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C1 C2 C3
AGTTTCTGTGTGCT CAATGAGACA CTG CAATGAGACA A |CAATGAGAGA|

ars-like
CGGTGGTTGCCGGTACGTTCCAAAAGGCGG TTATTTTAAACTTCGAA T

C4 C5
CGAC CAATGAGATT CAGCCTGTTTGTTTCGGC CAATCAGAAT GAGCGG

TATA
TGCTAG TATAAATAT CCCCACAGCGGAGAGCGGCGTCTATTTCCTGGC

Initiation codon H3 gene
GTTCCTCCCTGCCTGCTTGCGTTCTTAAGCG ATG

C1 CAATGAGACA Human ars TATTTTAAATTTAGTT
C2 CAATGAGACA ars-like TATTTTAAACTTCGAA
C3 CAATGAGAGA
C4 CAATGAGATT
C5 CAATCAGAAT
Consensus

CAATGAGANA

FIGURE 4: H3 gene leader sequence. The region imediately 5' to the H3
structural gene contains five potential CAAT boxes (C1-C5) with the consensus
CAATGAGANT, and a TATA box. Also within this region is an element with strong
homology to a human sequence which acts as an ars in yeast (ars-like).

Clerc et al. (10) have shown that regions just upstream from the TATA
box of a Xenopus H4 gene are important in promoting transcription in an
homologous oocyte transcription system. Subsequently, they showed these
regions contained three conserved motifs present in all other H4 genes
sequenced. All these elements are present in the H4 genes reported in this
study (Figure 5; see also regions marked H4, I, II, III at positions near 700
and 6,750 in Fig. 2). The most proximal element 5'GTCC 3' is 15 base pairs
upstream from the TATA box. Clerc et al. (op. cit.) have postulated that this
element is equivalent to the 5' GATCC 3' motif found just upstream from the
TATA box of most sea urchin histone genes and thus represents a general
histone gene promoter element rather than a specific H4 gene element.
However, we find no evidence for this element or any related element close to

the TATA box of other chicken histone genes or indeed the histone genes of
several other higher eukaryotes. We conclude that, at least for these cases,
this element is In fact H4 gene-specific. The next element 5' TTCA 3' is 24
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TAGGAGGA GGCCCCGCCC TCCAGGGAGGAGGAGGCAGTGGCGC

I II 111

ITCCCGCC CCCGCCTG GGCCCCGCCC CTGGT ITTCA ATCAG GTCC

TATA
GACCATACGCC ATAACA CCCGCGCGCGCCCCGCCACATCCTCAC

Initiation Codon LH4 Gene
TGGTGTCGGACGACTCAGGCTCTCGGC ATG

FIGURE 5: LH4 gene leader sequence. The regions 5' to the LH4 and RH4 struc-
tural genes contain three putative regulatory elements (I, II, II) which have
homology to sequences important for the transcription of a Xenopus H4 gene
(10). The most distal of these elements (I) is partially repeated four times
in the promoter region (indicated by broken arrows). A 10 base pair direct
repeat is indicated by solid arrows. The 5' boundary of the direct repeat
delineates the end of homology between the LH4 and RH4 leader sequence.

base pairs upstream from the TATA box and has the same sequence as the mouse
H4 gene in this region. This is slightly different from the consensus
sequence 5' GTCA 3'. The third and most distal element is 52 base pairs
upstream from the TATA box and conforms to the consensus 5' CCGC 3'. We have
noticed that this consensus can be extended for most higher eukaryotic H4
genes to 5' TCCCGCC 3' and have boxed in this extended sequence in Figure 5.
Interestingly this distal element lies between the direct repeats which
delineate one end of the 2.1 kb inverted repeat element shown in Figure 3. In
fact, this distal element Is repeated imperfectly 4 times within the H4 gene
promioter region (dotted arrows, Figure 5). As well as being located between
the direct repeats, the element is also present once in each of the direct
repeats and once just 3' to the TATA box. Thus there is an intimate
relationship between part of a gene promoter and the ends of this inverted
duplication within the chicken genome.
(c) The H2A Genes

The H2A gene leader sequences are almost identical for some 245 base-
pairs upstream from the initiation codon. The promoter contains a canonical.
TATA box (5' ATATAAA 3') and two potential CAAT boxes (5' GCCTATCA 3';
5' GCCATTGG 3') 37 and 72 base pairs upstream from it. (See regions near
2,650 and 4,800 in Fig. 2.)

