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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 sTveia1 conserved elements in
5' flanking regions, including the sequences ATGPyAANAA shared by all late genes
and GGCGGGAAATTGAAAA shared by two late H4s. C'mparisons of protein-coding
sequences of late H4 and HZB 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 Hi,
H2A, HZB, 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

HZA 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, Li,
L2, L3, L4 (4). Clone Li contains a late H4 and a late HZB gene, LZ a single late

H4 gene, L3 closely linked H2A and H2B genes, and L4 a solitary late IIZB gene (4).
With the possible exception of the L4 HZB 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 HZA and HZB 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-l, 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 32P 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 Li H4 and Li 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

and 32P-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 pBR3ZZ
(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 CTTATTCTAA TGCATTATGC ATGAGATCGC CCTTTCGGCN GGGCGGGAAA TTGAAAAGCC GATATGGGTT TGTTGACTGG CTGGGTCTGC ATAACAAAGG AAGCGATCCT TGGTCACTCA -144

-143 CGTTCGCATA GTGGTTATAT ATACGAGCGG TTGACCTAA-A GTGGTCAGTT TGAAATTTAT CAAGCAAG1CA AACATC ATG TCT GGA CGT GGC AAA GGA GGA1 AG GGA CTC GGA 69
1 Met Ser Gly Arg Gly Lys Gly Gly Lya Gly Leu Gly

70 AAG GGA GGC GCC AAG CGT CAT CGC AAG GTT TTG CGT GAT AAC ATC CAA GGA ATC ACC AAG CCA GCC ATC CGT CGT CTT GCT CGA CGT GGA GGA GTC AAA 168
Lys Gly Gly Ala Lys Arg His Arg Lys Val Leu Arg Asp A.n Ile Gln Gly Ile Thr Lys Pro Al. I1e Arg Arg Leu A1a Arg Arg Gly Gly V-1 Lys

169 CIT ATC AGT GGT CTC ATC TAC GAA GAG ACC CGT GGA GTT CTC AAG GTC TTC CTT GAG AAC GTC ATC CGT GAT GCC GTC ACC TAC TGC GA1 CAC GCC A6G 267
Arg I1. Ser Gly Leu Ile Tyr Glu Glu TIr Arg Gly Val Leu Lys Va1 Phe L1eu Glu Asn Va1 Ile Arg Asp A1 Va1 Thr Tyr Cy. Glu1 isA11 Lys

268 AGG A6G 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 TCTTCC6ACC 365
Arg Lys Thr Va1 Thr Ala Met Asp V.1 Va1 Tyr Ala Leu Lys Arg Gln Gly Arg Thr Leu Tyr Gly Ph. Gly Gly

366 CATCAACAAA CCGGCTCTTT TAAGAGCCAC CAAATAACCA AGAAAGAATA CAGTAGATAT CTTTGTACGT TTTTTTTTTT TTTTTATATA AAACTTTATT TTCATACA1T AAATATTTAG 485

4S6 TTCGAAAACT ATACACGTGG ATAAAATAAG TACAGTTTGT ATAATTTGTC CACCAAAGAT CAATCGTATT TCATGTATTT GGAACAAAAG TGACTTATCA AAAAATATIC AGAAAATAAT 605

606 ACCAAGCATA GCGATTACAA AAATTATTTA AACAACAATG GGATTTTTGT ACTCATACTC TTTGAAATTG T 675

A. Li H4

-964 CTGTGAGAAT TTTTTTCTAT ATTTACCACG GAACAATTAT CTTGAGGCTT AATAATCCCA ACATTTTGTG TCATTTTTAT TTGTATACAC AAATATTGAT GAGTTCAGGG AAGGACATCC -845

-844 AACAATGAAA TAGAATATAA CGCCATCATA AGTGAGAATA TTTGCTGTAA CAIAAATGTA AATTCATATA TTTATAGTAG GAATGCTCAA ATTTCGATTA TTCCTGTAAA TTATGAAACA -725

-724 TTTGATTTTC ACCAAACCGC CNNNNNWNNN 80060NNNNN NNNNNNNNNA AACTCTTAAC ATACATA6TC TAAACATTCG ATCCTATAAT TATGTGCAAT ATATATAACC AATAGGTAGT -605

-604 ATTTGTTCCA TTCAATGTCC AAGTATAATT CAGTTTATTT CTTTTGGCGA TATTACAATT ATAAATATGC TGGTAATGCT CTTTACTTAG ACTATACCCC TCAAAATATA AAAATCTTTT -485

