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ABSTRACT

Sea urchins possess several distinct sets of histone genes, including "early" genes,
maximally active in cleavage and blastula stages, and "late" genes, active from the
late blastula stage onwards. We determined the nuceleotide sequences of six sea urchin
(Strongylocentrotus purpuratus) late histone genes located on four genomic segments.
Comparative analysis of these sequences identified s.?.ve;ia.}. conserved elements in
5' flanking regions, including the sequences ATGPyA AN A shared by all late genes
and GGCGGGAAATTGAAAA shared by two late H4s. C%mparisons of protein-coding
sequences of late H4 and H2B genes with their early counterparts showed that silent
sites have diverged to the theoretical maximum, indicating that early and late histone
gene classes diverged at least 200 million years ago. Since extant echinoderms evolved
from a common ancestor at about that time, it is likely that early and late histone
gene sets are characteristic of all echinoderm groups. Amino acid sequences derived
from nucleotide sequences of late H2A and H2B gistone genes differ substantially
from amino acid sequences of their late counterparts. Most such differences are
in highly mutable positions. A few, however, occur in positions that do not mutate
frequently and thus may reflect functional differences between the early and late
forms of the H2A and H2B proteins.

INTRODUCTION

At least four different classes of histone genes are expressed over the course
of sea urchin development, each during a different interval (1). "Cleavage stage"
genes, not yet characterized structurally, are active in oogenesis and early cleavage
(2). "Early" genes are transcribed maximally from late oogenesis through the blastula
stage and account for the bulk of the histone mRNA synthesized during early develop-
ment (3). They are arranged in tandem quintets comprising one copy each of Hl,
H2A, H2B, H3 and H4 histones, and are repeated approximately 400 times per haploid
genome. "Late" genes are transcribed at low levels in cleavage and blastula stage
embryos and at increased rates in subsequent development (4,5,6). In contrast to
the early histone genes, members of the late gene family are arranged in irregular
clusters or as isolated single genes, and are repeated only 6-12 times per haploid gen-
ome. While the members of the early histone gene family are nearly identical in both

gene-flanking and protein-coding nucleotide sequences, those of the late gene family
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differ somewhat in protein coding sequence and have diverged substantially in their
gene flanking sequences (6,7,8). Finally, sperm histone genes, encoding sperm-specific
H2A and H2B proteins, are active in the testis of the adult and are present in the
genome in single-copies (9,10).

We wish to understand both how these different classes of histone genes are
regulated and the significance of multiple classes of histone genes for development
and differentiation. As a step toward these goals we isolated six genes encoding late

histone proteins from the sea urchin Strongylocentrotus purpuratus., We showed pre-

viously that these genes are located on four distinct cloned genomic segments, L1,
L2, L3, L4 (4). Clone L1 contains a late H4 and a late H2B gene, L2 a single late
H4 gene, L3 closely linked H2A and H2B genes, and L4 a solitary late H2B gene (4).
With the possible exception of the L4 H2B gene (which is still untested), all of these
genes are expressed (11).

Here we report the nucleotide sequences of these six late histone genes and
flanking regions. A comparative analysis revealed several conserved sequence elements
in 5' gene flanking regions. Although these elements are also recognizable in early
histone gene flanking sequences, they have diverged considerably, and may therefore
be involved in the differential expression of the two gene classes. In addition, the
amino acid sequences of late H2A and H2B proteins differ from the corresponding
early forms, supporting the view that early and late H2B proteins have different func-
tions in the cell.

METHODS
Plasmids Used for DNA Sequence Analysis and Preparation of Plasmid DNA
Plasmids pSpl-1, pSpl-2, pSpl-3 and pSpl-4 have been described (4), and cloned

segments are shown in schematic in Figure 1. Some late gene segments were subcloned

in M13 MP 8 or MP 9 vectors (2) prior to sequencing by the dideoxy method.

Plasmids were prepared by the standard cleared lysis procedure (13). Single
stranded, M13 replicative form DNA was prepared as described (12).
DNA Sequencing

Restriction enzyme cleavage sites were mapped on cloned DNA segments by
digestion with combinations of enzymes (13) and by partial cleavage of terminal-labeled
DNA (14). Desired fragments were separated on acrylamide gels, electroeluted, and
purified by passage over DEAE sephacel (13). Purified fragments were labeled at
their 5' termini with >2P using T4 polynucleotide kinase and 32P-ATP. After strand

separation or secondary cleavage to remove one end label, such fragments were sub-
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jected to the Maxam-Gilbert base-specific chemical cleavage reactions (15), resolved
on urea-acrylamide gels and visualized by autoradiography.