Using a sea urchin H2A gene, Grosschedl et al. (9) have found that a-
region -165 to -111 upstream from the H2A cap site is important for maximl
transcription In the Xenopus oocyte system. As pointed out by- these authors,
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H2A SS
CAGCTCCCGCCCCGCCAT TGCTGTGAGCAGAGAGAGGG GCGGGGCGG

GGAAGGGCGCCCGTCGCTATTGGTCGGGCCGAGATTCGCTACGCCATTG

GGCGCTCGTTCCCCGTGAGGACAGCTCCGCCTATCAGGAGCCGGCGGGC

TATA
GCGCAACGGGGAAGGG|ATATAAA GGCGCGCGGGCGAGCGCGGGCAGC

TGTTGCGTGTTTTGATTTCTGTTGAGTTGGCAGTTGAGCTTCTGAGCGA

Initiation Codon RH2A Gene
CTGATCGGCG ATG

Sea Urchin Consensus GCTGCTGTA 6 bPCACCAACAGATG?1111W1 gI ll
H2A SS TGCTGT - GCAGAGAGAGGG

G

FIGURE 6: RH2A gene leader sequence. The regions 5' to the RH2A and LH2A
structural genes contain an element H2ASS with homology to motifs important
for the transcription of sea urchin H2A genes (9). This element is located
between an inverted repeat shown by arrows in the figure. The 5' boundary of
the inverted repeat delineates the end of the homology between the RH2A and
LH2A gene.

this area contains two conserved regions. One of these has homology with the
Moloney murine sarcoma virus enhancer as well as the 5' LTR sequences of the
Simian sarcoma virus and the murine Friend spleen focus forming virus.

The two conserved regions in the sea urchin genes are also present in the
chicken H2A genes reported in this study although, in the chicken genes, these
regions (denoted H2ASS in Figs. 2 and 6) have been fused into one element
(Figure 6; see also H2ASS elements near 2,750 and 4,700 in Fig. 2). In the
chicken sequences, however, the homology with viral enhancers is less
obvious. Of particular note, is the fact that the conserved H2A promoter
element is found between the inverted repeat elements which mark one boundary
of the 2.1 kb inverted duplication (Figure 3, Figure 6).

We have already noted (Fig. 5) that part of the H4 gene promoter region
is found between the direct repeats delineating one end of the 2.1 kb inverted
duplication. Thus, both boundaries of the duplicated inversion not only
contain related repeats, but within these repeats are conserved elements with
strong homology to known modulators of transcription.
Transcription and DNA Rearrangements in Hiistone Genes

The two features which are conmnon to the inverted duplication seen in
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pCH8.4E are, firstly, the presence of direct or inverted repeats at the
boundaries of the rearrangements and secondly, the intimate association
between the ends of the rearrangements and gene promoter elements. The
presence of repeated motifs within promoter regions may be important in the
transcriptional activation of genes as these elements have been postulated as

binding sites for trans-acting regulatory factors. In some cases there is

direct evidence for such interactions (21). It is possible that interaction
between regulatory factors either directly, or mediated through other mole-
cules such as RNA polymerase, may bring promoter sequences into juxtaposition
so that recombination can occur. Ohtsubo and Ohtsubo (25) have postulated
that RMA polymerase may play an important role in site-specific recombination
while Vitelli and Weinberg (15) have speculated that the basis of many

eukaryotic rearrangements may be the fortuitous apposition of small regions of
homology which have particular secondary structure due to interaction with
protein. It Is not possible to tell in the chicken cluster which of the
Inverted duplication elements is the original and which is the derived, but a

prediction is that the derived element is likely to reside in a gene promoter
region. If this occurred, the gene would be lost during the reciprocal
rearrangement. We note that immediately upstream from the RH2A (IR(1) at
4,652 and 4,680, Fig. 2) gene and just downstream from the RH4 (IR(2) at 6,874
and 6,917, Fig. 2) gene outside the 2.1 kb inverted repeat there are inverted
repeats and these may be the remnants of gene promoters. Similar elements are

not found close the boundaries of the left inverted duplication.
The complete sequence of a region of chicken histone genes containing an

inverted duplication has allowed us to mark the boundaries of the presumed
recombination event and to note the features at these boundaries. Considered
on its own, the fact that an H3 gene is found at the centre of symmetry in

this cluster does not seem significant. However, we find two other examples
of symmetrically ordered genes, neither of-them related to each other or to
pCH8.4E, but both containing central W3 genes (D'Andrea et al., submitted).
The significance of these arrangements is not known, but they may confer a

selective advantage for co-ordinated expression of blocks of histohe genes

during S-phase.
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