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The cleavage-stage (CS) histones of the sea urchin are known to be maternally expressed in the egg, have
been implicated in chromatin remodeling of the male pronucleus following fertilization, and are the only
histone variants present in embryonic chromatin up to the four-cell stage. With the help of partial peptide
sequence information, we have isolated and identified CS H1, H2A, H2B, H3, and H4 ¢cDNAs from egg poly(A)™
mRNA of the sea urchin Psammechinus miliaris. All five CS proteins correspond to replacement histone
variants which are encoded by replication-independent genes containing introns, poly(A) addition signals, and
long nontranslated sequences. Transcripts of the CS histone genes could be detected only during oogenesis and
in development up to the early blastula stage. The CS proteins, with the exception of H4, are unique histones
which are distantly related in sequence to the early, late, and sperm histone subtypes of the sea urchin. In
contrast, the CS H1 protein displays highest sequence homology with the H1M (B4) histone of Xenopus laevis.
Both H1 proteins are replacement histone variants with very similar developmental expression profiles in their
respective species, thus indicating that the frog HIM (B4) gene is a vertebrate homolog of the CS H1 gene.
These data furthermore suggest that the CS histones are of ancient evolutionary origin and may perform

similar conserved functions during oogenesis and early development in different species.

Histones are basic proteins that associate with each other
and nuclear DNA to form the nucleosome. This basic unit of
chromatin consists of two molecules each of the core histones
H2A, H2B, H3, and H4, while the H1 protein interacts both
with the histone octamer and with linker DNA and is respon-
sible for packaging nucleosomes into higher-order structures.
The core histones H3 and H4 are almost invariant in evolution.
The less well conserved H2A and H2B proteins often occur as
different subtypes within the same organism, while the H1
protein is the most variable of all histones (reviewed in refer-
ence 66).

The expression of the majority of histone genes is tightly
coupled to DNA synthesis by specific transcriptional and post-
transcriptional mechanisms. These so-called replication his-
tone genes code for mRNAs with short 5’ and 3’ untranslated
regions; they lack introns and polyadenylation sequences but
instead end in a 3'-terminal palindrome (11, 34) that serves as
a recognition sequence for U7 snRNP-mediated 3’ processing
of histone pre-mRNA (5). A minor group of histone genes is
expressed at a basal level throughout the cell cycle in prolifer-
ating cells and at a reduced but significant rate in quiescent
cells, where their proteins gradually replace the replication-
dependent histones in the chromatin (73, 74). These so-called
replacement histone genes contain introns, code for polyade-
nylated mRNA with long untranslated sequences, and are thus
classical RNA polymerase II transcription units (9, 22, 68).
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The sea urchin genome contains four distinct histone gene
families which are sequentially expressed during ontogeny and
which code for an extensive repertoire of histone variants (21,
47, 48). The repetitive early histone genes are transcriptionally
activated upon meiotic maturation of the egg, are maximally
expressed in the rapidly dividing blastula embryo, and are
already silenced at the hatching blastula stage, when the tran-
scripts of late histone genes start to accumulate (reviewed in
references 13 and 45. The heterogeneous family of late histone
genes consists of different single-copy genes that code for dis-
tinct H1, H2A, and H2B variants but for identical H3 and H4
proteins. The late histone genes are maximally active during
late embryogenesis, and some of their members continue to be
expressed in adult tissues (reference 39 and references there-
in). The family of sperm histone genes is exclusively tran-
scribed during spermatogenesis and codes for specialized H1
and H2B proteins with basic N-terminal extensions which are
responsible for the unusually high chromatin condensation in
mature sperm (10, 54). Early, late, and sperm histone genes
lack introns, contain the conserved 3’ terminal stem-loop
structure instead of a poly(A) addition site, and thus show the
classical hallmarks of replication-dependent histone genes
(references 10 and 41 and references therein).

The so-called cleavage-stage (CS) histones constitute the
fourth family of developmental histone variants of the sea
urchin. The CS proteins are the first histones to be synthesized
after fertilization in the cleaving embryo. Due to this property,
the CS H1, H2A, and H2B variants were initially identified as
in vivo-labeled proteins which differed in their electrophoretic
mobility on high-resolution Triton-acid-urea gels from the
early and late histone variants (47). The CS histones appear to
be synthesized during oogenesis and in the mature egg, where
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they give rise to a large maternal pool of histone proteins (35,
58). The CS proteins are the only histones present in the
chromatin of the egg and zygote up to the second cell division
(17, 35). Thereafter, the efficient synthesis of the early histones
leads to a rapid dilution of the CS histones in the chromatin
except in the nondividing small micromeres, where the CS
proteins remain the major histones up to the pluteus larva
stage (51). The maternally stored CS histones play an impor-
tant role in remodeling of the sperm chromatin after fertiliza-
tion (reviewed in reference 54). Upon entry in the egg cyto-
plasm, the sperm H1 and H2B proteins present in the male
pronucleus are rapidly phosphorylated on their N-terminal
extensions, and the sperm H1 protein is subsequently replaced
in the chromatin by the CS H1 protein (29). This exchange of
H1 histones is immediately followed by decondensation of the
chromatin (29). At around the time of DNA replication, the
CS H2A and H2B proteins start to accumulate in the chroma-
tin of the male pronucleus, which correlates with the transition
of the nucleosomal repeat length from 250 bp in the sperm
chromatin to 200 bp in the early embryo (55, 59). As a conse-
quence of this massive chromatin restructuring, the paternal
genome is transcriptionally activated already at the beginning
of S phase in the first cell cycle (46, 53), which further empha-
sizes the importance of the CS histones for early development.
However, the CS histone genes have resisted all previous clon-
ing attempts by screening with heterologous histone gene
probes, and hence primary sequence information is still miss-
ing for this important class of nucleosomal proteins.

Recently, we have biochemically purified and microse-
quenced the CS histones of the sea urchin Parechinus angulo-
sus (8). This partial peptides sequence information has now
been used for reverse transcription-PCR amplification of CS
H1, H2A, H2B, H3, and H4 cDNA from egg poly(A)* RNA of
the related sea urchin species Psammechinus miliaris. All five
genes are shown to be coordinately expressed during oogene-
sis, in the egg, and in early development up to the 128-cell
blastula stage. The presence of introns, poly(A) addition sig-
nals, and long noncoding sequences indicates that the CS his-
tone genes are replication-independent transcription units
coding for replacement variants. Sequence comparison with
known histones identified the CS variants (except for H4) as
unique proteins which have evolved at a distant time. An an-
cient evolutionary origin of the CS histones is further sup-
ported by the observation that the HIM (B4) protein of Xe-
nopus laevis (62) shares not only a similar developmental
expression profile but also high sequence homology with the
CS H1 protein. These data therefore identify the frog HIM
(B4) gene as a vertebrate homolog of the CS H1 gene.

MATERIALS AND METHODS

Pulse-chase labeling of sea urchin histone proteins. Embryos of the sea urchin
P. miliaris were raised at Marine Biological Station Millport (Isle of Cumbrae,
Scotland). Sea urchin eggs were fertilized with diluted sperm, and embryos
(10,000/ml) were cultured at 16°C under constant stirring in Millipore mem-
brane-filtered sea water containing 0.05 mM EDTA and 50 mg each of penicillin
and streptomycin per liter. For protein labeling, 50 uM [*H]leucine (120 Ci/
mmol; Amersham) and 75 pM [*H]lysine (76 Ci/mmol; Amersham) were added
to the embryo cultures. At the end of the labeling period (indicated in Fig. 1),
embryos were allowed to settle and subsequently resuspended in seawater con-
taining unlabeled leucine and lysine at a concentration of 10 mM each to start the
chase period. After 20 min, the seawater was exchanged once more for seawater
containing unlabeled leucine and lysine, each at a concentration of 1 mM.
Embryos were collected by centrifugation at the gastrula or pluteus stage for
chromatin preparation.