Portions of the L1 H4 and L1 H2B genes were sequenced enzymatically (16).
M13 clones bearing fragments of interest were annealed with the universal M13 primer
and treated with Klenow DNA polymerase in the presence of dideoxy nucleotides
d 32

an P-dATP. The products of this reaction were electrophoresed on buffer-gradient,

urea-acrylamide gels and visualized by autoradiography (17). Histone mRNA-coding
regions were sequenced at least twice, and, when possible, on both DNA strands.
Data Analysis

A set of computer programs available through the BIONET resource was used
to assemble overlapping sequences, to identify histone coding regions, and to compare
histone DNA sequences. Sequences used in the comparative analysis were obtained
from the latest update of the GENEBANK sequence database.
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Figure 1. Schematic map of late histone genes showing sequencing strategy. Genomic
segments L1-L4 were excised from lambda phage clones and subcloned into pBR322
(4). Nucleotide sequences were determined using a combination of chemical and enzy-
matic methods as described in Methods. Arrows indicate location and direction of

sequences read from single gels. All histone coding regions were sequenced at least
twice.
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RESULTS

We determined the DNA sequences of six late histone genes following the strategy

shown in Figure 1. A set of computer programs (Intelligeneties/BIONET) was used

to assemble overlapping sequences and locate histone coding regions. The nucleotide

sequences and derived amino acid sequences of the six genes are shown in Figure 2.

The 5' portion of the L4 H2B gene was not sequenced because this region was not

isolated in the original phage clone (4). DNA sequences of the remaining five genes

