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We cloned and characterized the gene encoding H1-gamma, a late histone subtype of the sea urchin species
Strongylocentrotus purpuratus. The predicted primary sequence of Hl-gamma is 216 amino acids in length and
has a net charge of +70, which is high for a somatic H1 histone. The Hl-gamma gene appears to be a unique
sequence gene that is not tightly linked to the core histone genes. The 770-base-pair transcribed region of the
H1l-gamma gene is bordered on the 5’ side by two previously described H1-specific sequence elements and on
the 3’ side by a hairpin loop structure and CAGA box sequences. We detected 3,900 stored maternal
Hl-gamma mRNA transcripts per egg. The number of Hl-gamma transcripts per embryo rises by 9.5 h
postfertilization, but the maximum rate of accumulation (4,300 molecules per min per embryo) occurs in the
late-blastula-stage embryo between 14 and 21 h after fertilization. The number of H1-gamma mRNA molecules
peaks 21 h after fertilization when there are 2.0 X 10° molecules per embryo (a 500-fold increase) and then
decreases over the next 3.25 h to 1.3 million molecules per embryo. Between 24 and 82 h after fertilization the
number of Hl1-gamma transcripts declines steadily (210 molecules per min per embryo) to reach approximately
5.4 x 10° Hl-gamma mRNAs by 82 h postfertilization. Surprisingly, the number of late H mRNA molecules
per embryo is greater than the number of late H2B mRNA molecules beginning at the early gastrula stage of

development.

In the sea urchin, histone proteins are encoded by several
multigene families. These families encode the cleavage
stage, early (alpha), late (beta and gamma), and testis
variants (reviewed in reference 34). Each family is regulated
in both a temporal and a tissue-specific fashion. The two best
characterized families in the sea urchin are those encoding
the early and late subtypes. The early histone gene family is
composed of approximately 500 nearly identical tandem
repeats each of which encodes one copy of each of the five
histone classes (25, 33, 34). The temporal expression of the
early family of histone genes has been studied by several
methods (8, 18, 24, 27, 32, 35, 36, 39, 53), and a general
picture of the pattern of their expression has emerged. About
10° mRNA molecules encoding each of the four core
histones and 80,000 molecules of Hl-alpha mRNA (32)
accumulate after meiotic maturation and are stored in the
egg pronucleus until fertilization (1). The number of mRNA
molecules remains constant until new synthesis begins at the
16-cell stage, resulting in a 10-fold increase in early histone
mRNA by the time the embryo becomes a blastula (32, 35,
36, 53).

Members of the core late histone gene family have been
cloned and are present in about 5 to 10 copies for each core
histone (9, 26, 33). Transcripts encoding the late subtype
core histones are also detected in unfertilized eggs but at a
much lower level than that observed for the alpha genes
(10,000 molecules per egg) (28). The genes encoding the late
core histones are activated at the same time as the early
histone genes, but late gene transcripts continue to accumu-
late up to the onset of gastrulation, long past the peak of
early histone mRNA accumulation (8, 18, 24, 27, 33). In
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Lytechinus pictus, the amount of mRNA encoding the core
histones H3 and H4 has been observed to peak at 1.8 x 10°
molecules per embryo. At least part of this accumulation can
be accounted for by an increase in the relative rate of
transcription between 7 and 14 h after fertilization (27).
Although the gene encoding late H1 protein has not previ-
ously been cloned, metabolic labeling and in vitro translation
of histone mRNA indicate that late H1 mRNA has a pattern
of accumulation that is similar to the core histones in both
Strongylocentrotus purpuratus and L. pictus (3, 8, 24, 46).
In S. purpuratus, the pattern of histone H1 protein expres-
sion has been well characterized (10, 21). During the first
three cell divisions H1-cs protein, which is stored in the egg,
is the predominant H1 found on the rapidly dividing chro-
matin (38). As cleavage proceeds Hl-alpha is synthesized in
large quantities and becomes the major H1 protein on the
chromatin. By the blastula stage of development, about 12 h
postfertilization, two new H1 proteins, Hl-beta and H1-
gamma, begin to accumulate and subsequently become the
predominant H1 proteins synthesized for the remainder of
the life cycle of the organism (29, 41). In the later stage of
embryogenesis and in adult tissues a fifth subtype, H1-
lambda, can be detected but little is known about this protein
(41). In addition to these somatic H1 proteins, there is a
well-characterized H1 protein found only in sperm (49).
The H1 proteins were the first class of histones shown to
be expressed in a temporal manner in embryos (45, 48);
however, owing to large variability in the amino acid se-
quences of H1 subtypes, the corresponding genes have been
reticent to cloning. While examples of sea urchin early, late,
and sperm core histone genes have been cloned, only the
early H1 gene has been isolated. This report details the
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cloning, DNA sequence, and temporal pattern of expression
of the Hl-gamma gene of S. purpuratus.