Histone isolation. Embryonic chromatin was prepared as described previously
(4), and basic proteins were extracted by stirring the chromatin for 2 h at 4°C in
0.4 M H,SO,. Acid-insoluble material was removed by centrifugation, and his-
tones were precipitated at —20°C with 4 volumes of ethanol. After centrifuga-

MoL. CELL. BIOL.

tion, the collected proteins were dialyzed against 0.5% acetic acid and then
analyzed on sodium dodecyl sulfate (SDS)-15% polyacrylamide gels.

RNA preparation. Total RNA from ovaries, eggs, and different embryonic
stages of the sea urchin P. miliaris was prepared by the guanidinium thiocyanate
method (18). Egg RNA was fractionated into poly(A)* and poly(A)~ RNA by
three successive runs of oligo(dT)-cellulose chromatography.

Oligonucleotides. The following oligonucleotides were synthesized for PCR
cloning of CS histone cDNA fragments: CS H1, 5'-GCGGGATCCATGAAPu
AAPyPyTNPYyTN(C/A)GNATGGC-3' and 5'-GCGAAGCTTNGCNACNGC
PyTTPyTTPyTTPyTC-3'; CS H2A, 5'-GCGGGATCCAAPYGCNGCN(C/A)G
NGAPYAAPyAAPuAA-3' and 5'-GCGAAGCTTAPuNACNGTPyTG(T/Pu)A
TPuTTNGGCAT-3'; CSH2B, 5'-GCGGGATCCACNAAPuGGNGAPuAAPu
AAPuCAPuGT-3' and 5'-GCGAAGCTTC(G/T)PyTCPuAA(T/Pu)ATPuTCPu
TTNACPuAA-3'; CS H3, 5'-GCGGGATCCATGGCN(A/C)GNACNAAPuCA
PuACNGC-3' and 5'-GCGCTGCAGPuCANAPuPuTTNGTPuTCPyTCPuAA-
3’; and CS H4, 5'-GCGGGATCCGAPYAAPyAT(Py/A)CAPuGGNAT(Py/A)A
CNAA-3' and 5'-GCGAAGCTTGCPuTANACNACPuTCCATNGCNGT-3'.
The primers used for PCR amplification from genomic CS H1 DNA were
5'-GCGCTGCAGCCTCGTGAAAACATAGGCGTGGC-3' and 5'-GCGGAA
TTCTAGTCGCTGCCTTTGATTTCGGC-3'. Underlining indicates the recog-
nition sequence of the restriction enzyme that was used for cloning.

PCR cloning of CS histone ¢cDNA probes. Poly(A)* RNA isolated from P.
miliaris eggs was transcribed into double-stranded cDNA by priming with
p(dT),; as described previously (32). After EcoRI linker addition, this cDNA was
cloned into bacteriophage Agt10. The EcoRI linker consisted of oligonucleotide
A (5'-AATTCTCGAGCTCGTCGACA-3") annealed with oligonucleotide B
(5'-TGTCGACGAGCTCGAG-3"). The cloned cDNA inserts were amplified by
PCR from DNA of this phage library by using oligonucleotide A as a primer.
This amplified cDNA (100 ng) was used as template for amplifying cDNA
fragments of the different CS histone genes with the degenerate primer pairs
indicated above (50 pmol of each oligonucleotide), using standard PCR condi-
tions (50 mM KCI, 10 mM Tris [pH 8.3], 1.5 mM MgCl,, 0.1% [wt/vol] gelatin,
200 mM each deoxynucleoside triphosphate, 0.05 U of Tag DNA polymerase
[Perkin-Elmer Cetus] per ml) and 40 cycles. The annealing temperature was
adapted for each set of primers (2 min at 60°C for CS H1, 65°C for CS H2A, 53°C
for CS H2B, 54°C for CS H3, and 58°C for CS H4), while the same conditions
were used for the denaturation (1 min at 94°C) and DNA synthesis (2 min at
72°C) steps. Amplified CS H1 (174-bp), CS H2A (143-bp), CS H2B (200-bp), and
CS H4 (197-bp) cDNA fragments were cloned into the BarnHI and HindIII sites
of pSP64, while the CS H3 (333-bp) cDNA fragment was inserted into the
BamHI and PstI sites of the same plasmid. The identity of the cloned cDNA
inserts was verified by DNA sequencing.

The 5' part of the CS H1 gene was amplified from P. miliaris sperm DNA (100
ng), using the specific primer pair and PCR buffer described above. The condi-
tions for amplification were as follows: initial denaturation at 100°C for 10 min;
5 cycles of 1 min at 94°C, 1 min at 40°C, and 4 min at 72°C; and 35 cycles of 1
min at 94°C, 2 min at 60°C, and 4 min at 72°C. The amplified genomic DNA
fragment was cloned into the EcoRI and PstI sites of plasmid pSP64.

Cloning of full-length CS histone cDNAs. Recombinant phages (~10°) of a P.
miliaris egg cDNA library (constructed in phage Agt10; see above) were sepa-
rately screened with probes which were radiolabeled by random priming of the
cloned CS H1, CS H2A, CS H2B, and CS H4 PCR fragments, respectively.
Positive clones were rescreened and plaque purified. The cDNA inserts of the
different phages were subcloned as Sall (CS H1 and CS H2A) or SacI (CS H2B
and CS H4) DNA fragments into the polylinker of pUC19. Clones pCSH1-2.2,
pCSH2A-2.0, pCSH2B-2.5, and pCSH4-1.7, with insert sizes of 2.2, 2.0, 2.5, and
1.7 kb, respectively, were chosen as representative cDNA clones for DNA se-
quence analysis, which was performed on an automated sequencer (Applied
Biosystems) by primer walking.

In vitro translation of CS histone proteins. The open reading frame of clone
pCSH1-2.2 was cloned as a 1,266-bp Sspl fragment, a 940-bp PstI-EcoRI PCR
fragment, and a 1,135-bp EcoRV-Sspl fragment into the polylinker of pSP64 to
generate constructs R1, R2, and R3, respectively. All fragments were inserted in
the sense orientation downstream of the SP6 promoter. The 940-bp PstI-EcoRI
fragment was amplified by PCR with the two primers 5'-GCGCTGCAGATTC
TTCTATATCTTCAAGATG-3' and 5'-GCGGAATTCTAAAATAAACTGA
ACATCCATTA-3". SP6 RNA transcripts of the three templates were in vitro
translated in the presence of *H-labeled lysine (86 mCi/mmol; Amersham) in a
nuclease-treated rabbit reticulocyte lysate as previously described (72). The pro-
tein products were analyzed by electrophoresis on an SDS-15% polyacrylamide
gel, and the *H-labeled proteins were detected by sodium salicylate fluorography
(16).