-263  CTTATTCTAR TGCATTATGC ATGAGATCGC CCTTTCGGCN GGGCGGGAAA T TGTTGACTGG ATAACARAGG AAGCGATCCT TGGTCACTCA
-143  CGTTCGCATA GTGGTTATAT ATACGAGCGG TTGACCTARA GTGGTCAGTT TGAAATTTAT CAAGCAAGCA AACATC ATG TCT GGA CGT GGC AAA GGA GGA AAG GGA CTC GGA
1 Met Ser Gly Arg Gly Lys Gly Gly Lys Gly Leu Gly
70 ARG GGA GGC GCC AAG CGT CAT CGC AAG GTT TTG CGT GAT AAC ATC CAA GGA ATC ACC ARG CCA GCC ATC CGT CGT CTT GCT CGA CGT GGA GGA GTC AAR
Lys Gly Gly Ala Lys Arg His Arg Lys Val Leu Arg Asp Asn Ile Gln Gly Ile Thr Lys Pro Ala Ile Arg Arg Leu Ala Arg Arg Gly Gly Val Lys
169  CGT ATC AGT GGT CTC ATC TAC GAA GAG ACC CGT GGA GTT CTC AAG GTC TTC CTT GAG AAC GTC ATC CGT GAT GCC GIC ACC TAC TGC GAG CAC GCC AAG
Arg Ile Ser Gly Leu Ile Tyr Glu Glu Thr Arg Gly Val Leu Lys Val Phe Leu Glu Asn Val Ile Arg Asp Ala Val Thr Tyr Cys Glu His Ala Lys
268 AGG AAG ACC GTC ACC GCC ATG GAC GTC GTC TAC GCC CTG AAG CGA CAG GGA CGT ACC CTC TAC GGA TTC GGA GGT TAA GAAGTTACTC TCTTCCAACC
Arg Lys Thr Val Thr Ala Met Asp Val Val Tyr Ala Leu Lys Arg Gln Gly Arg Thr Leu Tyr Gly Phe Gly Gly
366  CATCAACAAA CCGGCTCTTT TAAGAGCCAC CAAATAACCA AGARAGAATA CAGTAGATAT CTTTGTACGT TTTITTTTTT TTTTTATATA T
486 TACAGTTTGT ATAATTTGTC CACCAAAGAT CAATCGTATT TCATGTATTT GGAACAAAAG
606  ACCAAGCATA GCGATTACAA ARATTATTTA AACAACAATG GGATTTTTGT ACTCATACTC TTTGARATTG T
A. L1 H4
-964  CTGTGAGAAT TTTTTTCTAT ATTTACCACG GAACAATTAT CTTGAGGCTT AATAATCCCA ACATTTTGTG TCATTTTTAT TTGTATACAC AAATATTGAT GAGTTCAGGG AAGGACATCC
-844  AACAR A CGCCATCATA T ARTTCATATA 1T GAATGCTCAR ATTTCGATTA TTCCTGTAAA TTATGAAACA
-724  TTTGATTTTC ACCARACCGC ARCTCTTAAC TARACATTCG A C
-604  ATTTGTTCCA TTCAATGTCC AAGTATAATT CAGTTTATTT CTTTTGGCGA TATTACAATT ATAAATATGC TGGTAATGCT CTTTACTTAG ACTATACCCC TCAAAATATA ARAATCTTTT
-484 TTCGGACGAA ATAATATTCA C!
-364  TTATITICTG GCATTTCTAC AATTCCACCA TTTTTCTACG
-244  TGTACTTCCC G [ TATTTGCATA CACGATTGAA CTGAGTTTGC GCACTACCCA
-124  ACTGCTGAAA TT TGATTGGTGA T T GCTTCCAATT
-4 GCACACCAGC ATTCGTGAGA ATCACAATCA TC ATG CCT GCG AAA GCA CAA CCA GCT GGA ARG AAG GGA TCC ARG AAG GCT ARG GCC CCC AGA CCT AGC GGG GGC
1 Met Pro Ala Lys Ala Gln Pro Ala Gly Lys Lys Gly Ser Lys Lys Ala Lys Ala Pro Arg Pro Ser Gly Gly
101 ARG AAG AGG CGA AGA CGC CGA AAG GAA AGC TAC GGA ATC TAC ATC TAC AAG GTG CTG AAG CAG GTT CAC CCT GAC ACT GGC ATC TCC AGC CGT GCC ATG
Lys Lys Arg Arg Arg Arg Arg Lys Glu Ser Tyr Gly Ile Tyr Ile Tyr Lys Val Leu Lys Gln Val His Pro Asp Thr Gly Ile Ser Ser Arg Ala Met
200 TCC ATC ATG AAC AGT TTC GTC AAC GAT GTC TTC GAG CGC ATC GCC GCC GAG GCT TCC CGT CTT GCC CAC TAC AAC ARG AAG TCC ACC ATC ACC AGT CGT
Ser Ile Met Asn Ser Phe Val Asn Asp Val Phe Glu Arg Ile Ala Ala Glu Ala Ser Arg Leu Ala His Tyr Asn Lys Lys Ser Thr Ile Thr Ser Arg
299  GAG GTC CAG ACC GTC GTC AGA CTC CTC CTC CCC GGA GAG CTG GCC AAG CAC GCC GTC TCT GAG GGC ACC ARG GCT GTC ACC ARG TAC ACC ACC TCC AAG
Glu Val Gln Thr Val Val Arg Leu Leu Leu Pro Gly Glu Leu Ala Lys His Ala Val Ser Glu Gly Thr Lys Ala Val Thr Lys Tyr Thr Thr Ser Lys
400 TAA ATTCATTCGA T
511  TCATTTAATT TAACAACAAA TAG
B. L1 H2b
-220  ACATTGTAAA TGCAATATTT TTCCTCAAAA TGTTGAAAAT GTGTGTATTT AAGTACTCAA AATACGCTTT T
-100  cTCATTGCCC ATGAGCACAA TAATGTTCCC GACTAGGGGT T ATATTCGACT AGTCGATACT
1
21 CAACTAACAA AACAAC ATG TCT GGA CGT GGT ARA GGA GGA ARG GGA CTC GGA AAG GGA GGC GCC AAG CGT CAT CGC AAG GTC TTG CGT GAT AAC ATC CAG
Met Ser Gly Arg Gly Lys Gly Gly Lys Gly Leu Gly Lys Gly Gly Ala Lys Arg His Arg Lys Val Leu Arg Asp Asn Ile Gln
121 GGA ATC ACC AAG CCA GCC ATC CGT CGT CTT GCT CGA CGT GGA GGA GTC AAA CGT ATC AGC GGT CTC ATC TAC GAA GAG ACC CGT GGA GTC CTC AAG GIC
Gly Ile Thr Lys Pro Ala Ile Arg Arg Leu Ala Arg Arg Gly Gly Val Lys Arg Ile Ser Gly Leu Ile Tyr Glu Glu Thr Arg Gly Val Leu Lys Val
220 TTC CTT GAG AAC GTC ATC CGT GAT GCC GTC ACC TAC TGC GAG CAC GCC ARG AGG ARG ACC GTC ACC GCC ATG GAC GTC GTC TAC GCC CTG AAG CGA CAG
Phe Leu Glu Asn Val Ile Arg Asp Ala Val Thr Tyr Cys Glu His Ala Lys Arg Lys Thr Val Thr Ala Met Asp Val Val Tyr Ala Leu Lys Arg Gln
319  GGA CGT ACC CTC TAC GGA TTC GGA GGA TAR
Gly Arg Thr Leu Tyr Gly Phe Gly Gly
430 TGTTTAAGTC TTATTAATAT AATTAATTGG (2
C. L2 H4
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678 T AT T 559

558 CATTTGATIC 439

438 AAT TTA CTT GGA GGT GGT GTA CTT GGT GAC AGC CTT GGT GCC CTC AGA GAC GGC ATG CTT GGC CAG CTC TCC GGN 334
Lys Ser Thr Thr Tyr Lys Thr Val Ala Lys Thr Gly Glu Ser Val Ala His Lys Ala Leu Glu Gly ?