MATERIALS AND METHODS

Preparation of RNA. For the developmental time series,
eggs from a single female were fertilized with sperm from a
single male and cultured in Pacific Ocean water at 15°C (27).
Samples were withdrawn at various times, and RNA was
prepared by phenol extraction (19). 9S RNA for cDNA
synthesis was prepared by sucrose gradient centrifugation of
RNA extracted from 36-h-old postfertilization embryos.

Synthesis of cDNA. Oligonucleotides were synthesized on
an Applied Biosystems automated DNA synthesizer. Oligo-
nucleotide (5'-TTNGCETTETNGG-3') (1 pg) was annealed
to 25 ug of 9S RNA in 100 pl containing 700 mM KCl, 50 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid) (pH 7), and 1 mM EDTA by heating to 90°C for 2 min,
leaving at room temperature for 3.5 h, and then at 4°C
overnight. First-strand synthesis was performed as de-
scribed previously (31) with the addition of 100 pg of
actinomycin D per ml. The second strand was constructed as
described previously (20). cDNA was then C tailed, an-
nealed to G-tailed PstI-cut pBR322, and transformed into
Escherichia coli RR1 (40). Colonies were screened by hy-
bridization to a chicken H1 gene (pCHIaBIBKI) (51) which
had been recloned into M13 and radiolabeled by primer
extension (28). Approximately 2,700 individual colonies
were screened, yielding a single positive cDNA clone.

Isolation of genomic clones. Late H1 cDNA was subcloned
into Pst-cut. M13mp18, radiolabeled by primer extension
(27), and used to screen a partial EcoRl S. purpuratus
genomic library (A-B) as described previously (4). A single
clone, ASplH1-1, was isolated from this library. Ten addi-
tional overlapping clones corresponding to the same late H1
gene in ASplH1-1 were isolated from a partial Mbol library in
EMBL-3 (Bimbo) that was kindly supplied by Eric David-
son. We screened this library with a different H1 cDNA
clone that was isolated from testis RNA (Z.-C. Lai and G.
Childs, unpublished data). Purified bacteriophage were
grown in liquid culture, and DNA was purified as described
previously (31).

DNA sequencing and analysis. A 3.2-kilobase (kb) Hpal-
EcoRI fragment of ASplH1-1 was subcloned into M13mp19,
and a series of nested deletions was constructed as described
previously (13). To provide clones to sequence the opposite
strand, we subcloned restriction endonuclease-generated
fragments of the 3.2-kb Hpal-EcoRI fragment into appropri-
ately cut M13 vectors. M13 clones were sequenced by the
dideoxy sequencing technique (47). DNA and protein se-
quences were analyzed by using the BIONET National
Computer Resource.

Filter hybridization. Chicken H1 probes were hybridized
to sea urchin DNA at 37°C in 30% formamide-5x SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-5X
Denhardt solution-50 mM sodium phosphate (pH 6.8)-0.1%
sodium dodecyl sulfate-0.1 mg of sonicated salmon sperm
DNA per ml. Filters were washed at 65°C in 2x SSC-0.1%
sodium dodecyl sulfate-1% sodium PP;. Genomic DNA
hybridizations with homologous probes were carried out at
42°C in the above hybridization buffer with 50% formamide
and 10% dextran sulfate added (50% formamide hybridiza-
tion buffer). The probe used was a nick-translated (43)
Sacll-EcoR1 fragment (base pairs [bp] 383 to 1182) of
H1l-gamma. Filters were washed at 65°C in 0.5x SSC-0.1%
sodium dodecyl sulfate-1% sodium PP;. For RNA slot blots,
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1 pg of RNA per slot was loaded onto nitrocellulose as
described by the supplier (Schleicher & Schuell, Inc.,
Keene, N. H.). Sp6 transcripts of equal specific activity
were synthesized by mixing all the components necessary
for the transcription reaction except DNA (37), dividing this
mix into equal aliquots, and adding equal amounts of liner-
ized template to each reaction. Hybridizations were carried
out at 58°C in 50% formamide hybridization buffer with a
probe concentration of 20 ng/ml. Filters were washed at 65°C
in 0.1x SSC-0.1% sodium dodecyl sulfate-1% sodium PP;
and then treated with RNase A in 2x SSC as described
previously (27). Using these conditions we could detect no
cross-hybridization between early and late genes on North-
ern blots. Autoradiographic intensity was quantitated with a
Cambridge Instruments Quantimat 920 image analysis sys-
tem.