RNase protection and Northern blot analyses. Total RNA (15 pg) isolated
from different embryonic stages was analyzed by RNase protection assay as
described (67) except that a hybridization temperature of 60°C was used. Ribo-
probes were generated by SP6 transcription of the following plasmids which were
linearized either by PvulI (all CS probes) or AfIIII digestion (early H1 probe).
The CS H2B, CS H3, and CS H4 probes were transcribed from the respective
PCR fragments that were initially cloned in pSP64 (see above). A 203-bp Pvull-
Styl DNA fragment of pCSH1-2.2 (from nucleotides 678 to 880; see Fig. 3) was
cloned in the antisense orientation into the Smal site of pSP64 and then used as
a template to generate the CS H1 riboprobe. The CS H2A probe was transcribed
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FIG. 1. Invivo labeling of embryonic histones of the sea urchin P. miliaris. (a)
Schematic diagram of the labeling experiments. Newly synthesized proteins were
radioactively labeled by incubating sea urchin embryos with [*H]leucine and
[*H]lysine for the indicated time periods (denoted by black boxes). As the
preparation of chromatin is more convenient at later times in development,
embryos labeled during the early cleavage stages were incubated with nonradio-
active leucine and lysine (chase period; indicated by thick lines) until the gastrula
stage, when histones were isolated (experiments A and B). The eggs in experi-
ment A were preincubated with the radioactive amino acids for 2 h prior to
fertilization (b) SDS-PAGE analysis of the labeled histones. Twenty micrograms
of each histone preparation was separated on an SDS-15% polyacrylamide gel
followed by detection of the labeled proteins by fluorography. The same amount
of histones was present in each lane, as indicated by Coomassie staining (data not
shown). The positions of the different histone proteins are indicated to the right.
The more slowly migrating protein of the two early H1 histones is encoded by the
major h22 repeat unit (60), and the faster-migrating H1 variant is encoded by the
minor repeat unit h104 (6) of the sea urchin P. miliaris.

from a 315-bp Sall-Haelll DNA fragment which was subcloned from pCSH2A-
2.0 (from nucleotides 1 to 315) into the Sall and Smal sites of pSP65. A 168-bp
Sacl-BamHI DNA fragment isolated from the early H1 gene of the h22 repeat
unit (60) was inserted into the polylinker of pSP64 to generate the early H1
riboprobe.

For Northern blot analysis, 20 g of total or poly(A)~ RNA or ~3 pg of
poly(A)* RNA was separated on a 1.5% agarose-formaldehyde gel and then
transferred to a nitrocellulose membrane followed by hybridization with ran-
domly primed DNA probes as described previously (20).

Nucleotide sequence accession numbers. The P. miliaris CS H1, H2A, H2B,
H3, and H4 cDNA sequences have been submitted to GenBank (accession
numbers U84113 to U84117, respectively).

RESULTS

Identification of the CS H1 protein in cleaving embryos of
the sea urchin P. miliaris. CS histones have so far been iden-
tified in the sea urchin Strongylocentrotus purpuratus as proteins
that can be labeled in vivo during the early cleavage stages
(47). We therefore investigated whether CS histones are also
expressed during early development of P. miliaris. For this
purpose, we incubated embryos of this sea urchin species with
“H-labeled lysine and leucine at different intervals during em-
bryogenesis, as schematically diagrammed in Fig. 1a. For his-
tone isolation, we took advantage of the fact that the turnover
of the CS and early histones, once incorporated in the chro-
matin, is known to be very low (48). Embryos labeled at early
developmental stages were therefore raised in the presence of
nonradioactive amino acids up to the gastrula stage, where-
upon chromatin was prepared and histones were isolated by
acid extraction. As shown by the gel electrophoretic analysis in
Fig. 1b, radioactivity was incorporated into all five histone
types at the developmental stages analyzed. SDS-polyacryl-
amide gel electrophoresis (PAGE) analysis did not, however,
allow resolution of the different variants of the four core his-
tones due to their minimal size differences. In contrast, distinct
histone H1 subtypes could be detected. The CS H1 histone of
S. purpuratus is known to be the largest of all H1 variants and
to be efficiently synthesized only during the first few hours after
fertilization (47). A protein with these two characteristic fea-
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FIG. 2. Identification of the cloned CS H1 cDNA by in vitro translation. (A)
Structural organization of the cDNA clone pCSH1-2.2. The coding region (nu-
cleotide positions 287 to 1184) and the conserved core domain (positions 368 to
622) of the CS HI1 protein are indicated by open and black boxes, respectively.
The positions of the two degenerate PCR primers used for amplification of the
CS H1 cDNA probe are indicated by arrows (for sequences, see Materials and
Methods). (B) Schematic diagram of the templates used for in vitro translation.
Three different templates (R1 to R3) containing the indicated nucleotide se-
quences of the CS H1 ¢cDNA are schematically depicted. Filled arrowheads
indicate the positions of the two start codons which are in frame with the coding
sequence. Numbers refer to the nucleotide positions of the CS H1 cDNA se-
quence shown in Fig. 3. (C) In vitro translation analysis. The in vitro translation
products of the templates R1, R2, and R3 were analyzed by SDS-PAGE in
parallel with in vivo-labeled histones (H) isolated from four-cell embryos of P.
miliaris (preparation A in Fig. 1). *H-labeled proteins were detected by fluorog-
raphy, and the positions of the different histones are indicated to the left.

tures was also detected in early embryos of P. miliaris (Fig. 1,
histone preparation A), thus indicating that this sea urchin
species also contains CS histone genes. This conclusion was
confirmed by identification of the Psammechinus CS H2A and
CS H2B variants on high-resolution Triton-acid-urea gels
(data not shown).

Isolation and characterization of CS H1 cDNA. To clone CS
H1 transcripts, we used a strategy based on the following two
observations. First, preliminary in vitro translation experi-
ments with poly(A)" and poly(A)~ RNA isolated from sea
urchin eggs suggested that the CS histones mRNAs are poly-
adenylated, in contrast to the early histone gene transcripts,
which partitioned with poly(A)” RNA (unpublished data).
Second, CS histones have recently been identified in four-cell
embryos of Parechinus angulosus, a species closely related to P.
miliaris (8). Biochemical purification and microsequencing re-
sulted in a partial amino acid sequence of the Parechinus an-
gulosus CS HI protein (reference 8; see also Fig. 3). This
sequence information was used to design degenerate primers,
and cDNA transcribed from poly(A)* RNA of P. miliaris eggs
was used as the template for PCR amplification of CS H1
DNA. In this manner, a DNA fragment of the expected length
of 174 bp was obtained, and its identity was verified by cloning
and DNA sequencing (Fig. 2A). This DNA fragment was sub-
sequently used as a probe to screen an egg cDNA Agt10 library
for full-length CS H1 cDNA, which resulted in the isolation of
11 positive phages. The majority of these phages carried inserts
of 1,000 to 1,400 bp, while one clone contained a longer cDNA
fragment. The insert of this latter phage was cloned into
pUC1Y9, sequenced, and thus shown to be 2,224 bp long. This
cDNA clone contained an open reading frame of 997 bp which
was subcloned as a 1,266-bp DNA fragment (construct R1)
into pSP64 for in vitro translation analysis (Fig. 2B). As shown
by the SDS-PAGE analysis in Fig. 2C, the protein encoded by
construct R1 exhibited the same electrophoretic mobility as
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TTTAATTTGAACCTCGTGAAAACATAGGCGTGGCTTTACGGCTATGTAGACACTGACTTTGGTATTGTAACTCACTGTGTCTTATCTCTG
TGGCGAGGGAATGGTTTGGTGCTCATCAATATCTTTGTGAAAAGCTCGTTCGGGAAATGGAATTTGTCTGATACAAATTTCACCAACACA

h 4
ATATTGTTTCCGGGAAAAGATTTCTTCTCTTATTGAGACCAGGAAACATCTAAAAAAAGTGGTCTACAGCGGTTGTCCGTCTCAGCGATT
CTTCTATATCTTCAAGATGTCATCTTCTGATGATGATGTAGATATCCCAAATGGCGATGCAAGCACCCCTTCTCCAAAAGCTATCAAGTC
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TGAGTCAGGGTTGATCGTGAGGCCAAAGAAATCAGAAGGGATGGGCGCCGCATTGACAGGCCGATTTAAACTTGGTAAGCCACCGAAACC
E S G L I VvV R P KK S EGMGA AALTGURFI KTILGI KP|P K P
E S G A I V R P