GAG TCT AGC GGT CTG GAC CTC ACG ACT GGT GAT GGT GGA CTT CTT GTT GTA GTG GGC AAG GCG GGA AGC CTC GGC GGC GAT GCG CTC GAA 235
Leu Arg Val Ala Thr Gln Val Glu Arg Ser Thr Ile Thr Ser Lys Lys Asn Tyr His Ala Leu Arg Ser Ala Glu Ala Ala Ile Arg Glu Phe
GIT GAC GCT GTT

Ser Asn

CAT GAT GGA CAT GGC ACG GCT GGA GAT ACC AGT GTC GGG GTG AAC CTG CTT CAG AAC CTT GTA GAT GTA GAT TCC GTA 136
Met Ile Ser Met Ala Arg Ser Ser Ile Gly Thr Asp Pro His Val Gln Lys Leu Val Lys Tyr Ile Tyr Ile Gly Tyr

135 GCT TTC CTT CCT CTT TCG TCT CCT CTT CTT GIC TCC GCT AGG CTT GGG GGC CTT AGC CTT CTT CGA TCC CTT CTT TCC AGC GGC TTG TGC TTT GOC AGG 37
Ser Glu Lys Arg Lys Arg Arg Arg Lys Lys Asp Gly Ser Pro Lys Pro Ala Lys Ala Lys Lys Ser Gly Lys Lys Giy Ala Ala Gln Ala Lys Ala Pro

- H2b

36 car TT TATACAGCGA

Mot 1

-78> -131>
-198> <-111
-110¢ 1

1
H2a»>
12 TCATC ATG TCT GGA CGT GGT AAA GGA GCA GGA AAG GCC CGT GCT AAG GCC AAG AGC CGA TCT GCC 116

Met Ser Gly Arg Gly Lys Gly Ala Gly Lys Ala Arg Ala Lys Ala Lys Ser Arg Ser Ala

117 CGT GCA GGA CTT CAG TTC CCA GTC GGT CGT GIC CAT CGA TTC CTT CGC ARG GGG AAC TAT GCC CAG CGT GTC GGT GCT GGT GCC CCA GIC TAC CTA GCT 215
Arg Ala Gly Leu Gln Phe Pro Val Gly Arg Val His Arg Phe Leu Arg Lys Gly Asn Tyr Ala Gln Arg Val Gly Ala Gly Ala Pro Val Tyr Leu Ala

216 GCC GTG CTC GAG TAC CTA GCA GCT GAG ATC CTC GAG CTG GCT GGC AAC GCC GCC CGC GAC AAC ARG ARG ACC CGT ATC ATC CCC CGT CAC TTG CAG CT6¢ 314
Ala Val Leu Glu Tyr Leu Ala Ala Glu Ile Leu Glu Leu Ala Gly Asn Ala Ala Arg Asp Asn Lys Lys Thr Arg Ile Ile Pro Arg His Leu Gln Leu

315 GCT GTC CGT AAC GAC GAG GAG TTG AAC AAG CTG CTC AGT GGA GTC ACC ATC GCC CAA GGT GGT GIC CTC CCC AAC ATC CAG GCC GTA CTT CYG CCC AAG 413
Ala Val Arg Asn Asp Glu Glu Leu Asn Lys Leu Leu Ser Gly Val Thr Ile Ala Gln Gly Gly Val Leu Pro Asn Ile Gln Ala Val Leu Leu Pro Lys

414 AAG ACC TCC ARG GCC TCC AAG TAA 527
Lyes Thr Ser Lys Ala Ser Lys

D. L3 H2b-H2a

1 NT CAT GCC AGC CGT GCA ACT GAC GGA ARG AAG AGG AGG AAG CGC CGA ARG GAA AGC TAC GGA ATC TAC ATC TAC AMA GTT CTG AAG CAG GTT CAT 95
........ His Ala Ser Arg Ala Thr Asp Gly Lys Lys Arg Arg Lys Arg Arg Lys Glu Ser Tyr Gly Ile Tyr Ile Tyr Lys Val Leu Lys Gla Val His

