importance of this conserved intron se-
quence has been demonstrated genetically;
mutations at positions 1, 2, and 5 signifi-
cantly impair splicing (22) (mutations at
position 4 have not been tested). Further-
more, while few mammalian 5’ junctions fit
their consensus perfectly (23), Zhuang and
Weiner demonstrated that increasing the
degree of complementarity from 5 to 6 bp
(of 9 bp possible) between Ul and a mam-
malian 5’ splice site resulted in more effi-
cient use of that junction (3).

On the other hand, perfect (nine out of
nine) complementarity may be detrimental
to optimal splicing efficiency. It is also possi-
ble that position 4 of the intron is not
needed to form a canonical base pair with
snR19, but may be involved in a separate
recognition event. In addition, there may be
a structural requirement for a U at position
5 (and 10) of snR19, perhaps for tertiary
interactions. Construction of mutations in
conserved sequences of snR19 should pro-
vide a genetic test of their function. More-
over, making the complementary changes in
the intron will allow us to assess the specific
contribution of Watson-Crick complemen-
tarity to 5’ splice junction recognition by
snR19.
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A Sea Urchin Gene Encodes a Polypeptide
Homologous to Epidermal Growth Factor

DEBORAH A. HURSH, MARY E. ANDREWS, RUDOLF A. RAFF

A sea urchin DNA clone complementary to an embryonic messenger RNA whose
protein product bears striking homology to the epidermal growth factor family of
proteins has been identified and characterized. The structure of the protein is similar to
that of previously identified regulatory genes in Drosophila and Caenorhabditis. RNA
gel blot hybridization showed a unique temporal pattern of expression of this gene
during embryogenesis and transcript enrichment in the embryonic ectoderm. These

results

that this member of the epidermal growth factor gene family plays a

role in early development decisions in sea urchin embryos.

HE EPIDERMAL GROWTH FACTOR

(EGF) family represents a rapidly

expanding collection of proteins that
have a variety of cellular functions, including
differentiation, cell proliferation, and neo-
plastic transformation (I). Recently, the
products of two developmental switch
genes, the motch gene of Drosophila (2, 3) and
the lin 12 gene of Caenorhabditis elegans (4),
were shown to be members of this gene
family, heretofore thought to be exclusively
mammalian. Our isolation of a complemen-
tary DNA (cDNA) clone encoding a protein
resembling the products of these two genes
suggests that the EGF peptide domain is
widely used in metazoan development.

We isolated a 1.5-kb cDNA clone, uEGF-
1, during a screen for cell lineage—specific
genes in the sea urchin Strongylocentrotus
purpuratus. This cDNA clone recognizes

transcripts of 3.0 kb and 4.0 kb on RNA gel

blots and is preferentially expressed in em-
bryonic ectoderm, as determined by cell
fractionation techniques (5, 6) (Fig. 1).
The sequence of this cDNA revealed a
long open reading frame (ORF) of 1447

Institute for Molecular and Cellular Biology, Depart-
ment of Biology, Indiana University, Bloomington, Indi-
ana 47405.

nucleotides ending with three in-frame stop
codons (Fig. 2). Codon bias for this reading
frame agrees with that of other sea urchin
ORFs (7). A search of the Protein Informa-
tion Resource (PIR) database by means of
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Fig. 1. RNA gel blot analysis of embryonic
tissues. (@) Mesenchyme blastula embryos (27
hours) were fractionated into mesenchyme (M)
and ectoderm (E) (5). (b) Early pluteus-stage
embryos (68 hours) were fractioned into a mesen-
chyme-endoderm fraction (N) and ectoderm (E)
(6). Total RNA was extracted from each fraction,
electrophoresed in formaldehyde gels, and trans-
ferred to nitrocellulose. Ten micrograms of RNA
was loaded from each fraction. Gels were stained
with ethidium to monitor concentration. RNA
extractions, blots, and hybridizations were as de-
scribed (26).
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the algorithm of Lipman and Pearson (8)
indicated strong homology to EGF and
other EGF-related proteins. The homology
is restricted to an approximately 38—amino
acid cysteine-rich repear common to these
proteins. The characteristic feature of this
repeat consists of the distribution of six
cysteine  residues in  the  pattern
CX4CXsCXgCXCXCXg (2). One such re-
peat comprises most of the mature EGF
polypeptide and is repeated nine more times
in the EGF precursor (9).

Other members of the EGF family con-
tain variable numbers of this repeat. Vaccin-
ia virus protein 19 (VVGF) (10), transform-
ing growth factor-a (TGF-a) (I11), and
tissue-type plasminogen activator (tPA)
(12) each contain one copy, while the mam-
malian clotting factors IX and X have two
(13, 14), the low-density lipoprotein recep-
tor (LDLR) has three (15), and the notch
gene product has 36 (2).