-484 TCA6CACACC TCCACCACGT GTGTTATCGG TTCGGACGAA AAAAAAATAG 6AGTATATGC ATCAACGATC CAAGCTGGCT ATAATATTCA CTAAATATAA TAAATAATGA ATCCGACACA -365

-364 TTATTTTCTG TCGTAGTAGT ATCAAATTAT TATATATTTA GTACATGTTA CAACATACAT GTGCGGSTTC CTATATATTA CATACATGAT GCATTTCTAC AATTCCACCA TTTTTCTACG -245

-244 TCTACTTCCC CATATACGAG CGTAGGCGCA GTTCACACTA TTGAJCAAAG GACAA8AACCG TTGGGTTTCC CCACTAGCCA TATTTGCATA CACGATTGAA CTGAGTTTGC GCACTACCCA -125

-124 ACTGCTGAAA GCACTQATTT TGATTSGTGA AAGCTGGTGC GCTCCCCATC CTTATTTGCA TACCGTGGCC GGTACGTTTT CGATCCCGGC GTTTGATATA AATATCGGAC ICTTCCAATT -5

-4 GCUCACCAGC ATTCGTGAGA ATCACAATCA TC ATG CCT GCG A6A GCA CAA CCA GCT GGA AA6 A66 G11 TCC AA6 AAG GCT 6AG GCC CCC AGA CCT AGC CGG GGC 100
1 Met Pro A1l Lys Ala Gln Pro Ala Gly Lys Lys Gly S.r Lys Lys Akl Lys Al. Pro Arg Pro S.r Gly lly

101 A AAAAGA6 G CGA AGA CGC CGA AAG 1A6 AGC TAC GGA ATC TAC ATC TAC AA6 GTG CTG AA8 CAG GTT CAC CCT GAC ACT CGC ATC TCC AIC CIT CCC ATG 199
Lys Lys Arg Arg Arg Arg Arg Lys Glu Ser Tyr Gly Ile Tyr I1e Tyr Ly. Va1 L.u Ly. Gln Va1 His Pro Asp Thr Gly Ile S.r S.r ArC Akl H.t

200 TCC ATC ATG AAC AGT TTC GTC AAC GAT GTC TTC 6AG CIC ATC ICC ICC 6AG GCT TCC CIT CTT ICC CAC TAC AAC AA6 A6G TCC ACC ATC ACC AGT CGT 298
S.r I01 M8t A.n S.r Ph. Va1 Asn Asp Va1 PhC Glu Arg I1. Ala k1l 1lu Aia SCr Arg Lou A1a His Tyr Asn Lys Lys S.r Thr I1- Thr S.r Arg

299 GA1 GTC CA1 ACC GTC GTC AG6 CTC CTC CTC CCC GGA GA1 CTG CCC AAG CAC GCC CTC TCT 6A6 GGC ACC AA6 GCT GTC ACC AA6 TAC ACC ACC TCC AA6 399
Glu Va1 Gln Thr Va1 Va1 Arg L.u Leu Leu Pro Gly Glu Leu Ala Lys His Ala Va1 Ser Glu Gly Thr Ly. AlC Va1 Thr Ly. Tyr Thr Thr SCr Lys

400 TAA ATTGGTTCAT ACCATATTTA CTACATAGCT CTTATCAGAG CCACCAAATA TTCAAGAAAG ATTCATTCGA TTACGCTCTT TAGTTATCTT TTTTTAATTT AATTTTATAA 510

511 TCATTTAATT TAACAACAAA TAG 533

B. Li H2b

-220 ACATTGTAAA TGCAATATTT TTCCTCAAAA TGTTGAAAAT GTGTGTATTT AAGTACTCAA AATACGCTTT GTGGGGCCGT TAGCACACTT ACGTATGCAA ATGAGATGCC AAATACTGCC -101

-100 CTCATTGCCC GACAAACGAA ATGAGCACAA TGGCATACAG TAATGTTCCC TCCGAGTTCG GACTAGGGGT ATATATACTG CTCTCTCGCC GTTAACTATC ATATTCGACT AGTCGATACT 20

21 CAACTAACAA A0CAAC ATG TCT 1GA CGT GGT AAA G1.A GGA AAG GGA CTC GGA AAG GGA GGC GCC AA6 CIT CAT CIC AA6 GTC TTG CIT CAT AAC ATC CAG 120
Met S.r Gly Arg Gly Lys Gly Gly Lys Gly L0u Gly Lys Gly Gly Al. Lys Arg His Arg Lys Va1 L0u ACr Asp Asn Ile Gln