AGCCAAGAAAGCAGAAAAGAAGAAGGAGAAGAAGAAAAAAGTAGCAGCTGGTAAGAAAAAGACCGCTAAATCGCCCACCAAGAAGAAGGA
A K K A E K K K E KK K K VAAGI K K KTAI K S P TK K KD
E K K K A2 V A A G K
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TCGAAAGCAGAGCGACCACGATGTATTTGATTATGAAGATGATACAGAGGGTAGTGATCCTGATGTCGGGAAAACACCACCGCCGTACAA

R K Q s pHDVVF DY EDDTEGSDU?PDV G XK TP P P Y K
E D DTE G S G

GAAAAACCGCGCGAAAAAACAACCGATGGAAAAGCCGAACTCTAAGAAGGCAGTCCAAAGTAGACCAAGGTCTGCCAGTGCCAACGCGAC
K N R A K K Q PMEI KPDNS K KAV QS RPIRSAS ANA AT

ACCGAAACCGCGTTTAAGTAAATCAAGAGCGATTGTTCGACGGAGCAAATCTCAATCTCCTGCACCCAGTAAACTGAAGAGCATCAGGAA
P K P RL S K SURATIVIZ RIZ RS SI KS QS P AP S KILI K S IRK

GCTAGCATCAAAGTCTCCCGCGAAGAAATCAAAGTCCAAATCACCGGCAAAGAAGCCGAAATCAAAGGCAGCGACTACCAAGACGTCACC
L A S K S P A KIZ K S K S K S PAI K KU?PIKSI KA AATTI KT S P

AGCGGCTACCGGAAAAGCGAAGGCCAAAAAAACGGTTGTCAAAAAGAAAGACAAGACGCCGACAAAGAAAGCTGCAAAGACGACAARAGAA
A A T G K A KA KK TV V K K KD KTUPTI KI KA AH AIZ KTT K K

AAAGATAAATAAGTAATGGATGTTCAGTTTATTTTATCCGCAAACGTCAAAGCAACGAAATAAATGTCGTTACTCTTCTGAAAACCTGAT
K I N K *

ATTTGTCTCTGCCTATTCTGGTAAATGTACAATGATTCACAAAGACCGCTCTTCTGAGCGACACCGCATTTAAAGCTTTATGGACGGGAA
CATCATTATACGTTACTTTGGACACTTTCTTTGGGCATGGTCTAATGGGTCTTTTTGAAARAGTTGAACTTTTTTGTTCGAATTATCACGA
ATATGGAATATTTTGAATACCATGCATTTTGTGAACTATATT TGAGATAACAGATAGGATATTTAATGGAAGGAATGACAGCATTAAAAT
CCATAATATTTTACGAACAGGCCTATAGGTCAACGAACCCCGTAGCCTGCTAGCGACGAAATTGGTTTTGTTTGTCGTGCTTGACTCTTC
ATTTATGCGCAGTTTTAACTAAATGTATATTATGTCTTGTTATATAACACTGTGAGGAGGGTGACTGTATTGT TTGAAATATAARATTGGA
AATCCTAAATCTAGTCAAAATTATGCGTACCAAGGTTTTATGCAAATTAGAGTAAAGTAAAGTAAAAAGTTTTATTCACTAATAGTTCAA
GCTATTTAGTAATTATTAACATATTCGGTATCAAAATTTGCACATTTTGT TTGTAAACTGGAATGAACTCGGGTATAAGATTATTAGCTT
ATTTATGTTATTGCAATTGATAATGATTTGGTCTTTATTCCGCAAACATTTTATGGCATAATCCAAAATGCAAAAAATTATCTAGTTTCC
CCCTTCAAACTAAAGAAAAGTAGGAAAGATAATAAATCATTCAATATACTTTTAAAAGATGACTGAGAAAATCATTCATAATTATTTGCA
TGCTTTCTAGAGGAGAAGGAAAAAGGTTAACAATCATTAATCATTTAATGGGAAATGAAGAAAATCCTTGAGAATAACAATGTTGACCAG
AATTATCTGGGCTTCGAGGAACGGCATGTTTTAATGACCCAAAAAAAAAAAAAAAAAAAAARARA

FIG. 3. CS histone H1 sequence. Nucleotide and deduced amino acid sequences of P. miliaris CS H1 cDNA (clone pCSH1-2.2). The translation initiation codon
and a putative polyadenylation signal are underlined. The position of the intron in the 5’ untranslated sequences (Fig. 4B) is indicated by an arrowhead. The deduced
amino acid sequence of the P. miliaris CS H1 protein is aligned with the peptide sequences obtained by microsequencing of the Parechinus angulosus CS H1 protein
(8). Amino acids which differ between the two CS H1 proteins are indicated by grey shading. Aspartic acid residues which are clustered at the N terminus of the CS
HI1 protein are highlighted by circles. Arrows denote peptide sequences of the Parechinus angulosus CS H1 protein which were used for the design of degenerate PCR
primers. An unidentified residue in the Parechinus peptide sequence is indicated as X. The conserved core domain of the CS H1 protein (boxed sequences) was defined

as specified by Wells and McBride (69).

the CS H1 protein of early P. miliaris embryos, thus identifying
the cloned cDNA as a CS H1 transcript.

The cDNA sequence coding for the CS H1 protein is shown
in Fig. 3. A long open reading frame is preceded by two
in-frame start codons at positions 287 and 398 in the 5’ region
of the cDNA sequence (Fig. 2B and 3). To identify the start

site used for translation of the CS H1 protein, we progressively
eliminated sequences from the 5’ end of the open reading
frame (Fig. 2B) and studied the effects of these deletions in in
vitro translation assays (Fig. 2C). These experiments demon-
strated that the synthesis of the CS H1 protein was strictly
dependent on the presence of the start codon at position 287.
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Initiation at this site therefore results in translation of a CS H1
polypeptide of 299 amino acids, which corresponds to the long-
est H1 protein identified to date. H1 histones are generally
composed of three distinct regions consisting of a central glob-
ular domain flanked on either side by basic N- and C-terminal
arms (69). The CS H1 protein also contains a central globular
domain as well as a highly basic C-terminal sequence; in this
respect, it resembles conventional H1 histones (Fig. 3B). In
contrast to these proteins, the N-terminal region of the CS H1
protein is acidic due to the preponderance of aspartate resi-
dues. Reverse transcriptase-PCR analysis demonstrated that
the same acidic sequence is also present at the N terminus of
the CS H1 protein of the related sea urchin species Paracen-
trotus lividus (data not shown). Hence, this acidic N-terminal
sequence appears to constitute an evolutionarily conserved
feature of sea urchin CS H1 proteins. Finally, the partial pep-
tide sequences of the Parechinus angulosus CS H1 histone (8)
display 90% amino acid identity with the protein sequence
deduced from our P. miliaris cDNA clone (Fig. 3), thus con-
firming that the cloned cDNA indeed codes for the CS H1
protein.