Figure 2 shows the nucleotide sequence
of uEGF-1 with its predicted protein se-
quence. The 1100 nucleotides nearest the 5
end encode nine 38—amino acid repeats of
the EGF-like motif. In addition we have
identified one potential site of N-linked
glycosylation (Asn-Tyr-Ser) at nucleotide
position 803. There are no obvious sites of
proteolytic cleavage surrounding any of the
repeats, unlike the situation in EGF (9) or
TGF-a (11). Within uEGF-1 the repeat
structure is highly conserved, the spacing of
the cysteine residues being identical in all
nine sequenced uEGF-1 repeats. The identi-
ties of most of the other repeat residues are
also highly conserved. Figure 3 shows the
alignment of the nine repeats of uEGF-1. It
appears that only three positions in the 38—
amino acid repeat readily tolerate amino
acid substitutions. Overall, very little varia-
tion exists among the cysteine repeats of the
uEGF-1 protein.

A comparison of the cysteine repeat of
uEGEF-1 with those of other members of the
EGF family is shown in Fig. 4. The register
of the cysteines in the uEGF-1 repeat is
most homologous to #otch and coagulation
factors IX and X, although amino acid simi-
larities between uEGF-1 and all the listed
members can be seen. The similarity to
coagulation factors extends to the position-
ing of the repeats with respect to one anoth-
er. Two recently reported sequences of the
blood coagulation factors thrombomodulin
(16) and protein S (17) contain short tan-
dem repeats of the EGF-like domain. Unin-
terrupted tandem repetition is not seen in
any other members of the EGF family from
vertebrates, and resembles the structure of
the cysteine repeats found in notch, lin 12,
and uEGF. The members of the EGF family
found in invertebrates form a distinct sub-
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Fig. 2. Nucleotide sequence and pre-
dicted amino acid sequence of the
uEGF-1 ¢cDNA. Nucleotides are num-
bered above the sequence. A single
asterisk denotes each ten amino acids.
The termination codons are indicated
by a hyphen. The nine repeated units
of the EGF-like domain are under-
lined. A potential N-linked glycosyla-
tion site is indicated by the dashed box.
The region of 110 residues rich in
serines and threonines to which O-
linked sugars could be attached is indi-
cated with boxes surrounding those
residues. The single letter amino acid
codes used are: A, alanine; R, arginine;
N, asparagine; D, aspartic acid; C,
cysteine; Q, glutamine; E, glutamic
acid; G, glycine; H, histidine; I, isoleu-
cine; K, lysine; L, leucine; M, methio-
nine; F, phenylalanine; P, proline; S,
serine; T, threonine; W, tryptophan;
Y, tyrosine; and V, valine. The uEGF-
1 ¢cDNA clone was isolated from a
Agtll mesenchyme blastula cDNA li-
brary by standard protocols. The probe
was a cDNA obtained by a differential
screen designed to isolate transcripts
restricted to the embryonic lineages of
the sea urchin (3I). The uEGF-1
¢DNA clone was subcloned into M13
(32) for sequencing by the dideoxy
chain termination method (33, 34) as
modified by Biggin ez al. (35). Se-
quences were analyzed by use of the
Pustell programs (International Bio-
technologies, New Haven, Connecti-
cut).
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* * * * * *

ATC GCA CCT CAG CCC GAT GCA TAG GCA ATT TAA CTA CAT TAA TAT TGT AAC ATG AAT
I A P Q P D A - - -
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group, as judged by the lengths of tandemly
repeated EGF-like domains. The notch gene
contains 36 repeats, /in 12 contains 11, and
a partial sequence of a longer uEGF cDNA
clone indicates that it repeats this pattern for
at least another 1 kb, suggesting that the
uEGF protein may contain a minimum of
18 contiguous repeats. In comparison with
notch and lin 12, however, the uEGF-1
repeats are more rigidly conserved. Each
uEGF-1 repeat contains exactly 38 amino
acids. Furthermore, the register of the six
cysteines within the repeat remains perfect
throughout the nine sequenced repeats, un-
like the situation in norch and lin 12. Similar-
ly the uEGF-1 repeats are less divergent in

Repeat 1 26 |C

Repeat 2 138 JC{e NN D D E|C|S S I P|C
Repeat 3 252 [CfAD N I D EJCJA S A P|C
Repeat 4 366 JCJE T D 1 D EJCJA R P P]C
Hepeatsbao cClJe NN 1 DEJCJA S R D]C
Repeat 6 594 Jcle T 0 1 D Efc)as A PC
Repeat 7 708 Jcje T N 1 D Efc]a s D Pfc
Repeat 8 822 JCJE 1 s L D AJCJR S N P|C
Repeat 9 936 |CJE I D I N EJCJA S L PJC