Sp6 templates. The following Sp6 templates were used. (i)
H1l-alpha specific. pCO2H1+ was linearized with BamHI,
yielding a 1,150-bp transcript. (ii) Hl-gamma specific. The
3.2-kb Hpal-EcoRI fragment of ASplH1-1 was subcloned
into pGEM-2, subcloned DNA linearized with Sspl, yielding
a 952-bp transcript. (iii) H2B-L1 specific. pSp65-H2B (30)
was linearized with BamHI, yielding an 800-bp template.

RESULTS

Isolation of cDNA clones. In sea urchins, early and late
histone mRNAs are present in approximately equal amounts
in late-blastula-stage embryos (22 h postfertilization) (27,
33). Under standard hybridization conditions the S.
purpuratus early H1 gene does not cross-hybridize to late H1
mRNA (unpublished observations), so a chicken histone H1
gene was tested (51). When a chicken histone H1 gene was
used to probe a Northern blot of S. purpuratus blastula
RNA, both early and late H1 mRNAs hybridized with equal
intensity (data not shown). Because this probe hybridized to
the highly repetitive early genes, the direct screening of
genomic libraries for late H1 was precluded. To circumvent
this problem, we constructed a cDNA library using 9S RNA
from embryos 36 h postfertilization, when the amount of
early histone mRNA is negligible compared with late histone
mRNA (27, 33). Since late H1, like most histone mRNAs,
contains no poly(A) tail (unpublished observations), an
oligonucleotide complementary to the amino acid sequence
KKAKKP was used to prime first-strand synthesis. A search
of all published histone H1 and HS protein sequences
revealed that this amino acid sequence is always present in
the C-terminal tail domain. Screening of our cDNA library
with the chicken H1 probe yielded a clone, pJK-1, that
hybridizes to an mRNA of approximately 750 nucleotides.
The RNA complementary to pJK-1 is present in orders of
magnitude concentration higher in gastrula-stage embryos
than in unfertilized egg RNA (data not shown), in accord-
ance with the expected late H1 pattern of expression. A
partial sequence of the cDNA subsequently revealed that the
insert encodes a repeating lysine and alanine amino acid
sequence typical of H1 proteins, but differing from H1-alpha
(data not shown).

Isolation and sequencing of genomic clones. pJK-1 was then
used to screen an S. purpuratus partial EcoRI genomic
library (A-B). One clone, ASplH1-1, was found that is highly
homologous to pJK-1. This clone contains a single H1 gene
but is not homologous to any of the core histone genes. Ten
additional overlapping clones were subsequently isolated
from a different genomic library (see Materials and Meth-
ods). Restriction endonuclease maps of these overlapping
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FIG. 1. Restriction endonuclease maps of DNA segments containing the S. purpuratus Hl-gamma gene. Bars denote histone H1-coding
sequences, and arrows show the direction of transcription. Maps were generated from examination of single- and double-enzyme digestions
of phage and plasmid DNA. (A) Restriction endonuclease maps generated from eleven H1-gamma phage clones. The size of each entire insert
is shown to the right. Brackets enclose the two classes of Hl-gamma clones isolated from a genomic library (Bimbo) made from a single
individual. Polymorphisms in EcoRI (circled) distinguish the two alleles of this individual. * indicates the only three clones in which the
location of HindIII sites was determined. (B) pSplH1-1 is a subclone containing the 5.2-kb BamHI-EcoRI fragment of ASplH1-1 cloned into
the vector pUC9. Abbreviations used for restriction endonucleases are: B, BamHI; E, EcoRI; H, HindIIl; HII, HindIl; S, Sacll; Ssp, Sspl;

X, Xbal; Hp, Hpal; N, Ncol; P, Pstl; S1, Sall.

clones and a subclone, pSplH1-1, containing the 5.2-kb
BamHI-EcoRI fragment are shown in Fig. 1. The region of
ASplH1-1 that is homologous to pJK-1 is located near the
EcoRI site. We could not detect any other histone genes
within the 28 kb of DNA surrounding this H1 gene. The
nucleotide sequence of a 1,182-bp region of pSplH1-1 con-
taining the entire coding region as well as the 5’ and 3’
flanking sequences was then determined (Fig. 2).