96  CCC GAT ACT GGT ATC TCC AGC CGT GCC ATG TCC ATC ATG AAC AGC TTC GTC AAC GAT GIC TTC GAG CGC ATT GCC GGT GAG GCT TCC CGT CTT GCC CAA 194
Pro Asp Thr Gly Ile Ser Ser Arg Ala Net Ser Ile Met Asn Ser Phe Val Asn Asp Val Phe Glu Arg Ile Ala Gly Glu Ala Ser Arg Leu Ala Gln

195 TAC AAC ARG ARG TCC ACC ATC AGC AGC CGT GAG GTC CAG ACC GCT GTC AGG CTC CTC CTC CCC GGA GAA CTC GCC AAG CAC GCC GTC TCT GAG GGC ACC 293
mnauy-l.y-uzmn.ma.:uqcluvnunmu-vuuvmmuunoclycmuuua:.y-n-unvnso:cmcung

294 AAG GCT GTC ACC AAG TAC ACC ACC TCC AAG TAA AGCCACCATA 406
Lys Ala Val Thr Lys Tyr Thr Thr Ser Lys .

407 526

521 ) 627
E. L4 H2b

Figure 2. Nucleotide sequences of six S. purpuratus late histone genes. The sequences
were derived according to the strategy shown in Figure 1. Only one strand of DNA
sequence is shown. Numbering of bases for genes on L1, L2, L3 segments starts at

the base representing the 5' end of the mRNA (11). Since L3 H2A and H2B genes

are transcribed from opposite strands, we show the transcribed strand for the H2B

and the non-transcribed strand for the HZA. Numbering of bases progresses right

to left for the H2B sequence and left to right for the H2A sequence (arrows). Numbering
of bases of the L4 H2B gene begins in the protein-coding region at the 5' border of

the cloned segment. Bases upstream from the transcription initiation sites are indicated
by negative numbers. TATA, CACC (mRNA termination site) and CAGA elements

are underlined. A: L1 H4 gene; B: L1 H2B gene; C: L2 H4 gene; D L3 H2A and H2B
genes; E: L4 H2B.

include at least 200 base pairs each of 5' and 3' flanking sequences, as well as the
entire mRNA coding regions.

5' Gene-Flanking Sequences

To identify cis-acting elements that may be involved in the regulation of early

and late histone gene expression, we searched gene flanking regions for sequence
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motifs shared among late but not early genes. Comparisons of the region between
the transcription start site and position -200 of five late H4 sequences from two sea
urchin species revealed five conserved blocks, labeled A, B, C, D and E in Figure 3.
Element E comprises the TATA box and approximately 20 base pairs upstream. This
sequence is moderately well-conserved among the five late H4 genes, but has diverged
significantly in the early H4 gene in comparison to the late H4 gene. Element D is
present in all H4 genes examined. Having the consensus CAAAGGAA, this sequence
is located 60-80 bp distal to the TATA element. Interestingly, in the early H4 gene,
this sequence is located approximately 20 bp farther upstream from the TATA element
than is its late counterpart. Element C matched in 15/20 positions when the in L2
H4 gene was compared with one of the two sequenced late H4 genes from L. pictus
(L.p. 19 (7)) but was not detected in the other H4 genes that we examined. The B
sequence block is also closely conserved in the L2 and L.p. 19 H4s (17/20 positions
matching). We found related sequences in the flanking regions of other genes, but
they had diverged considerably from those of the L2 H4 gene, sharing only a central
GAA and overall purine richness. The A elements of L2 and L.p. 19 H4 genes match
in 21/25 positions. Although this region of other H4 genes does not match the L2
sequence closely, 5 of 6 H4 genes share the core sequence ATGA and 3 of 6 share
ATGCAAAT. Homologues of the A element are also evident in both L1 and L3 late
H2B genes (Figure 3 A' element). Thus, the sequence GTATGCAAATG, located in
the region between the divergently transcribed L3 H2A and H2B genes, matches the
A element of the L2 H4 gene in 11/11 positions. Also present in this region is the
sequence ATGCATAATGCA (in inverted orientation relative to the H2B gene), which
matches the L1 H4 A region in 10/12 positions.

In general, the 5'-flanking sequences of the L2 H4 gene match those of L.p.
19 more closely than any other gene tested. Figure 3 shows that sequence blocks
A-E are virtually identical in these two genes. It is at first puzzling that H4 genes
from different species are more similar than those from the same species. Most prob-
ably, this simply indicates that the duplication event that gave rise to the two S. pur-
puratus H4 genes took place long before the branching of the L2 and Lp 19 genes and
before the branching of the Strongylocentrotus and Lytechinus lineages.