121 11A ATC ACC AAG CCA GCC ATC CIT CGT CTT GCT CGA CIT GGA 1GA GTC AAA CGT ATC AIC CGT CTC ATC TAC 1AA 1AG ACC CIT 1GA ITC CTC AA6 GTC 219
GlyIp1 TIr Lys ProCAC Ii- Arg Arg L0u AC. Arg Arg Gly lly Va1 Lys Arg Ile Ser Gly L0u 1Il Tyr Glu Glu Thr Arg lly Va1 L0u Lys Va1

220 TTC CTT GA1 AAC ITC ATC CGT CAT ICCIGTC ACC TAC TIC GAG C1C ICC AA6 A6G AA6 ACC GTC ACC ICC ATG 66C GTC ITC TAC CCC CTG AAG C06 CA0 318
Ph- L.u Glu Asn Vai I1. Arg Asp AC. Va1 Thr Tyr CyO Glu His A61 Lys Arg Lys Thr Va. Thr A1a Met Asp Va1 Va1 Tyr Aia Lou Lys Arg Gln

319 G16 CGT ACC CTC TAC GGA TTC
166 11A TAA IAAGTGACTT TCTTACAAGC AACAAACAAC CGCTCTTTTT ACAICCACCA AATATTCAAG AAAGAAATAT TAGATAAACT 429

Gly Arg Thr Leu Tyr Gly Ph Gly Gly

430 TGTTTAAGTC TTATTAATAT TGATACATGT AATGAAATAT GAAATTTAAT ATCAGTAAAT AATTAATTGG AATTAGCCGA GTC 512

C. L2 H4
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678 CGSGGGACAT TGSATASATG TTTSGTGTTC AATCATCAAC TCAATTACTT TATATTTTGC ATTTACSTTC ACCTAGGCTT STTCACTAAT TTCCSAAGCA TSCAGGSCAT ATCATAAACG 559

558 TAATGCTTTT ACTCATTTCA TAASCGAATA ATCTTTACCG AHAMCAAAAA TAATCGAACA ATCGAGaAA AGAGTTATGT CATTTGATTC TTTCsTGAAG TTTTGGTGGT CCTTATAASG 439

438 ACCGTTTGTG GCAAATGAAA CGAAAGTTTC AAT TTA CT? GGA GGS GST GTA CTT SGT GAC AGC CTT GGS GCC CTC AGA GAC GGC ATSG CTT GCC CAG CTC TCC GGN 334
Lys S.r Thr Thr Tyr Lys Tbr Val Ali Lys Thr Gly Glu Ser Val AlaHis Lys A Leu GluGly ?

333 CAS SGG GAS TCT SAC AGC CSG CTS SAC CTC ACG ACT OGT SAT GGT GSA CTT CT? G5T GTA GTGS GCC AG SCC CGA ACC CTC CC C GAT GCC CTC GAA 235
Lu Leou Lou Akrg Val Ala T SGln Vl Glu Arg S r Thr I1- Thr S.r Lys Lys Ass Tyr His Al& Lau Arg Sr CAla 51u As s Ila Arg Slu Ph-

234 CAC ATC 5?? SaC GAA SCTSIT CA?SAT GSA CAT GGC ACG GCT GGA SAT ACC AGT GSC SOS GTS AAC CTG CT? CaG AAC CT? GsA SAT csA GaT TCC GTA 136
Vsl Hep Asn Val Phb Sr Asn Het Ile gar et las Arg S-r S-r II- Sly Thr Asp Pro His Va1 1ln Lys Leu Va1 Lys Tyr Ila Tyr I1. Sly Tyr

135 GC? TTC C?? CCT CTT TSC ICT CCT C?? C?? GTC TCC SC? AGSCT? SG GCC CT? ASC CT? CTT CSA TCC C?? C?? TCC AHC GCC ITS TGC ITTSOC AGG 37
S-r Glu Lys Arg Lys AArkrg krg Lys Lys asp Sly Ser Pro Lys Pro Aas Lys Ala Lys Lys Sar Sly Lys Lys Giy Aas Aas GlnsaM Lys MAs Pro
-- H 2 b

36 CA? GSATSGSTAC ICTACSGSAG HAACSA?TAG ARTsAACTGC CAAOCGAATC CAC??C?AIT ?ATACAGCGA GCGCaOATIT aACGSTTaTA CSCTTATGScAATGASTCCG
Nt 1