Analysis of Hl-gamma protein. The nucleotide sequence
contains an open reading frame of 216 amino acids. Compar-
ison of the amino acid composition of the protein encoded by
ASplH1-1 to the known amino acid compositions of S.
purpuratus, Hl-alpha, Hl-beta, and Hl-gamma (41) predicts
that this gene encodes the Hl-gamma subtype (Table 1).
Based on the overall similarity of its primary structure to
that of other H1 proteins, Hl-gamma has the tripartite
structure (nose, head, and tail) typical of this class of
histones (7, 22). Comparison of the amino acid sequences of
H1-alpha and Hl-gamma reveals no homology in the nose
regions; but the head regions (amino acids 17 to 85), which
are believed to be globular domains, share a 67% homology.
The 3’ tail region of H1-gamma is extremely basic, consisting
almost exclusively of lysine, alanine, and proline. H1-
gamma contains no serine residues in the C-terminal tail.
The last 66 amino acids of Hl-gamma are composed almost
entirely of two repeated pentapeptides. The peptide PAAKK
is repeated four times between amino acids 151 and 171, and
the related peptide KPAKK is repeated five times from
amino acid 177 to the C terminus (Fig. 3). The large number
of lysine residues gives Hl-gamma a net positive charge of
70.

Analysis of nucleic acid sequences. Inspection of the DNA
sequence reveals two conserved sequences that define the 5’
and 3’ ends of most histone mRNAs (5, 25, 52). S1 nuclease
mapping demonstrates the 5’ end of the Hl-gamma mRNA
to be coincident with a broad band spanning about 10 bp
(data not shown). These bands span a degenerate form of a

cap box consensus sequence (CATTAC) seen in many sea
urchin histone genes. The 3’ end of the mRNA is assumed to
be at the adenine residue at bp 1164, following a highly
conserved sequence observed at the 3’ end of most histone
mRNAs (5). The Hl-gamma gene also contains another
conserved sequence element (CAAGAAAGA) 6 bp down-
stream from the putative 3’ end of the mRNA which appears
to be necessary for the binding of U7 small nuclear
ribonucleoproteins involved in the processing of the 3’ end
of the mRNA (5, 50). Interestingly, there is a degenerate
form of the 3’ conserved hairpin sequence in the 3'-
untranslated region (bp 1111 to 1122).

The late H1 5’ upstream region contains several conserved
sequence motifs. The first of these is a TATA box at position
—30. Further upstream are two H1-specific sequences. At
—100 bp a G+C-rich 11-mer is found which shares 64%
homology with a sequence termed upstream sequence ele-
ment I (USE I) by Perry et al. (42) that has recently been
shown to be an essential element of the chicken H1 promoter
assayed in Xenopus oocytes and HeLa cells (55). Further
upstream, another H1-specific sequence element, AAAC
ACA (11), which is the core of the longer upstream sequence
element II (USE II) (42) is seen at —137 bp. Interestingly, a
shorter version of this sequence (AACAC) is repeated again
at —147 bp and —158 bp, forming a duplication of this
sequence on the same side of the DNA helix. There is no
evidence for a sequence homologous to the H1l-specific
upstream sequence element III (42), but a hexanucleotide,
ATTTTC, which is part of the USE II consensus sequence is
repeated four times at positions —165, —208, —334, and
—374. :

Comparison of the nucleotide sequence of the Hl-gamma
gene coding sequences to the Hl-alpha gene showed that
they are extensively diverged. The changes in the nucleic
acid sequence result in both extensive substitutions and
silent third-base changes.

Genomic organization of late H1 gene. When the Hl-
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0 20 30 40 50 60 70
CTATACTATC ATATATCTAA ATTITCGGGA AAACGTTTTT AATATAAGAT ATTGGCGTTT ATTTICGGAT

80 90 100 110 120 130 140
TTTAAAGTGC ATTGTCAAAG TGTAAGTTTC GTGGTAAATT TCTCTATGAT GAAATAATTA TGTATGACTT

150 160 170 180 180 200 210
TTAAGGTGCC AAGTGGAACA TTGAAAGCTC CTCTTGATTT GAGGGTATITT TCACCAGTTT TGATTTAGCC

USE 11
220 230 240 250 260 270 280
AACAAAAGAG AAAAACAATA TTTTCCAACA CCTTACTAAC ACATTTAAAA ACACGATTGC CAAAATACAC

USE |
290 300 310 320 330 340 350
ACTACGTGCA CAAAACAAGC GGGCTGTACA CGTCCTACGG GCGACCTCAC CGTACCGTTT TCCCCCACGT

360 370 380 390 400 410 420
CCGCAAGAAC GTIATATATG CCCGAGAAGC CGCGGAAATC AAACATTACG ATTTTTGTTG AACTCTGTAA

440 455 470
TAGACCAACC AATCTACATC ATG TCT GCC GCT AAG CCT AAG GTC GCC AAG AAG GCC
MET Ser Ala Ala Lys Pro Lys Val Ala Lys Lys Ala

