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ABSTRACT

In previous studies we have shown that the H5 gene is not closely
linked to the dispersed clusters of core and Hl histone genes. Here we
emphasise features of Hl and H5 genes relevant to their expression in the
chicken genome. Of particular note is an Hl gene-specific 5' element,

5' AAACACA 3' found upstream of all Hl genes studied to date. This "Hl-box"
is not found in the related H5 gene, which is expressed only in erythroid
cells. A second aspect relates to generation of histone mRNA 3' termini.
The H5 gene is shown to contain a remnant of the dyad symmetry element (as
well as other conserved sequences) associated with core and Hl-histone gene
transcript 3' processing. However, it appears as if H5 has evolved a
different mechanism in which the mRNA terminus (which is polyadenylated) is
displaced downstream from the dyad element. The two clear differences noted
here have the potential to affect transcriptional (Hl-box) and post-trans-
criptional (3' terminus processing) regulation of Hl and H5 gene expression.

INTRODUCTION

It is generally acknowledged that Hl histones are involved in the
formation of higher order chromatin structure [1] and in the case of extreme
variants such as H5 and H1° this may involve substantial chromatin
condensation [2]. A more precise role for Hl proteins is suggested from
recent studies of Schissel and Brown [3] whereby Hl molecules may compete
with specific transcription factors and thus influence the expression of
defined sets of genes.

Vertebrate Hl genes and their proteins are not well characterised [4-
7). MWithin a single species there may be four to six Hl sub-types and these
are normally present in all tissues although at different relative levels
[8-10]. 1In chicken, five chromatographically separable sub-types (excluding
H5) have been reported [9] and in this laboratory we have detected six Hl
genes each of which appears to code for a different sub-type (unpublished
data). These genes are dispersed in different clusters with core histone
genes whereas the single-copy H5 gene is not closely linked [11]. Here we
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have examined H1 and H5 gene sequences in order to investigate possible
regions involved in differential expression of H5 and of Hl sub-types.
The data show that Hl and H5 genes are clearly related, but that well
defined differences at both the 5' and 3' ends of the genes may contribute
to their differential expression.

In addition, the coding region of the Hl gene from the recombinant
ACHO1 [11] presented here defines one of the six H1 sub-types which varies
by seventeen (out of two hundred and eighteen) residues from a previously
described Hl coding region [7].

MATERIALS AND METHODS
DNA Sequencing

A 2.2 kb EcoRI/Xhol DNA fragment from the chicken histone recombinant
ACHO1 [11] was sequenced using the M13-cloning and di-deoxy sequencing
procedure of Sanger [12]. M13 clones contained either Bal-31 treated and
repaired DNA fragments, or restriction enzyme-generated DNA fragments.
Sequence Analysis

An extensive bank of Hl and core histone gene sequences was compiled
from literature and unpublished sources (this laboratory, Engel and Dodgson,
private communication) which represents sequences from chicken, Xenopus,
Drosophila, sea urchin, Tetrahymena, yeast, human, mouse, Neurospora, wheat
and Physarum polycephalum. Staden computer programs were used in data

analysis.

RESULTS AND DISCUSSION

The DNA sequence of a 2.2 kb EcoRI/Xhol Hl-containing fragment from
the chicken histone recombinant ACHO1l [11] is shown in Figure 1. The gene
has no introns and the sequence represents 660 base-pairs of coding DNA (ATG
and TAA inclusive), 658 base-pairs of 5' non-coding and 883 base-pairs of 3'
non-coding bases. The ACHOl and previously described iCHla Hl gene protein
products differ in seventeen amino acids (as shown in Fig. 1) but only one
of these changes, arginine (ACHO1l) to lysine (ACHla) at residue 106, occurs
in the highly conserved Hl protein globular domain. The domain, which
interacts with DNA at the entry and exit points of the helix in the
nucleosome, extends from residue 36 to 109 in the chicken protein sequences,
as determined by homology to globular domains defined for other Hl proteins

[18].
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Hl Genes Contain a Unique Conserved 5' Element

Sequences containing the ACHO1 Hl gene are shown in Figure 1.

Upstream of the coding region, five sequences are highlighted in bold type;
these are referred to in the text and in Figure 2. Downstream elements,
also in bold type are discussed later and shown in Figure 3.