We found several conserved sequence blocks, labeled A'-F' in Figure 3, in up-

stream sequences flanking the L1, L3 and early H2B genes. Element "F'" includes

the TATA box and 12 bp upstream. The "E'" motif, documented previously in flanking
sequences of H2B genes of phylogenetically diverse organisms (18) and recently in

the immunoglobulin heavy chain gene enhancer (19), kappa chain promotors (20-22)
and several snRNA genes (23-25) is present in flanking regions of each of the H2B
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genes that we examined. Interestingly, there are two copies of this element located
82 bp apart in sequences flanking the L1 H2B gene (Figure 3). Element "D", having
the consensus GCGAAA was present in L1 and L3 flanking regions immediately distal
to the CAAT box regions. A second copy was located 20 bp farther downstream in
the L1 flanking region. A similar sequence (4/6 positions matching) was present in
the analogous position in the early H2B flanking region. A DNA element with this
sequence has been implicated in the periodic transcription of histone genes during
the yeast cell cycle (26,27). The B element, located approximately 200 bp upstream
from the transcription start site, is a loosely conserved, purine-rich region approx-
imately 18 bp long. Similar sequences were found in H4 genes (element B). Finally,
element A, 12 bp in length, was located at different positions in L1, L3 and early
H2B genes between -150 and -300. The sequence matches closely that of the "A"
element in the H4 gene flanking regions.

In summary, although most of sequence elements identified in our comparative
analysis are present in both early and late histone genes, the early and late versions
of these sequences have diverged substantially. Thus, these elements may be involved
in the differential regulation of the two gene sets.

5' and 3' Untranslated Regions

Both 5' and 3' untranslated regions (UTRs) of sea urchin early histone genes
have been implicated in regulation: a positive-acting transcription factor requires
sequences in the 5' UTR for its activity (28); the 3' UTR and flanking region are re-
quired for correct processing of histone mRNA 3' termini, and may be involved in
periodic fluctuations of histone mRNA levels during the cell cycle (29). We therefore
examined the 5' and 3' UTRs of the late histone genes for conserved structures. We
previously mapped the transcription start sites of the L1 H4, L1 H2B, L2 H4, L3 H2A
and L3 H2B genes (11). Using these sites to demarcate the 5' border of the leader
sequences, we performed pairwise comparisons of the leaders of the sequenced late
genes and the early HZA, H2B and H4 genes. These compairsons showed that the
late gene leader sequences have diverged substantially from each other and even more
from their early counterparts. We could not detect any sequence elements common
to late histone gene leaders. Neither could we identify common secondary structure
(data not shown). It appears, therefore, that apart from possessing leader sequences
of approximately the same length (30), late histone mRNAs do not shart structural
elements in these regions.

The 3' termini of most histone mRNAs are flanked proximally by a palindromic
sequence (in the UTR) and distally by the elements ACCA and CAAGA (29). The

late histone genes that we have examined share these sequence motifs (Figure 2).
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Our comparisons did not reveal any additional common homology blocks or secondary
structures. However, we did detect a second termination site in the 3' flanking se-
quence of the L4 H2B gene (Figure 2). Located 134 bp downstream from the "authentic”
site, this site closely resembles the authentic one in having the palindromic sequence

as well as ACCA and CAAGA elements. We do not know whether this site is used

in vivo.

Histone Coding Sequences and the Evolution of Late Genes

Roberts et al (8) estimated that in L. pictus early and late H3 and H4 genes
have been evolving separately for at least 240 myr. We asked whether S. purpuratus
early and late H2A, H2B and H4 genes are similarly divergent. To answer this question
we compared sequences of protein-coding regions of early and late histone genes.
Silent site substitutions in sea urchin histone genes occur at an apparently constant
rate of 0.5% per million years (33). Thus the divergence of silent sites provides a
measure of the time two gene sequences have been evolving separately. The sequence
relationships of various early and late histone genes are depicted in Table I. After
correction of raw percent divergence for multiple substitutions (31), it is evident
that the silent sites of early and late H2A, H2B and H4 genes have diverged 100%.

Comparisons of H4 coding sequences revealed an apparent anomaly in the rates
of 5' flanking and coding sequence evolution. Differences in silent sites suggest that
the L1 and L2 H4 genes are more closely related to each other than to the L.p. 19
H4 gene. However, when 5' flanking sequences were compared, the L2 and L.p. 19
H4s were most closely related (see above), while flanking regions of L1 and L2 H4s
had diverged almost completely. A likely explanation for this apparent paradox is
that a gene conversion event between the L1 H4 and the L2 H4 homogenized the H4
coding regions but not the 5' flanking sequences (see Discussion).