485 500 515 530
CGT GTT GCA CCA GCA CAC CCA CCT TCC TCC CAG ATG GTG GTC GCT GCC GTC ACC
Arg Val Ala Pro Ala His Pro Pro Ser Ser GIn Met Val val Ala Ala val Thr

545 560 575
GCC CTG AAG GAG AGA GGT GGT TCA TCC ACC CAG GCC ATC AAG AAG TAC ATC GCT
Ala Leu Lys Glu Arg Gly Gly Ser Ser Thr GIn Ala Ile Lys Lys Tyr ile Ala

590 605 620 635
GCC AAC TAC ACC GTT GAC ATG ACC AAG CAG GGT CCT TTC ATC AGG CGT GCA CTC
Ala Asn Tyr Thr Val Asp Met Thr Lys Gin Gly Pro Phe |le Arg Arg Ala Leu

650 665 680
GTC AAG GGA GTC GCC AGC GGT GCC CTC GTC CAG ACC AAA GGA AAG GGA GCC AGC
Val Lys Gly Val Ala Ser Gly Ala Leu Val Gin Thr Lys Gly Lys Gly Ala Ser

695 710 725 740
GGT TCT TTC AAG CTC GGA AAG AAG AAG GAA GGC AAA TCC GAT GCC CAG AAG GCC
Gly Ser Phe Lys Leu Gly Lys Lys Lys Glu Gly Lys Ser Asp Ala GIn Lys Ala

755 770 785 800
CGC ATT GCC GCA AAG AAG GCT AAG CTC GCC GCC AAG AAG AAG GAG CAG AGG GAA
Arg lle Ala Ala Lys Lys Ala Lys Leu Ala Ala Lys Lys Lys Glu GIn Arg Glu

815 830 845
AAG AAG GCT CTG AAG ACC AAG GCC AGG AAG GAG AAG GTT GCC GCC AAG AAG GCA
Lys Lys Ala Leu Lys Thr Lys Ala Arg Lys Glu Lys Val Ala Ala Lys Lys Ala

860 875 890 905
GCA AAG AAG GCT ACC AAG AAG ACC AAG AAG GTC AAG AAG CCC GCC GCC AAG AAG
Ala Lys Lys Ala Thr Lys Lys Thr Lys Lys Val Lys Lys Pro Ala Ala Lys Lys

920 935 950
GCC AAG AAG CCC GCT GCC AAG AAG CCA GCT GCC AAG AAG CCT GCA GCC AAG AAG
Ala Lys Lys Pro Ala Ala Lys Lys Pro Ala Ala Lys Lys Pro Ala Ala Lys Lys

965 280 995 1010
GCC AAG AAG CCC GCC AAG AAG GTA GCC AAG CCA GCG AAG AAG GCC GCC GCC AAG
Ala Lys Lys Pro Ala Lys Lys Val Ala Lys Pro Ala Lys Lys Ala Ala Ala Lys

1025 1040 1055 . 1070
CCA GCA AAG AAG GCA GCC AAG CCA GCA AAG AAG GCC GCC AAG CCA GCA AAG AAG
Pro Ala Lys Lys Ala Ala Lys Pro Ala Lys Lys Ala Ala Lys Pro Ala Lys Lys

1085 1104 1114 1124 1134
GCA GCC AAG CCA GCC AAG AAG TAA ATTTCTTTCG CTACTTGGTA TTTGAGCCTA CCACAGCTCT
Ala Ala Lys Pro Ala Lys Lys

1144 1154 1164 1174
AACCCCAACG GCTCTTATCA GAGCCACCCA AACTTCAAGA AAGAATTC

FIG. 2. DNA sequence of the S. purpuratus Hl-gamma gene.
The derived amino acid sequence is shown below the corresponding
nucleotide sequence. Conserved DNA sequences are underlined
and discussed in the text. The region around the mRNA initiation
site is denoted by an arrow.

gamma gene is used to probe sperm DNA from two individ-
ual males, either one or two bands are visualized per
restriction digest (Fig. 4). In the samples that have two bands
we believe that each band represents alternate alleles of the
H1l-gamma gene and not cross-hybridization to the related
H1-beta gene. The large degree of polymorphism seen be-
tween the two individuals is common in non-tandemly re-
peated genes in sea urchins (6, 8a). In fact, among the 10
clones selected from a genomic library made from sperm
DNA of a single individual animal (Bimbo) are two classes
distinguished by polymorphic EcoRI sites (Fig. 1). These
clones represent the alternate alleles of this individual ani-
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mal. Additional polymorphic restriction endonuclease sites
are seen in ASplH1-1 which is derived from sperm DNA of a
different animal. From the structure of the genomic locus,
the intensity of the bands, and the conversion of a single
fragment with one enzyme digestion to two fragments of
equal intensity with a different enzyme, we believe that the
Hl-gamma gene is present in a single copy per haploid
genome.