-78> ACTGCACOCS AGAAACACCA HACACTOAA SC TACk GCSS??TCSC TCCasscACG ASAACGA GSCCCCSAGA TSATTCAIT ATTCTAASSG sTCCGAATSGA CGSTTSASCC -131>

-198> ACCAAITACA CASASCSCTC TCScSAA?TA CGCAGOC4CCC CSCTOTTCOG ACGACAIT TSCASACACC CTGCASAAaaG CASTCSACA CTCSCACOA TATSCAALATA ATAGSGTSGS <-lll

-110< CGCITSCCGT TACTSCASTC CCCC=TSCIT?AGSSGCTCC CTTSSGACC TSCGOCTCGC TSTCSAITCCT CACACACGT ASAA?TACC? AOCTCSCACC AATTTSGAAG CASASCSAW 11

H 2 a-_
12 ITCTCATCTT ACTTGCCASA GC sAACCAAATCTATAAA TCATc ATsc T?SACSGCSGG S Aaaa c caGSA AHA CC CS? SC? HAs SCC HAS ASC CSA TCT GCC 116

Not Ser Sly Arg Sly Lys Sly sla Sly Lys lal rgA al Lys AHI Ly SerG rg S*rGe a

117 CS? GScA Ga CT? cAG STC CcA STC CSC CS?STC casT CcA TC C?? CSC HAS SOAACsTA oCC CAS CS CSTC GSO SC? GS? GCC CCA CSC TAC CTA SC? 215
Arg kla Sly Leu Gln Pbs Pro Vsl Sly Arg Val Rio arg Phs Lou Arg Lys sly As syrTy a Gln arg Vsl Sly Als Sly ka Pro Val Tyr Lou Mas

216 GCC STC C?C SAG saC Csa ccA SC? GAS ATc C?C GASCT SC? C Aac oCC 0cc COC SAC AaC AaS AaS ACC CCS ATC aTc CCC COS SAC TSS CAS CSC 314
kla Val Lou luSTyr Leu Als Ma 0lu Ile Lou Glu Lou MAs Sly Asn Aas Mas a Asp Ass Lys Lys Thr Arg Ile Ile Pro Ars His Lou Gln Leu

315 SC? CSC CG? aAC SAC GAS GAS TTG AaC AaS CSC CTC AGs GSA TC ACCa Tc Mcc CAa GGo COS SIC C?C CCC AaC ATC CAS SCC sTA C?? CIT CCC ASc 413
kls Val Arg asn Asp Clu Clu Lou asn Lys Leu Leu Ger Sly Val Thr Ile Mas Sln Sly Sly Val Leu Proks nIss GlnisM Vsl Leu Leu Pro Lys

414 AAS ACC TCC HAS cCC ?CC AaS TsA ACSGGCCNmN HNNCCTCTTC OGAGCAATCC ACAACASCT CTTTTAAA CCACCAAaTT ICCAASAAAG ASASASCAGA TOCACSCSAA 527
Lye Shr SGr Lye ias Ser Lye

S52 T?ATsITHTA ASAITITSAA SS?AC?TSTAL TTACITTAG ITTTATGTAA TSAASTTCIT ITACC?SSAT CAAITATC?a ATITTCTTAG ASATssAcsA GCcAC?TGSca ITAGSASTA 647

648 TSTACAITGC TsTGsAsAATAcSGCSAAAC CAAAACCTTA AAAAAITTTGGTSGTSA?SA ITHA?ISAC TTTTCGAcac GACTTAAAG TTACCCAAC? GGCTCSC?CT GSSSGC?ASG 767

768 AATaLTSTAA ATAcaTOCAC TACTSCAAAT CTSAAAATAA HAACSSA??C AASCAAATAT TATAAACAAT HAA?TATSTG GCATTGCAGA TT?SCACSCA CGGSACS?S 877

D. L3 H2b-H2a
1.N CST GCC AGC COS Gca AC? SaC ca AaG SAG AGS ASS AG COC CSA AAG GAA AOC TaC GGA ATC TAC ATC TAC ASA aTT CTG HAS CAS SIT CAT 95

*- .eleMHisea>S HrArsa Thr Asp Sly Lys Lys Arg Arg Lye Arg Arg Lys Glu SreTyrT ly I1- Tyr I1. Tyr Lys Va1 Leu Lye sln Val Hi5