Amino Acid Sequences of Late Histone Proteins

There are at least two explanations for why sea urchins possess different, develop-
mentally regulated isotypes of H1, H2A, and H2B histones: (1) Such isotypes may have
different functions that have been maintained by natural selection. (2) Such isotypes
may be functionally equivalent, and the two gene sets may have arisen as a consequence
of selection on another character, such as the mechanism that enables the embryo
to produce a large amount of histone protein during early development but reduced
amounts in later embryogenesis. According to the first view, early and late forms
of H1l, H2A and H2B proteins should differ significantly in structure; according to
the second, any structural differences should be functionally neutral. As a first step
toward distinguishing these possibilities, we compared early and late H2A and H2B

histone sequences from several sea urchin species.

10578



Nucleic Acids Research

H2A

10 20 30 40 50 60 70 80 90 100 110 120
S.purp L3 H2a LQFPVGRVHRF LAAVLEY LAAE I LEL I L L 'IAQGGVLPNIQAVLLPKKT-~-SK~ASK
P.mil LH2a-1 KA GTS T S K GS T S G A
P.mil LH2a-2 - KS s K GN T S G GKSA -
P.Mil.LH2a-3 - K s N 1 G [
Yeast H2al - - GSA AQRSK T L R 1s T 1 0 GN HON S ATK QEL
Xenopus H2a o T T --s L E G ES SAK
S.purp eH2a S T -T -=§ K 6 M T s G —-A S -
Chick H2a 9 - =S L E 1 GK DSH - AK
H2b

10 20 30 40 50 60 70 80 90 100 110 120
L1-H2b Y1 1 LLPGEL TKYTTSK
Yeast H2b2 (11) - E PAA --- --- - TSVWD SKV T SS T s L 1 T K A SA I I R SSSTQA
Xenopus H2bl -- SA A ~=-AT-KTQK--KD KT AV K G NR TSAK
S.purp L3 H2b A - -K ---D K
S.purp L4 H2B ........ieiiiiiianas HA RATD K G Q s
P.mil LH2B-1 A - =--D K
P.mil LH2B-2 -TS -A -G KG A-—— AST K KX L R D LR T TR T TR T Ry
S.purp eH2B APT V - V- - — KN K v I Gs Q s I I
P.mil. SP-1 QK v S G TT RRNVS R
P.mil. sP-2 RNW G Vv G TSARR S I ARR
CHK H2Bl - SA P VT --TQKK-— D  KKS s v K G I G R I S
CHK H2B2 -- SA A VT --TQKK-—- D  KKS s Vv K G 1 G R 1- s
CHK H2B3 -~ SA P VT --TQKK-— D  KKS s Vv L K G I G R I s

Figure 4. Comparative analysis of H2A and H2B amino acid sequences. Amino acid
sequences derived from nucleotide sequences were compared using the Needelman-
Wunsch algorithm in the PEP program (BIONET). Differences between the uppermost
sequence and those below are indicated by the letter code of the differing amino acid.
Dashes symbolize deletions. The N-terminal 11 residues of the yeast H2B2 sequence

are not shown. Numbering of amino acids is relative to the amino terminus of the
uppermost sequence, which is taken as 1. Sequences were obtained from the NIH database.

Analysis of H2A and H2B amino acid sequences from a variety of organisms
has shown that these proteins consist of amino and carboxy terminal regions that
evolve at a moderate pace, and a central region that is highly conserved (32). Compar-
isons of amino acid sequences of the S. purpuratus late H2A and H2B genes with those
of other histone proteins are consistent with this general finding (Figure 4).

The amino acid sequences of the L3 H2A, L1 H2B and L3 H2B proteins differ
from those of their early counterparts by 10%, 14% and 14% respectively (Figure
4). In the case of H2A, 5 of these differences are in the N-terminal 19 amino acids,
5 in the central 90 amino acids, and 3 in the C-terminal 14 amino acids. All changes
but one, a met-leu at position 51, occur in positions known to be mutable from compar-
isons of histone sequences from a variety of species (Figure 4).