Expression of Hl-gamma gene. If the Hl-gamma gene is
used to probe a Northern blot containing RNA from several
developmental time points, a single RNA species of about
770 nucleotides that is expressed in a temporal pattern
typical of the late gene family is detected (data not shown).
Because Hl-gamma and H1l-beta mRNAs are extremely
difficult to resolve owing to their similar size, this signal
might represent both mRNA species. It is of some interest to
determine the quantities of Hl-alpha and Hl-gamma mRNA
throughout development. This is impossible to do by quan-
titating hybridization to a single Northern blot probed with
both Hl-gamma and H1-alpha. The intense Hl-alpha mRNA
signal in the early stages of development obscures the
closely migrating Hl-gamma mRNA signal. This problem
can be circumvented by using RNA slot blots hybridized
under conditions in which there is no cross-hybridization
between early and late genes. Slots containing RNA from
sequential developmental intervals were hybridized with an
excess of Sp6 transcripts of equal specific activity encoding
two late genes, Hl-gamma and H2B-L1, and an early gene,
Hl-alpha (Fig. 5). By quantitating the autoradiographic
intensity of each slot and comparing it with the Hl-alpha
mRNA signal in the egg, in which the number of Hl-alpha
mRNA molecules (80,000) has been accurately determined
by RNA titration (32), it is possible to construct a plot of the
number of mRNA molecules per embryo throughout early
development (Fig. 6).

About 3,900 Hl-gamma mRNA molecules and 26,000
H2B-L1 mRNA molecules are estimated to be stored in the
unfertilized egg. The accumulation of additional late H1 and
H2B transcripts by 9.5 h postfertilization indicates that these
genes must have been activated shortly after the 16-cell
stage, between 4.25 and 9.5 h after fertilization. Hl-gamma
mRNA accumulates at a rate of 4,300 molecules per min per
embryo between 14 and 21 h postfertilization. Hl-gamma
mRNA concentration peaks at 21 h postfertilization when
there are 2.0 X 10° molecules per embryo. The amount of
H1-gamma mRNA then declines at a rate of 3,500 molecules

TABLE 1. S. purpuratus H1 protein compositions

Amino acid Hl-alpha® H1-beta” H1-gamma*® SpiH1-1
gene
Ala 19.5 25.8 25.3 25.9
Asp/Asn 3.6 2.0 1.6 14
Glu/GlIn 10.4 7.0 5.7 5.1
Phe 1.5 1.0 1.0 0.9
Gly 33 4.4 5.0 4.6
His 0.6 0.5 0.6 0.5
lle 1.9 32 1.9 19
Lys 29.2 324 30.4 315
Leu 4.7 3.4 3.0 2.8
Met 1.0 0.5 1.0 0.9
Pro 6.1 5.0 6.9 6.9
Arg 2. 3.1 33 3.2
Ser 4.8 4.1 4.1 4.2

“ Protein compositions are taken from Pehrson and Cohen (41). Underlined
are the values most consistent with SplH1-1 being identical with Hl-gamma
protein.
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per min until 24 h postfertilization, followed by a much
slower decrease of 210 molecules per min per embryo until
82 h. Recently, we have isolated an additional late H1
genomic clone whose sequence almost precisely matches the
amino acid composition of the H1l-beta protein (Lai and
Childs, unpublished data). Gene-specific S1 nuclease probes
were used to demonstrate that the temporal pattern of
accumulation of Hl-gamma and H1-beta are virtually iden-
tical. Lieber et al. (29) have shown that late H1 mRNAs are
found in adult tissues of both S. purpuratus and L. pictus,
and therefore late H1 is a somatic gene.

Late H2B mRNA accumulates at a relatively steady rate
of 2,900 molecules per min per embryo between 4.25 and 25
h after fertilization. Late H2B mRNA accumulation peaks at
1.8 x 10° molecules per embryo at 24 h postfertilization and
then declines throughout later development.

DISCUSSION

We cloned and characterized the gene encoding the H1-
gamma subtype. Assignment of the H1 gene on ASplH1-1 to
the gamma protein is based on three lines of evidence. (i)
The open reading frame of the gene encodes a protein that
has an amino acid composition almost identical to purified
H1-gamma protein and different from H1-beta (Table 1). (ii)
Both nucleic acid and amino acid sequences differ substan-
tially from H1-alpha. This rules out the possibility that the
gene encoded by ASplH1-1 is an Hl-alpha orphon pseudo-
gene (8a). (iii) The RNA encoded by this gene is the same
size as late HI mRNA and accumulates with the temporal
pattern of late H1 mRNA (8, 24).