In the 5' region, the cap site (vertical arrow) has been denoted as
the A of a sequence 5' GCCCA 3' by analogy to findings for the ACHla Hl gene
(7). The "TATA" box has the sequence 5' TAAAAATA 3' which deviates from the
consensus 5' TATA%A% 3' in its third base [19]. In a comparison of "TATA"
sequences, T occurred at the third base in 93% of genes examined [19]. In
addition, point mutation of the third base in the "TATA" sequence has been
shown to decrease in vivo transcriptional efficiencies [20]. Hence, the
T » A substitution in the ACHO1 Hl1 gene may effect the transcriptional
efficiency of the gene relative to the ACHla Hl gene and could be one means
of achieving differential expression of Hl variants.

In addition to the "CCAAT" box, a further upstream sequence
5' AAACACA 3' is highlighted in Figure 1. The significance of this motif
was only appreciated when a substantial search through all histone gene
sequences from many organisms was made (see Materials and Methods).

Analysis of the data bank showed that this A-rich sequence is unique to and
ubiquitous among the H1 genes and therefore represents the first example of
an H1 gene-specific element. It is not present in the H5 gene (discussed
below). For the two chicken Hl genes analysed so far, the A-rich homology
extends to twelve bases, 5' AAGAAACACAAA 3' and although not detailed here,
this conserved region is flanked on both sides by very substantial mis-
matches.

A more comprehensive picture of the disposition of Hl conserved 5'
flanking regions is shown in Figure 2. The A-rich sequence referred to is
unique to Hl genes. However a G-rich sequence, 5' GGGCGG 3' located approx-
imately 80 base-pairs upstream from the cap sites of all Hl genes except the
P. miliaris clone h22 Hl gene, is by no means Hl gene-specific being found
in a similar position in the chicken H5 gene [17], the intron-containing
H2AF gene (Robins et al., in preparation) and at a more distant position
(-148, Fig. 2) in two chicken H2A genes from the histone recombinant ACHO3
(Wang et al., submitted for publication). The same sequence constitutes
part of the "first distal element" upstream of the Herpesvirus thymidine
kinase gene, which has been analysed in detail [21]. It may therefore
represent a general promoter element for a subset of polymerase-II
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transcribed genes. For the chicken histone genes the homology of the G-rich
sequence extends beyond 5' GGGCGG 3' to 5' GCGGGGCGGES 3'.

A region of dyad symmetry between the “TATA" and "CCAAT" motifs of the
chicken Hl genes is also found in a similar position (-38, Fig. 2) in a sea
urchin H1 gene (P. miliaris, clone h22 (14,15)) and has the sequence
5' CCGCGCGG 3'. Being absent from other Hl genes it is of doubtful
significance.

Ubiquitous 5' gene-specific sequences have also been observed for the
core histone genes H2B [22] and H4 [23]. In the latter case the sequence
was shown to be important for the efficient transcription of the H4 gene
in vivo [23]. Unlike the H2B and H4 elements, which are about 50 base-pairs
upstream from the cap site, the H1 element is about 100 base-pairs
upstream, This is in a similar position to a sea urchin H2A gene distal
element which is required for maximal transcription [24]. Similar "-100
regions" are also transcriptional regulators in other non-histone gene
systems (see ref. 25).

It is of interest that the gene for the erythroid cell specific Hl-
related protein H5 [17] lacks the Hl conserved A-rich sequence. The lack of
this sequence may play a role in the restriction of expression of the H5
gene to erythroid cells. The H5 gene has in place of the A-rich motif the
C-rich sequence 5' CCGCCC 3', upstream from the previously discussed G-rich
sequence, at -164 base-pairs from the cap site. The other non-Hl genes
containing the G-rich sequence (Fig. 2) also have this upstream C-rich
sequence. It is part of the “"second distal element" of the Herpesvirus
thymidine kinase gene [21] and hence probably represents a functional
promoter element.

The H5 Gene Has Evolved from the Predominant Histone Transcript 3' Process-
ing Mechanism

The 3' termini of core and H1 histone gene mRNAs commonly coincide
with the last base of a highly conserved dyad symmetry element having the

Figure 1: Nucleotide sequence of the Hl gene from the chicken histone
recombinant ACHO1 [11]. The protein coding region is presented as triplets
and includes initiator and terminator codons. The predicted amino acid
sequence is shown above the DNA sequence. Base changes in the ACHla Hl gene
coding region and amino acid substitutions in the ACHla protein product [7]
are indicated. "-" Represents a base or amino acid deletion. Amino aicd
106, referred to in the text, is indicated by an "*" and the boundaries of
the protein globular domain are indicated by a "V " symbol.