A comparison of the early H2B with the L1 and L3 late H2Bs reveals a similar
distribution of amino acid changes. In the case of the L1 there are 10 changes in
the N-terminal 29 amino acids, and 9 in the remainder of the protein. Of these nine,
eight occur in highly mutable positions, but one ser--ala (position 74) is unique to
the S. purpuratus early H2B-L1 late H2B pair, suggesting that it may be functionally
significant. Arguing against this possibility is the fact that early and late H2Bs of
P. miliaris do not differ at this position (both contain ala (9)).
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DISCUSSION
Gene Flanking Regions

Comparisons of 5 late H4 and 2 late H2B 5' gene flanking sequences from two
different sea urchin species have identified several conserved elements in addition
to the well-documented TATA, CAAT and "H2B specific" (or octamer) elements (18).
These include the consensus sequence ATGCATA, noted previously in surveys of H3
and H4 genes (6,8) and here identified in sequences flanking H4 and H2B genes and
between a divergently transcribed H2A-H2B gene pair. Interestingly, the two genes
showing the greatest similarity in 5' flanking sequences were the L2 H4 gene (from
S. purpuratus) and the L.p. 19 H4 gene (from L. pictus). The conservation of specific
sequence elements in the 5' flanking regions of these genes over the 65 million years

since the L. pictus and S. purpuratus lineages diverged (34) suggests that such elements

serve important functions, likely in the expression or regulation of the genes.

Homologues of most of the sequence elements found to be conserved among
late histone genes are also present in the flanking regions of early genes. However,
with the exception of the H2B-specific motif, they have diverged significantly from
their late counterparts. Thus, the early and late versions of these elements may be
recognized by different DNA binding factors, or may interact differently with the
same set of factors to cause the differential expression of the early and late histone
genes. Furthermore, the relative positions of some conserved sequence elements
vary between early and late genes, and such differences could also play a role in deter-
mining the different temporal patterns of expression of early and late genes.

The sequence, spacing and even number of putative regulatory elements vary
between individual late histone genes, although less dramatically so than between
late and early genes. For example, the A sequences of the L1 and L3 late H2B genes
differ in 5 of 10 positions and the B sequences in 8 of 15 positions, and these elements
are located in different relative positions in the two genes. Such differences between
late genes could account for their slightly different temporal profiles of expression
during development (11).

Histone Gene Evolution

Our sequence comparisons enable us to estimate when early and late forms of
H2A, H2B and H4 genes diverged. The rate of change of silent sites in sea urchin
early histone genes is a nearly constant 0.5% per million years (33). Applying this
rate to the sequence differences among early and late histone genes, and correcting
for multiple substitutions (31), we found that silent sites had diverged to 100% of
the theoretical maximum in all cases. Thus, early and late forms of S. purpuratus
H2A, H2B and H4 histone genes diverged a minimum of 200 million years ago. This
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estimate is similar to that of Roberts and coworkers (8) for the divergence time of
early and late H4 genes of Lytechnius pictus. Since all exant Echinoderms are thought
to have evolved from a common ancestor in the Triassic, approximately 200 million
years ago (34), we predict that early and late histone gene families exist in all Echino-
derm groups.

Comparisons of late H4 gene sequences revealed an anomaly in the rate of sequence
evolution: the protein-coding sequences of L2 H4 gene are most closely related to
those of the L1 H4 gene, while the 5' gene-flanking sequence of the L2 H4 is most
closely related to the Lp 19 gene of L. pictus. There are at least two ways of explain-
ing this apparent paradox: either the rate of silent site substitution of one or more
genes may deviate from the value of 0.5% per million years, or there may have been
a gene conversion event between the L1 and L2 H4 genes that homogenized the coding
sequences but not the 5' flanking regions. Such a conversion event would make the
two genes seem more closely related than they actually are. Since gene conversions
involving only coding sequences have been documented in the sea urchin late histone
gene family (8), and since the apparent rate of evolution of coding sequences is not
known to vary significantly from 0.5% per million years, a gene conversion event
seems the more likely explanation for this anomaly.

Late H2A and H2B Histone Protein Sequences
Our data show that early and late H2A and H2B proteins differ substantially

in amino acid sequence, but the majority of these differences occur in positions known

to be highly mutable on the basis of comparisons of a wide variety of histone sequences,
and thus may not be functionally significant. We did observe two amino acid substi-
tutions, one in the early H2A and one in the early H2B, that were not in highly mutable
positions. The early H2ZA sequence contains a methionine at position 74, the late

H2A a leucine. The early H2B has a serine residue at position 74 and its late H2B
counterpart on alanine. Early and late H2A sequences of P. miliaris also show the
met-ser substitution at position 51, suggesting that it may have functional significance.
However, the ser-ala substitution observed in the S. purpuratus early and late H2Bs

is not present in early and late H2B sequences of P. miliaris; both P. miliaris H2Bs
contain an alanine at this position. The ser-ala substitution has therefore appeared

in the S. purpuratus early H2B sequence in the recent evolutionary past and is not
likely to be functionally important.
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