The open reading frame of ASplH1-1 indicates that H1-
gamma is 216 amino acids in length and has a charge of +70.
By comparison, Hl-alpha has a length of 204 amino acids
and a charge of +50 (29). Both the charge and length
differences of these two proteins may account for the dif-
fering physical properties of blastula and gastrula chromatin.
The increase in length of Hl-gamma compared with H1-
alpha may account for the increase in length of the nucleo-
some repeat that is seen throughout development in S.
purpuratus (2). The more basic Hl-gamma protein could
neutralize more of the negative charge in the DNA backbone
resulting in tighter binding. This could account for both the
decreased rate of digestion of chromatin by DNase I as
development proceeds (2) and the observation that H1-
gamma is removed from chromatin preparations only by salt
conditions that also remove the core histones (L. Cohen,
personal communication).

Both Hl-alpha and Hl-gamma have a serine residue
approximately 10 amino acids past the globular domain.
Moving toward the carboxy terminus of the proteins, H1-
alpha has four serine residues, while Hl-gamma has none.
Studies of H1 phosphorylation in S. purpuratus indicate that

153-Pro-Ala-Ala-Lys-Lys-Ala-Lys-Lys- 176-Lys-Pro-Ala-Lys-Lys-

o /s

Pro-Ala-Ala-Lys-Lys-Ala-Lys-175

-vVal-Ala-
Lys-Pro-Ala-Lys-Lys-Ala-Ala-Ala-
Lys-Pro-Ala-Lys-Lys-Ala-Ala-
Lys-Pro-Ala-Lys-Lys-Ala-Ala-
Lys-Pro-Ala-Lys-Lys-Ala-Ala-
Lys-Pro-Ala-Lys-Lvs.216
FIG. 3. Repeated pentapeptides in the C-terminal domain of
H1l-gamma. Amino acid residues 153 through 216 (the C terminus)

are aligned to emphasize the repeated pentapeptides PAAKK and
KPAKK. The repeated amino acids are underlined.
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FIG. 4. Homology of restriction endonuclease-digested sperm
DNA to the Hl-gamma gene. Sperm DNA isolated from two
individual animals was digested with the restriction endonucleases
indicated; the digestion products were separated on a 0.6% agarose
gel, blotted to nitrocellulose, and hybridized to Hl-gamma as
described in Materials and Methods.

H1-alpha is labeled by 3?P, while no label is incorporated into
the H1-beta and H1-gamma subtypes (Cohen et al., J. Cell.
Biol. 83:171a, 1979). The C-terminal serine residues present
in Hl-alpha, but not Hl-gamma, are therefore likely candi-
dates for residues that are phosphorylated. Histone H1
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FIG. 5. Accumulation of Hl-gamma mRNA during develop-
ment. (A) RNA was prepared from embryos at various times after
fertilization. This RNA was loaded onto nitrocellulose and probed
with an Sp6 transcript complementary to either the Hl-alpha,
Hl-gamma or H2B mRNA as described in the Materials and
Methods. (B) A longer exposure of the three earliest time points in
panel A.
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FIG. 6. Quantitative analysis of H1 and H2b mRNA during
development. The relative amounts of early and late H1 and late
H2b mRNA were determined by analysis of several autoradio-
graphic exposures of the data in Fig. 5. Relative amounts of mRNA
were converted to molecules of mRNA per embryo after taking into
account the length of each probe as well as the number of
[*?P]guanine residues in each probe. The data were then plotted as
mRNA molecules per embryo versus time after fertilization. Sym-
bols: O, early H1; A, late H1; O, late H2B.

proteins have at least two amino acid sequences that can
serve as kinase substrates. Cyclic AMP-dependent kinase
recognizes the sequence Lys/Arg-X-Ser (23), which is not
found in Hl-gamma but is present twice in Hl-alpha.
Histone kinase II recognizes the amino acid sequence Ser-
X-Lys (44). This is part of a sequence (Gly-Ala-Ser-Gly-Ser-
Phe-Lys) that is conserved in most histone H1 proteins
including Hl-gamma. H1-alpha contains this site and two
additional sites for histone kinase II phosphorylation. This
would imply that the Gly-Ala-Ser-Gly-Ser-Phe-Lys se-
quence found in the central domain of most H1 proteins may
be buried in the center of the protein and therefore not
available as a substrate in the native protein.