The CS HI1 protein is encoded by a replacement histone
gene. The CS H1 mRNA differs in several important aspects
from the transcripts of other sea urchin H1 genes. First, the CS
H1 mRNA lacks the 3’-terminal palindrome which is respon-
sible for the U7 snRNP-mediated 3" processing of replication-
dependent histone gene transcripts (reviewed in reference 5).
Instead, the CS H1 mRNA ends in a poly(A) tract which is
preceded by a putative polyadenylation sequence (AATAAC).
Second, the CS H1 cDNA, with a size of 2,224 bp, is unusually
long due to the presence of extensive 5’ and 3’ noncoding
sequences (286 and 1,040 bp, respectively). To verify both of
these features, we used Northern blot hybridization to analyze
the CS H1 transcripts in total RNA from sea urchin ovaries
and eggs (Fig. 4A). A prevalent mRNA of ~3 kb was detected
in both of these tissues, thus indicating that our cloned CS H1
cDNA is incomplete and may lack ~800 bp of leader sequence
at the 5’ end. Hence, the CS H1 mRNA appears to contain
leader and trailer sequences similar in length (~1,050 bp).
Moreover, the CS H1 transcripts could be detected only in the
poly(A)*-selected mRNA fraction, not in nonpolyadenylated
RNA of the egg. In contrast, the early Hl mRNA was found
only in the poly(A)~ RNA, as predicted by the presence of the
3’-terminal palindrome (11). Both polyadenylation and the
exceptional length of the CS HI mRNA indicate that the CS
H1 gene belongs to the family of replacement histone genes.
As the presence of introns is often an additional hallmark of
this class of histone genes, we investigated whether the CS H1
gene is also interrupted by intron sequences. As illustrated in
Fig. 4B, PCR amplification from genomic DNA resulted in a
DNA fragment that was ~700 bp longer than predicted by the
cloned cDNA. Sequence analysis of this PCR fragment re-
vealed the presence of a 707-bp intron which is located 45 bp
upstream of the translation start codon in the leader sequence
of the CS H1 gene. In summary, we conclude that the CS H1
gene possesses all of the characteristic features (long noncod-
ing sequences, intron, and polyadenylation site) of a replace-
ment histone gene.

The CS H1 protein of the sea urchin shows highest homol-
ogy with the frog HIM (B4) histone. Of all five histone types,
the linker histone H1 is least well conserved during evolution
and exhibits the characteristic tripartite structure which is ab-
sent in core histone proteins. The central globular domain of
H1 is known to interact with the core histones in the nucleo-
some (56, 66) and has been sufficiently conserved to allow
direct sequence comparison (69). In contrast, the unstructured
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FIG. 4. The CS H1 mRNA is encoded by a replacement histone gene. (A)
Northern blot analysis of P. miliaris egg and ovary RNA. Total RNA isolated
from ovaries and eggs as well as poly(A)™* and poly(A)~ RNA from eggs were
subjected to Northern blot hybridization using the Sall insert of clone pCSH1-2.2
as a DNA probe. The filter was subsequently rehybridized with a labeled Sall-
BamHI DNA fragment of the early H1 gene (60). (B) Presence of an intron in
the 5’ noncoding region of CS H1 gene of P. miliaris. Numbers refer to nucle-
otide positions of the cDNA sequence (Fig. 3). Exon and intron sequences are
shown in capital and lowercase letters, respectively. The invariant GT and AG
dinucleotides of the 5’ and 3’ splice sites are underlined. Arrows indicate the
positions of the two oligonucleotides used for PCR amplification of the CS H1
gene from P. miliaris sperm DNA (for primer sequences, see Materials and
Methods).

N- and C-terminal arms of the H1 protein interact with linker
DNA (66) and are so rich in basic amino acids that any reliable
sequence alignment is precluded (69). Sequence comparison
with known H1 proteins led to the definition of a central
globular domain of 85 amino acids for the CS H1 protein (Fig.
3 and 5). In addition, the CS H1 protein possesses an N-
terminal arm of 27 amino acids and a C-terminal tail of 187
residues (35% basic amino acids, predominantly lysines) which
are responsible for both the unusually large size and the basic
character of this H1 variant.

Six different H1 variants are known to be sequentially ex-
pressed during sea urchin development. Expression of the CS
H1 protein at the cleavage stages is followed by the synthesis of
the early H1 protein («) in blastula embryos and the subse-
quent expression of the late H1 subtypes B, v, and & during
later development (21, 43, 47), while the sperm H1 protein is
expressed exclusively during spermatogenesis (63). As shown
by the sequence comparison in Fig. 5, all of these sea urchin
H1 histones exhibit a relatively low degree of sequence identity
(30 to 40%) with the CS H1 protein in the central globular
domain, which points to an ancient evolutionary origin of the
CS H1 protein. While the H1-a, -, and -y subtypes and the
sperm H1 variant are encoded by typical replication histone
genes, the late H1-8 protein is translated from a polyadenyl-
ated mRNA and thus appears to be a replacement variant (43).
Of all sea urchin H1 subtypes, the H1-8 protein displays the
highest homology (40%) with the CS H1 protein, suggesting
that some of the conserved amino acid residues of these two
proteins may be characteristic of replacement H1 proteins.
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species protein total length identity
A P. miliaris CS H1 299 100 %
B P. angulosus CS H1 n.d. 91 %
C Xenopus laevis H1M (B4) 273 47 %
D S. purpuratus H1-8 185 40 %
E S. purpuratus Hi-y 217 38 %
F S. purpuratus H1-p 211 34 %
G P. miliaris Hi-a 206 30 %
H P. angulosus sperm H1 249 29 %
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FIG. 5. High sequence conservation of the CS H1 and frog HIM (B4) proteins in the central globular domain. The central globular regions of the CS H1 proteins
of the sea urchins P. miliaris and Parechinus angulosus are compared with those of the early (o) and late (B, vy, and 8) H1 variants of the sea urchins P. miliaris and
S. purpuratus as well as with the HIM (B4) protein of X. laevis. The conserved globular domain of H1 proteins, defined as specified by Wells and McBride (69), is shown
together with a schematic diagram of its secondary structure as determined by X-ray crystallographic analysis of histone H5 (56) and by nuclear magnetic resonance
studies of histone H1 (15). Amino acid residues identical with the P. miliaris CS H1 protein are highlighted by black overlay; amino acids unique for the two CS H1
histones in a compilation of 35 H1 and 4 H5 protein sequences from plants and animals (69) are indicated by filled circles; open circles denote amino acid residues
which are found in only one or two of the 35 H1 and 4 HS5 protein sequences analyzed. The frog HIM (B4) protein was not part of the sequence compilation, and the
unique residues of the CS H1 proteins that have been conserved in the frog HIM (B4) sequence are denoted by arrowheads. Numbers to the left and right refer to
the first and last amino acid residues, respectively, of the different H1 protein sequences. Three amino acid residues which are characteristic of vertebrate H1° and H5
proteins (69) are also numbered. Gaps which have been introduced for optimal sequence alignment are indicated by dots. The length of each H1 protein is given in
numbers of amino acids, and the degree of sequence identity with the P. miliaris CS H1 protein was calculated without considering gaps. n.d., not determined. H1 protein
sequences (references): Parechinus angulosus CS H1 (8); P. miliaris H1-o (60); S. purpuratus H1-B (42), Hl-y (41), and H1-3 (43); Parechinus angulosus sperm H1 (63);
X. laevis HIM (B4) (62). The South African sea urchin Parechinus angulosus and the Pacific species S. purpuratus diverged from the North Atlantic species P. miliaris

about 25 million and 65 million years ago, respectively (12).