In the non-coding regions, 5' and 3' conserved elements are in bold-
type. Bases representing the predicted start and end of the MCHO1 H1 mRNA
are marked by vertical arrows.
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H1-SPECIFIC ELEMENT G-RICH SEQUENCE “CCAAT* “TATA®
-118 -74 -55 . -32
Chicken JCHO1 Hl  AAGAAACACAAA..... 32..... GCGGGGCGGGC. ... 10.....ACCAATCACCGCGCGG. ...t 8.....TAAAAATA
-120 -76 -57 -34
ACHla Hl  AAGAAACACAAA..... 32..... GCGGGGCGGGC ... . 10..... ACCAATCACCGCGCGG.. ... 8.....TATAAATA
-153 -105 -85 -32
X. laevis XLHW8 H1  AA-AAACACAGA..... 36000 AATGGGCGGGG. ... . 11..... ACCAATGA.cceceocenss 46..... TATAAGGA
-1563 -105 -85 -32
XLHW2 H1  AA-AAACACAGA..... 36..... AATGGGCGGGG. .. .. 11.....ACCAATAA cccveenncns 46..... TATAAGGA
-107 -38 -28
P, miliaris h22 Hl  TGCAAACACACG:ececacssasccss [ RO scecscescssoncee «++ACCGCGCBG. ... . 2.....TATAGGTG
-104 -78 -30
h19 Hl  AACAAACACAAA..... 14.....TGGGGGCGBAC ceeocascccanss 40.ccccccccssecss eeee0sTATATGGA
-72 -28
S. purpuratus H1 WGBAC.eeceaoees eeeee3Ficcecccnccsescccascnen TATATTGA
-91
Chicken H5 GCGGGGCGGGG
-86
H2AF GCGGGGCGGGG
-14?
ACHO3  H2A GCGGGGCGGGG
-55
Herpesvirus tk TCGGGGCGGCG
H1 gene consensus: AAACACA GB6C66
Chicken histone gene : GCG6GACE66E

Figure 2: Hl conserved sequences 5' to the cap site. Sequences conserved
between the H1 genes from chicken, X. laevis [4], P. miliaris [14] and

S. purpuratus [16] are presented. Bases are numbered relative to cap sites
which are designated as +1. Cap sites have been experimentally determined
for the ACHla [7], P. miliaris h22 [27] and S. purpuratus [30] Hl1 genes.

Cap sites for the other Hl genes are predicted from sequence homology.
Distances between Hl conserved sequences are indicated in base-pairs. The
X. laevis Hl genes have additional "TATA" and "CCAAT" sequences, at -70 and
-58 base-pairs respectively from the cap site, which are not shown here.

"9" Denotes the end of available sequence data for the S. purpuratus Hl gene
and the horizontal arrows indicate a region of dyad symmetry. Sequences
representing G-rich elements from non-Hl genes, viz. the H5 [17], H2AF
(Robins et al., in preparation), ACHO3 H2A (Wang et al., manuscript
submitted) and Herpesvirus thymidine kinase (55) genes [21] are also shown.

consensus sequence, 5' AACGGCICTTTTCAGRGCCACCA 3' [26,27]. The dyad element
and sequences further 3', including a second histone-gene-specific element
5' CAAGAAAGA 3', have been implicated in RNA processing events required to
generate 3' termini [28]. Processing of transcripts generates non-
polyadenylated mRNA.

For the H5 gene the situation seems to be different. The transcripts
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DYAD SYMMETRY ELEMENT A-RICH SEQUENCE H1/HS CONSERVED ELEMENT
a n 106
Chicken ACHO1 Hl  AACGGCTCTTTTAAGAGCCACCCA....6....CCCTAAAGAGCT....22. .. .CTTCCA
6
4 73
MHla HL  AAAGECTCTTTTAAGAGCCACCCA....8....CA-GARAGAGCT -
39 n 103
X. laevis XLWW8 HL  AAAGGCTCTTTTCAGAGCCACC-A....9....TGAG-AAGAGCC....21....C-TCCA
39 n
ALHMZ  H1  AAAGGCTCTTTTCAGAGCCACC-A....9....TGAG-AAGAGCC -
33 62
P. miliaris h22 Hl  AACGGCTCTTTTCAGAGCCACC-A....6....CACGAAAGA. .. ... 16....¥
30 59 75
h19 Ml AACGGCTCTTTTCAGAGCCACC-A....6....CARGAAAGA.....euuT ue o TCCA
30
S. purpuratus  Hl  AACGGCTCTTTTCAGAGCCACC-A....7....¥
8 17 140
Drosophila KL ACAAGTCCTTTTCAGSGCTACA-A...10....CAAGAGAAA. ... ... 14....CTTCCA
Histone gene consensus: AACGGCECTTTTCAG&GCCACC-? CAAGAAAGA (GCT)
mRNA terminus
H1 gene consensus: AARGGCTCTTTTARGAGCCACCCA
whkhkhk Kk & * Wi
Chicken M5 TTGATCTATTCTAAGAGCTAAA-A....9....GAAGAAAGA....... 24....CTTCCA...28..
. ¢ T t
94 mRNA terminus