Based on the extensive changes in both third-base posi-
tions and amino acid substitutions, the early and late H1
gene families are at least as ancient as their H3 gene
counterparts (200 million years) (9). The DNA sequence of
the Hl-gamma gene, however, contains several conserved
sequence elements. Bounding the 5’ and 3’ ends of the
transcribed regions are a degenerate form of the 5’ cap box
seen in many histone genes (25, 52) and a 3’ conserved
palindrome (5). S1 nuclease mapping confirms that the 5’ end
of Hl-gamma mRNA maps to a region of about 10 bp near
the degenerate cap box, and the 3’ palindrome is assumed to
represent the 3’ end of the mRNA. Based on these results,
the Hl-gamma gene encodes an mRNA of about 770 nucle-
otides. In comparison, the Hl-alpha gene encodes an mRNA
of about 707 nucleotides (28).

Upstream of the 5’ cap box are four sequences which
might be important for the expression of the Hl-gamma
gene. The first sequence is a TATA box (—30) which is
necessary for transcription and the choice of initiation sites
on RNA polymerase II transcription units (12). A G+C-rich

element (USE I) found upstream of most H1 genes (11, 42) is
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located at —100 bp. Another Hl-specific sequence,
AAACACA (USE 1I), is seen in its characteristic position
(—137). What is somewhat novel is that a portion of this
sequence, AACAC, is repeated twice more upstream with an
11-nucleotide phasing and could conceivably allow cooper-
ative binding of a protein to the AACAC sequence. Another
sequence that might be important for the expression of the
Hl-gamma gene is ATTTTC, which is seen four times
upstream of Hl-gamma. Wu and Crothers (54) have shown
that double-stranded oligonucleotides containing the se-
quence CAAAAT have an abnormal gel mobility and thus
might be kinked or bent. The ATTTTC sequence might have
similar properties that could influence the binding of regula-
tory factors.

The pattern of expression of late H1 mRNA is similar to
that of late H2B, a core histone, but differs in some impor-
tant respects. Although the number of transcripts from both
late genes peaks at about the same point in development and
the number of Hl-gamma and H2B-L1 transcripts are ap-
proximately equal at this time, there is a twofold excess of
H1-gamma transcripts later in development.

It is likely that the relative amount of Hl-gamma mRNA
actually reflects the amount of Hl-gamma protein made
by the developing sea urchin. In Strongylocentrotus
drobachensis, a close relative of S. purpuratus, and in
Arbacia punctulata, the ratio of histone H1 to histone H2B
rises during development (13a, 17a). In Urechis caupo,
another marine invertebrate, and in the clam Spisula solidis-
sima, the histone H1-to-core histone ratio rises as develop-
ment proceeds, and this accumulation is due to an increase
in the relative abundance of histone H1 mRNA (14-17).
Hl-gamma might be needed in greater than equimolar
amounts to replace Hl-alpha in chromatin. H1 proteins have
been observed to exchange rapidly in chromatin (30). This
would facilitate the replacement of Hl-alpha by Hl-gamma
in chromatin.

Approximately 3,900 H1-gamma transcripts were detected
in the unfertilized egg. This is 5% of the amount of H1-alpha
mRNA in the egg (32). Previous efforts by Arceci et al. (3) to
detect late H1 mRNA in the unfertilized egg by in vitro
translation were unsuccessful. They estimated their detec-
tion sensitivity to be 1% of the amount of Hl-alpha mRNA.
Predictions of the secondary structure of the Hl-gamma
mRNA indicate a potential stem-loop structure (AG = —50)
near the start of the coding region (Fig. 7). Such a structure
might inhibit the in vitro translation of Hl-gamma mRNA.
Hl-alpha does not contain an analogous structure. The
finding of late H1 mRNA, as well as mRNA for the late core
histones (27), in the unfertilized egg indicates that the term
switch is inappropriate in describing the molecular mecha-
nism underlying the expression of these genes. In light of

c ¢
cC A 6 ¢
Lys-10 AC C U AY c v
5'-GAAGGCCC--GUGU-UGC ACC ACC UC-CUCC--CAG GGUGGU G
PEORDEDREDORDRDoEonnonnnnonironno
3'~CUACCGGA CACG ACU-UGG-UGG-AG GAGG GUC--CCGCCA ¢
e U TV c ¢
u e

AG = -53.1

FIG. 7. Potential secondary structure at the 5’ end of Hl-gamma
mRNA. The region of Hl-gamma mRNA with the highest predicted
stability is shown. Lys-10 (codon AAG) is the lysine residue at
position 10 in the predicted amino acid sequence of Hl-gamma.
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observation of late histone mRNA in the unfertilized egg, the
term modulation might better describe the differential utili-
zation of members of this multigene family.
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