Two special features of the CS H1 protein were revealed by
sequence comparison with 35 different H1 and 4 HS proteins
which originate from distantly related animals as well as plants
(69). The CS H1 protein contains a unique insertion of five
amino acids in the C-terminal part of the globular domain (Fig.
5) which has recently been shown to assume a B-hairpin con-
formation (15, 56). Apart from this insertion, 25 amino acid
residues of the CS H1 protein are never found at the corre-
sponding position in any of the H1 and HS5 proteins analyzed,
while 14 amino acids are present only once or twice at the
respective positions in the entire H1 sequence database
(Fig. 5). The maternal HIM protein of X. laevis (also re-
ferred to as B4 [27, 62]) was not part of the histone H1 col-
lection analyzed. However, direct sequence comparison dem-
onstrated that the frog HIM (B4) protein displays the highest
homology with the CS H1 protein (47% sequence identity)
(Fig. 5). Even more significantly, the globular domain of the
HIM (B4) protein contains also a characteristic C-terminal
insertion of 3 amino acids and 14 of the CS H1-specific amino
acid residues. In addition, the frog HIM (B4) protein, with a
size of 273 amino acids, is also an exceptionally long H1 his-
tone similar to the CS H1 protein (Fig. 5). Collectively, these
data suggest that the HIM (B4) histone is a vertebrate ho-
molog of the CS H1 protein.

The CS H2A, H2B, and H3 genes code for unique histone
variants of the sea urchin. We next cloned the remaining four
members of the CS histone gene family. Partial peptide se-
quence information was available for the CS H2A, H2B, and
H3 proteins of Parechinus angulosus, while there was no bio-
chemical evidence for a CS-specific H4 variant (8). Using de-

generate PCR primers (Fig. 6), we amplified cDNA fragments
of 143, 200, 333, and 197 bp from H2A, H2B, H3, and H4
mRNAs present in poly(A)" mRNA of P. miliaris eggs.
Screening of an egg poly(A)" cDNA library with these probes
resulted in the isolation of two H2A cDNA clones of 2 and 3
kb, two H2B cDNA clones of 2.3 and 2.5 kb, and two H4 cDNA
clones of 1.7 and 1.8 kb. As shown by DNA sequence analysis,
the 3’ region of each of these cDNA clones contained a poly-
adenylation signal followed by a poly(A) stretch (data not
shown), thus indicating that the corresponding mRNAs are
also encoded by replacement histone genes analogous to the
CS H1 transcript. The H2A and H2B protein sequences de-
duced from these P. miliaris cDNAs deviated only at two and
four amino acid positions from the Parechinus angulosus CS
H2A and H2B polypeptides, respectively (Fig. 6A and B).
Moreover, the H3 sequence encoded by the cloned PCR frag-
ment was identical with that of the known CS H3 peptides (Fig.
6C). Together, these data identified the cloned cDNAs as
transcripts of the CS H2A, CS H2B, and CS H3 genes. In the
absence of protein data, it was impossible to positively identify
the two H4 cDNA clones as CS H4 transcripts. In particular,
both H4 cDNA clones coded for the same H4 protein (data not
shown) as the early and late sea urchin histone genes (17, 57,
60). However, the expression analysis shown below strongly
suggested that the two cDNA clones correspond to transcripts
of the CS H4 gene.

Histone H3, similar to H4, is known to be highly conserved
throughout evolution, as evidenced by the fact that the early
and late H3 genes of the sea urchin encode the same protein
(17, 57, 60). Interestingly, the CS H3 histone differs at three
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FIG. 6. Sequence comparison of the CS H2A, H2B, and H3 proteins with the corresponding histone subtypes of P. miliaris. The CS H2A (A), CS H2B (B), and
CS H3 (C) protein sequences of P. miliaris (P.m.) were deduced from the cDNA sequences of clones pCSH2A-2.0 and pCSH2B-2.5 as well as from the cloned CS H3
PCR fragment, respectively. The partial sequences of the CS H2A, H2B, and H3 proteins of Parechinus angulosus (P.a.) were obtained by microsequencing (8). The
early histone sequences are encoded by the genes of the P. miliaris repeat unit h22 (60), while the late and sperm histone sequences have been published by Busslinger
and Barberis (10). The partial H2B-2 sequence was extended at the C terminus by the H2B-2.1 sequence (39). Amino acids which are identical with the corresponding
CS histone sequence of P. miliaris are indicated by lines. Numbers refer to amino acid positions within the different CS histone proteins. Residues which are unique
to the CS histones in a compilation of 51 H2A, 46 H2B, and 57 H3 protein sequences from plants and animals (69) are highlighted by a black overlay. Grey shading
indicates those amino acids within the CS histones which are rarely found at the corresponding positions in other proteins of the same histone type. Amino acids
constituting the o-helices and B-strand segments of the histone fold motif (3) are indicated by brackets. Arrows denote the peptide sequences of the Parechinus
angulosus CS histones which were used to design degenerate primers for PCR amplification of the corresponding P. miliaris cDNA sequences.

amino acid positions from the early H3 counterpart (Fig. 6C).
Isoleucine 72 is unique to the CS H3 histone, as it is not found
at this position in any of 57 H3 proteins from plants to humans
(69). Phenylalanine 42 and leucine 91 are not observed in H3
protein of the animal kingdom but are present in H3 histones
of plants and ciliated protozoa (69). Hence, the CS H3 protein
exhibits very ancient evolutionary traits.

The histones H2A and H2B are known to evolve at a more
rapid pace than the H3 and H4 proteins. In particular, the
N-terminal sequences of H2B proteins are often divergent
enough to render sequence alignment difficult. As shown in
Fig. 6B, the remainder of the CS H2B protein harbors two
amino acid residues (36 and 40) which are not encountered at
these positions in any other H2B protein (69). Likewise, the CS
H2A protein contains five unique amino acids (39, 60, 99, 105,
and 109), while the residues at five additional positions (42, 44,
55, 100, and 114) rarely occur in other H2A histones (Fig. 6A).

In summary, we conclude that the CS proteins constitute a
distinct family of ancient histones.

Coordinate expression of all five CS histone genes during
oogenesis and early development of the sea urchin. We next
studied the developmental expression profile of the different
CS histone genes by using RNase protection analysis to mea-
sure steady-state mRNA levels. For this purpose, we generated
gene-specific riboprobes to detect the distinct CS histone tran-
scripts in total RNA isolated from ovary, egg, and different
embryonic stages. As shown in Fig. 7A, all five CS histone
mRNAs are most abundantly present in the ovary, indicating
that the CS histone genes are maternally expressed during
oogenesis. The five CS mRNAs are present at a slightly lower
but constant level in the egg and during the cleavage stages up
to the 128-cell blastula embryo. Thereafter, the CS mRNAs
rapidly decline with the exception of the CS H2B and H4
transcripts, which are still detectable at a relatively high level in
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FIG. 7. Coordinate expression of the different CS histone genes during oo-
genesis and early development. (A) RNase protection analysis. Total RNA (15
ng) isolated from different developmental stages of P. miliaris was analyzed by
RNase protection assay with riboprobes that were specific for the early H1
mRNA and the indicated CS histone gene transcripts. Only the relevant part of
the autoradiograph containing the RNase-protected fragments of the indicated
sizes (given in nucleotides to the right) is shown. The autoradiograph containing
the early HI mRNA signals was exposed for 6 h, while all other autoradiographs
were exposed for 1 day. The CS H1 probe consistently resulted in two distinct
RNase-protected signals (a and b), the origin of which is explained in the text. A
third RNase-protected fragment (indicated by an asterisk) was obtained only
with the ovary RNA preparation and may reflect the presence of a polymorphic
sequence in the CS HI gene. (B) Quantitation of HI mRNAs. Decreasing
amounts (5 to 0.2 pg) of total RNA from the egg and blastula embryo were
mapped with the early H1 riboprobe, while 15-pg aliquots of the same RNAs
were analyzed in parallel with the CS H1 probe. The RNase-protected signals of
duplicate experiments were quantitated on a PhosphorIlmager and are shown as
average values relative to the CS H1 mRNA level in the egg.

the mesenchyme blastula embryo. Analysis of various tissues
indicated that the CS HI transcript could be detected in the
ovary but not in any other tissue of the adult sea urchin (data
not shown). Hence, expression of the CS histone genes appears
to be restricted to oogenesis and early embryonic development.