Figure 3: Sequences conserved in the 3' flanking regions of Hl and H5
genes. Sequence sources are as for Figure 2, except for P. miliaris Hl (h22
and h19, [15]), Drosophila H1 [13] and chicken H5 [17] gene 3" sequences.
Sequences are numbere% from the first base 3' to termination codons.
Distances between conserved sequences are in base-pairs. "V' Denotes the
end of available sequence data for some genes. "*" Represents mismatches
between the H5 remnant dyad element and the Hl dyad element consensus.

apparently lack the conserved dyad symmetry element but contain other
sequences capable of forming stable secondary structures adjacent to the
polyadenylated terminus [29]. Thus, a mode of 3' mRNA processing atypical
of core and Hl histone gene transcripts has been envisaged for H5 [29].
Nevertheless, data presented here strongly suggests that H5 has evolved from
the predominant form of histone mRNA 3' processing. Three regions of 3'
sequence homology between Hl genes from chicken, Xenopus, sea urchin species
and Drosophila are aligned with equivalent motifs in the chicken H5 gene
(Fig. 3). The first region of dyad symmetry referred to above is not
readily detected in the H5 gene sequence (see mis-matches starred in Fig. 3)
but the presence of a much more highly conserved second A-rich region (also
referred to above, see Fig. 3) correctly positioned nine bases downstream
from the remnant H5 dyad element, supports the notion that H5 has
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accumulated multiple mutations in the dyad symmetry region. These changes
in the H5 sequence would presumably preclude stable hairpin formation or
other events necessary for 3' mRNA terminus formation typical of core and H1
histone gene transcripts. The relative positions of Hl and H5 mRNA 3'
termini are also shown in Figure 3, the former being at the 3' end of the
dyad symmetry sequence and the latter being displaced a further seventy-
seven bases further downstream, twenty-eight bases past the third Hl gene
conserved element 5' CTTCCA 3'.
Relationship of Hl and H5 Genes

The chicken H5 gene is not clustered with core and Hl histone genes
[17] and its regulation is clearly different. In particular, the H5 gene is
expressed only in erythroid cells and H5 mRNA is polyadenylated [29]. Both
features may be related to sequence comparisons made here. As discussed,
the H1l gene-specific 5' element, 5' AAACACA 3', is not present in the H5
gene flanking region and this may be related to the restricted expression of
H5. Immediately 5' to this element in the ACHO1l H1 gene is a thirteen base-
pair sequence, 5' TGTTAGTCCAAAG 3' (Fig. 1), which remarkably is also found
(with a single T + C change at the fourth position) in the H5 gene, although
about 200 bases further upstream (-325 base-pairs from the cap site [17]) as
if marking the boundary of a recombination event which deleted the Hl gene-

specific element in the evolving H5 gene.

In the 3' flanking regions of Hl and H5 genes we have discussed
conservation of several motifs (Fig. 3) but particularly striking is the
remnant in the H5 gene of the hyphenated dyad symmetry element and adjacent
A-rich sequence which, in wild-type form, are involved with 3' processing of
most histone transcripts [28]. The chicken Hl genes are no exception to
this rule and contain fully functional 3' elements leading to processing at
a site 3' to the dyad symmetry element and a non-polyadenylated mRNA product
(our unpublished results). The H5 gene has clearly evolved an alternative
mechanism for processing of transcripts. Not only are the transcripts
polyadenylated but the site of polyadenylation is some seventy-seven bases
further 3' to the predicted end of the mRNA if the H5 dyad symmetry element
was functional.

Comparison of Hl genes from several species has enabled the detection
of conserved sequences in both 5' and 3' flanking regions. Because the Hl-
specific 5' element, 5' AAACACA 3' is conserved over a wide evolutionary
scale it is likely to be involved in the regulation of these genes.
Experiments to test this proposition are in progress.
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