96 CCC GA? AC? GOT aTc T>CAcS 8CC TG ITCC ATC ATG Aac Acc ITC aS AC ST CSTC ?TC SAG COC AT? 8CC GGST Ga oC? TCC CGT C?T GCC CA& 194
Pro Asp Tbr Sly IIe Ser gare> gApl NstS er Ile Hot Asn ASr Phe Val Has Asp Val Pbe Glu Arg Ilae la Sly lu Ala S-r Arg Lou las ln

195 TAC AaC SAG SAG TCC ACC HTC acC aOC CSGS"a GSCAG aCC ST STC AOG CTC C?C CIC CCC GSA GSA C?C GCC HAS CAC GCC CSTC TC? SAG OC ACC 293
Tyr asn Lye Lys Ser Thr Ile gar Ger Arg Clu Vol Sln Thr isa Val Ars Leu Leu Leu Pro Sly Clu Leou la Lys His Als VAI ger Clu Sly Shr

294 AAGOCTGM 8CCHa G saC ACC AccT CCHAS STMATTGTTAT ACGCCSA?T ITACTAAAC CTCSTTTCAG AHCCACCaSA TATTCAAGAA ASATASATAT ATATITTOCT 406
Lys Aas Val Tbr Lye Tyr Thr Tbr SHr Lys

407 CTTCTCrAC CTGSATATT SATSAAGS?A TT?TCAcAIT CAAGS?GGS CTATAATHCC GhAAAC??GT TGSAaSATA AGAACTITT TTGTCAC CCC ATATAT TCAASAAA 526

527 TGSATA?IT ITGCTCT?C? GTTT?GTCAA TASATSaSa TATTTTCA C ATSAASAGaa GITAIA" CCGCAAAOTT GTTTGSAAAIT HAAGACTOGTS 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 LI, 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 HZB
and the non-transcribed strand for the H2A. Numbering of bases progresses right
to left for the HZB sequence and left to right for the HZA sequence (arrows). Numbering
of bases of the L4 HZB 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: Li H4 gene; B: LI H2B gene; C: L2 H4 gene; D L3 H2A and HZB
genes; E: L4 HZB.

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 LZ 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 LZ 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 LZ

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 Li 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 Li 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 Li, L3 and early HZB genes. Element UF'" 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 LI H2B gene (Figure 3). Element "D", having

the consensus GCGAAA was present in LI and L3 flanking regions immediately distal

to the CAAT box regions. A second copy was located 20 bp farther downstream in

the Li flanking region. A similar sequence (4/6 positions matching) was present in

the analogous position in the early HRB 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 Li, L3 and early

HNB 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 Li H4, Li 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, HNB 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, HZB 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 Li 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 Ll and L2 H4s

had diverged almost completely. A likely explanation for this apparent paradox is

that a gene conversion event between the Li H4 and the LZ 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 Hi, HZA, and HZB 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 Hi, 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 HZB

histone sequences from several sea urchin species.
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Figure 4. Comparative analysis of HZA and HZB amino acid sequences. Amino acid
sequences derived from nucleotide sequences were compared using the Needelman-
Wunsch algorithm in the PEP program (BIONEI). 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 HZBZ 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 HZA and HZB 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 HZB genes with those

of other histone proteins are consistent with this general finding (Figure 4).
The amino acid sequences of the L3 HZA, Li HZB and L3 HZB proteins differ

from those of their early counterparts by 10%, 14% and 14% respectively (Figure
4). In the case of HZA, 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 HZB with the Li and L3 late HZBs reveals a similar

distribution of amino acid changes. In the case of the Li 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 HZB-L1 late HZB pair, suggesting that it may be functionally
significant. Arguing against this possibility is the fact that early and late HZBs 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 HZB 5' gene flanking sequences from two

different sea urchin species have identified several conserved elements in addition

to the well-documented TATA, CAAT and "HZB 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 HZB genes and

between a divergently transcribed H2A-HZB 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 HZB-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 Ll and L3 late HZB 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

HZA, HZB 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

HZA, 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 LZ H4 gene are most closely related to

those of the Ll 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%o per million years, or there may have been

a gene conversion event between the Ll and LZ 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 HZA and HZB Histone Protein Sequences

Our data show that early and late HZA and HZB 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 HZA and one in the early HZB, that were not in highly mutable

positions. The early H2A sequence contains a methionine at position 74, the late
HZA a leucine. The early HZB 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 HZBs
is not present in early and late HZB sequences of P. miliaris; both P. miliaris HZBs

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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