The expression pattern of the H4 mRNA closely resembled
that of the other CS histone transcripts, indicating that the
cloned H4 cDNAs originate from the CS H4 gene(s). The two
isolated CS H4 cDNAs differ in the coding sequences by 5% of
silent nucleotide substitutions (data not shown), which sug-
gests the existence of two nonallelic CS H4 genes in the sea
urchin genome. Consistent with this conclusion, the CS H4
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probe gave rise to two distinct RNase-protected signals (Fig.
7A). A similar observation was also made with the CS H1
probe, which consisted of a 203-nucleotide-long cDNA se-
quence (positions 678 to 880 in Fig. 3) encoding part of the
variable C-terminal tail of the CS H1 protein. This probe not
only was fully protected by the homologous CS H1 mRNA
(band a) but also resulted in a shorter RNase-protected signal
(band b) (Fig. 7A). Since PCR amplification from genomic
DNA did not reveal an intron at a corresponding position in
the CS H1 gene (Fig. 4), we interpret this result to mean that
a second, closely related CS H1 gene with a similar expression
pattern may exist in the sea urchin genome.

To quantitate the levels of the CS H1 mRNA relative to its
early embryonic counterpart, we have also mapped the early
H1 transcript at the same developmental stages. Early histone
gene expression is known to be initiated in late oogenesis, thus
resulting in a maternal store of histone mRNAs that are en-
tirely sequestered in the nucleus of the egg (23). After fertili-
zation, these early histone mRNAs accumulate to maximal
levels in the 128-cell blastula embryo (44, 45), as is also dem-
onstrated in Fig. 7A. Throughout early embryogenesis, the CS
H1 mRNA appeared to be less prevalent than the early H1
mRNA. Direct quantitation of the two H1 transcripts demon-
strated that the CS H1 mRNA was indeed ~7- and ~80-fold
less abundant than the early HI mRNA in the egg and blastula
embryo, respectively (Fig. 7B).

DISCUSSION

The CS histones of the sea urchin were discovered 18 years
ago as a distinct class of variants that constitute the only his-
tones in the chromatin of the egg and the early embryo up to
the four-cell stage (47). These histones have since been shown
to participate in chromatin remodeling of the male pronucleus
in the zygote (reviewed in reference 54). Here we have de-
scribed the cloning and characterization of cDNA transcripts
for all five members of this histone family and have identified
the encoded proteins as CS histones based on partial peptide
sequence information, in vitro translation experiments, and
expression analyses. These experiments have indicated that the
CS proteins are unique histones of ancient origin which may
perform conserved functions in oogenesis and early develop-
ment.

The CS histones are encoded by a family of replacement
histone genes. While the majority of histone genes code for
nonpolyadenylated mRNAs ending in a stem-loop structure,
we have isolated all five CS histone gene transcripts (CS H1,
H2A, H2B, H3, and H4) from poly(A)" mRNA of the egg. As
shown by RNase protection experiments, these CS histone
genes are transcribed only during a short period of the sea
urchin life cycle. They are coordinately expressed during oo-
genesis, in the egg, and in the embryo up to the blastula stage,
while their transcripts could be detected neither during later
development nor in somatic tissues of the adult sea urchin.
This mRNA expression pattern is consistent with available
data on CS protein synthesis (35, 47) and is compatible with a
role of these histones at the onset of sea urchin development
(59).

All five CS histone mRNAs not only are polyadenylated but
also contain long 5’ and 3’ noncoding sequences, which distin-
guishes them from transcripts of the replication-dependent
early, late, and sperm histone gene families. In addition, we
have shown that the CS H1 gene contains an intron in its 5’
noncoding region. The CS histone genes exhibit therefore all
characteristic features of replacement histone genes, which are
known to be expressed at a basal level throughout the cell cycle
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FIG. 8. Evolutionarily conserved amino acid residues of CS histones. The histone sequence compilation of Wells and McBride (69) was used as a database for
comparison with the CS histones. The H2A.Z variant of the chicken has been referred to as H2A.F (22), and the corresponding variant of Tetrahymena is designated
histone hv1 (71). For references of the different histone sequences, see reference 69. Additional H2A.Z sequences have been published for the sea urchin (28) and

Drosophila melanogaster (65).

as well as in quiescent cells (9, 22, 68). The expression profile
of the CS histone genes further supports the hypothesis that
these genes are expressed in a replication-independent man-
ner. Before fertilization, the CS histone genes are transcribed
in the oocyte and egg at a time when histone synthesis is
uncoupled from DNA replication. Hence, a replication-inde-
pendent mode of CS histone gene expression can explain the
accumulation of relatively large stores of CS proteins in the
unfertilized egg (35, 58). After fertilization, the CS histone
transcripts are still present at the same basal level up to the
blastula stage, although this early period of sea urchin devel-
opment is characterized by rapid cell divisions. In contrast,
expression of the replication-dependent early histone genes
increases at least 10-fold during the same time period (10, 44)
(Fig. 7), leading to a rapid increase in early histone proteins
and to a dilution of the CS histones in the chromatin of pro-
liferating cells (47) (Fig. 1). The small micromeres, which orig-
inate at the vegetal pole of the 16-cell embryos, are the first
cells to withdraw from the embryonic cell cycle and later be-
come part of the coelomic sacs of the pluteus larva (51). In-
terestingly, the CS histones are still the major histones in the
chromatin of these nondividing cells at the pluteus larva stage
(51).

The CS proteins are specialized histones involved in chro-
matin remodeling of the paternal genome. The CS proteins,
with the exception of H4, are unique histones, as they contain
amino acid residues which have so far not been found at the
same positions in any of the corresponding histones of plants
and animals (Fig. 5 and 6). For instance, one-third of the
central globular domain of the CS HI1 protein consists of
unique amino acids which are absent in all other H1 proteins
of eukaryotes (Fig. 5). The most illustrative example is, how-
ever, the CS H3 protein. While different early and late H3
genes of the sea urchin encode the same protein (17, 57, 60),
the CS H3 histone deviates from this protein at three amino
acid positions. Isoleucine 72 is entirely unique to the CS H3
protein (Fig. 6). Two other amino acid residues, phenylalanine
42 and leucine 91, are present in H3 proteins of plants and
ciliated protozoa but not in any H3 histone of the animal
kingdom (Fig. 8). Likewise, the CS H2A protein contains, in
addition to its unique residues, two amino acids which have
been detected so far only in the H2A proteins of the lower
eukaryotes Saccharomyces cerevisiae and Tetrahymena ther-
mophila (Fig. 8). Hence, the CS proteins of the sea urchin
share features with histones of lower eukaryotes and plants
which may reflect either convergent evolution or, more likely,
a common ancestry of these proteins. The CS H1 and H2A
proteins furthermore contain amino acid residues which are

characteristic of replacement histone variants. First, the CS H1
histone shows highest sequence similarity among all sea urchin
HI1 proteins with the replacement variant H1-3 (43) (Fig. 5).
Second, the CS H1 protein comprises three amino acid resi-
dues, tyrosine 35, isoleucine 81, and arginine 83, which are
present at the corresponding positions only in the replication-
independent mammalian H1° and avian HS proteins (Fig. 8).
Moreover, isoleucine 55 of the CS H2A histone is exclusively
found in H2A.Z variants from Tetrahymena to human (Fig. 8),
which are known to be expressed at a basal level throughout
the cell cycle (22, 33, 70).

All four core histones possess a three-dimensional structure,
the so-called histone fold, which consists of three «-helices
separated by short loop and B-strand segments (1, 3) (Fig. 6).
This structural motif appears to be a tandem duplication of a
fundamental element, the helix-strand-helix (HSH) motif, with
the junction point near the middle of the long second helix of
the histone fold (2). Sequence comparisons indicated that the
amino acid residues of the N-terminal HSH1 motif are less
stringently conserved than those of the C-terminal HSH2 seg-
ment (3). Consistent with this notion, the unique amino acids
of the CS H2A, H2B, and H3 histones are located only within
the N-terminal HSH1 motif or outside the histone fold alto-
gether (Fig. 6).

The function of the CS histones appears to be intimately
linked with that of the sperm histones, since both histone gene
families are transcribed during gametogenesis. While the CS
histones are expressed in oogenesis and early development
(references 35 and 47 and this study), the sperm H2B and H1
proteins are synthesized exclusively during spermatogenesis
(13, 54). These sperm histones are first expressed in spermato-
gonia and subsequently function as normal histones in tran-
scription and replication during meiosis due to the fact that
their basic N-terminal extensions are phosphorylated and thus
neutralized (52). At the late spermatid stage, these N-terminal
sequences become dephosphorylated (52) and subsequently
stabilize the highly condensed and transcriptionally inert chro-
matin of the mature sperm by strong ionic interaction with
linker DNA (30, 36). In contrast, the CS histones constitute the
chromatin of the transcriptionally active oocyte and egg (14,
35) and participate as maternally stored proteins in chromatin
remodeling of the male pronucleus in the zygote (55). Within
5 min after fertilization, the sperm H1 and H2B proteins be-
come rephosphorylated followed by replacement of the sperm
H1 histone with the CS H1 protein and by chromatin decon-
densation (29). Later, the CS H2A and CS H2B proteins start
to accumulate in the male pronucleus, which coincides with the
transition of the nucleosomal repeat length from 250 bp in
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sperm to 200 bp in the embryo (55). In analogy to the involve-
ment of the basic N-terminal repeats of the sperm histones in
chromatin condensation, we speculate that the unique se-
quences of the CS histones may have evolved to facilitate the
assembly of active chromatin in the oocyte and egg as well as
to promote chromatin remodeling of the paternal genome in
the zygote.

The linker histone HIM (B4) of X. laevis is a vertebrate
homolog of the CS H1 protein implicated in the organization
of early embryonic chromatin. The cloning and characteriza-
tion of the CS H1 gene have also led to the surprising discovery
of an orthologous relationship between the HIM (B4) gene of
X. laevis and the CS H1 gene of the sea urchin. The B4 mRNA
was originally identified as a maternal transcript in frog oocytes
by differential cDNA cloning (62). Both the HIM (B4) and
CS H1 proteins are the longest H1 histones known to date
and have the highest degree of sequence identity (47%) in
their central globular domains among all H1 proteins ana-
lyzed (Fig. 5). The two H1 histones are also classical replace-
ment variants, as both are encoded by polyadenylated tran-
scripts of intron-containing genes (references 19 and 62 and
this study). Even the expression patterns of the two H1 genes
are very similar in their respective species. The HIM (B4)
mRNA is initially transcribed during oogenesis, remains at a
constant level throughout the blastula stages, starts to decline
in the gastrula embryo, and is absent at later developmental
stages and in adult tissues (62). Consistent with this expression
pattern, the HIM (B4) protein is present in the chromatin of
the oocyte, egg, and embryo up to early gastrula stage (24, 27,
37, 62), comparable to the situation observed with the CS H1
histone in sea urchin development. Moreover, the HIM (B4)
protein is also maternally stored in the Xenopus egg and has
been shown to participate in rapid remodeling of the sperm
chromatin in frog egg extracts (25, 50). In summary, all of these
common features indicate that the Xenopus HIM (B4) gene is
a vertebrate homolog of the CS H1 gene.

The structural role of HIM (B4) in chromatin organization
has recently been studied by in vitro reconstitution experi-
ments. The HIM (B4) protein was shown to associate with the
nucleosome by binding to linker DNA in the same manner as
histone H1 (49). Hence, the specific incorporation into nucleo-
somal DNA identifies HIM (B4) as a classical linker histone.
However, the HIM (B4) protein binds with sixfold-lower af-
finity to reconstituted nucleosomes and can only inefficiently
repress 5S rRNA gene transcription in vitro compared to his-
tone H1 (64). The presence of the HIM (B4) protein in early
frog embryos is therefore thought to contribute to the forma-
tion of more extended and less stable chromatin structures
which are more easily replicated and transcribed (64). The
H1M (B4) protein is present in the embryonic chromatin up to
the midblastula transition, when it starts to be diluted out by
the de novo synthesis of somatic histone H1 (24). The progres-
sive replacement of embryonic HIM (B4) by adult H1 in the
chromatin is responsible for the specific repression of the oo-
cyte 5S TRNA genes in the gastrula embryo (7, 38), in agree-
ment with recent genetic evidence that histone H1 variants of
Tetrahymena are also involved in gene-specific rather than
global transcriptional regulation (61). A role for HIM (B4) in
gene regulation is further supported by the correlation ob-
served between the incorporation of HIM (B4) and the acqui-
sition of transcriptional competence in somatic nuclei follow-
ing chromatin remodeling in frog egg extracts (26). Together,
these data indicate a role for HIM (B4) in the establishment of
accessible and transcriptionally competent chromatin struc-
tures. This biological function may have been conserved since
the divergence of echinoderms and chordates, as the sea urchin
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CS H1 and frog HIM (B4) proteins share many conserved
features (see above).

Given the evolutionary conservation of the CS H1 and HIM
(B4) histones, it is likely that the frog genome also contains
counterparts for the other CS histone genes of the sea urchin.
Indeed, an H2A variant, H2A.X, which differs in electro-
phoretic mobility from somatic H2A histones, has been iden-
tified as a maternally stored protein in frog egg extracts (40,
50). Histone H2A X, like the HIM (B4) protein, is involved in
remodeling of the sperm chromatin and furthermore becomes
phosphorylated upon mobilization from the storage pool and
incorporation into the male pronuclear chromatin (25, 40).
The same phosphorylation behavior has been observed for the
CS H2A histone of the sea urchin (31), thus strengthening the
hypothesis that the H2A X variant is the frog equivalent of the
sea urchin protein. The availability of the CS histone se-
quences should now greatly facilitate the cloning and identifi-
cation of the frog H2A.X and other CS histone homologs of
vertebrates.
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