Consensus

CEXIJNI1DECASXPC

the noncysteine residues. The basis of such
constraint is unclear, although Stenflo ¢t al.
(18) suggested that the post-translational
hydroxylation of aspartic acid and aspara-
gine residues within the EGF-like repeat of
various plasma proteins may require a spe-
cific cysteine register and the conservation of
particular amino acids around the hydroxyl-
ated residues. Figure 3 shows that uEGF-1
contains many conserved aspartic acid and
asparagine residues that might be sites for
hydroxylation.

The 120 amino acids at the carboxyl
terminal of the uEGF-1 ORF represent a
distinct domain of the protein. This region
is rich in threonine; 45% of the threonine

DG I NGY T|C|S|C
N A

N G

NG
NGY IJCJAJCJVP G F TGS N
NG F vjclejcjp P NY S G
ADY VICJEJCJV P G Y AG

AG

Y TiCJQICjR L G Y | G

F
XICVDGXINGYVCXCXPGY XGXN

Fig. 3. Alignment of repeated sequence within uEGF-1. The cysteine repeat register is indicated by
heavy bars surrounding those residues. Invariant noncysteine amino acids are shaded. A consensus
sequence is presented at the bottom and is based on the presence of an amino acid in =50% of the
sequenced repeats. Boxed X’s indicate substitutions limited to nonpolar amino acids. X’s without boxes
indicate nonconservative substitution at that position. The numbers at the beginning of each repeat

indicate the first nucleotide of that repeat.

UuEGF-1 123 --=-AR
notch 215 ---Qs
lin 12 327 KSSLSENLJC}---1LS
EGF 2 LSHDGY
human
EGF prec. 1lcle - -
mouse 36 ATQNHG
Plasmin ACT 79)clHsvevksfc]---sEPT
human
Factor IX 45
bovine
Factor X 71
human
LDL recept.
human 353

Fig. 4. Alignment of uEGF-1 with other EGF-like proteins. With the exception of notch and lin 12, all
protein sequences depicted were obtained by searching the PIR database (fastP program) with the
fourth repeat of uEGF-1. The fourth repeat was chosen as a representative repeat to avoid using
unspecified amino acids in the analysis. A #otch repeat was also chosen because of its similarity to the
notch consensus (2). The lin 12 repeat used here was the repeat analyzed (4). Hyphens indicate gaps
introduced to maximize homology. Cysteines are indicated with heavy bars. Amino acids which occur in
=50% of the sequences are shaded. Numbers at the beginning of every sequence indicate the number of
that amino acid residue within the total protein sequence.
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residues of the predicted uEGF-1 protein
appear in this second domain, which com-
prises only 25% of the ORF. The threonine
residues are found in clusters of two or
more, often interspersed with serine resi-
dues. Clusters such as this are thought to be
sites of O-linked glycosylation (13, 19). A
scan of the PIR database with this domain
of uEGF-1 did not reveal any significant
homologies to known proteins.

The members of the EGF family are
thought to execute their function extracellu-
larly either as membrane-bound proteins
(EGF, TGF-a, VVGF, LDLR, and notch)
or as secreted proteins (factor X and mature
EGF). A computer-aided analysis of uEGF-
1, in which the hydropathy algorithm of
Kyte and Doolittle (20) was performed by
the programs of Pustell (International Bio-
technologies), does not reveal a classic trans-
membrane domain as defined by those
workers. Because we do not have complete
cDNA clones for the uEGF-1 protein, we
do not know whether the uEGF protein
contains a signal sequence. The presence of
so many potential O-linked glycosylation
sites clustered in a discrete region is sugges-
tive of an extracellular protein, but the cellu-
lar location of uEGF is currently unknown.

The temporal pattern of expression of
transcripts  recognized by the uEGF-1
cDNA clone is consistent with a function
during early sea urchin development, a time
when cell fates are known to be assigned
(21). Figure 5a represents an RNA gel blot
of staged embryonic RNAs probed with the
uEGF-1 cDNA clone. Restriction fragments
from all portions of the clone recognize both
the 3.0- and the 4.0-kb transcripts. Whether
these transcripts emanate from different
genes or are alternatively spliced messages
from a single gene cannot be determined at
present. Figure 5b shows a quantitation of
the RNA gel blot data. The transcripts
recognized by uEGF-1 are at their highest
level in the unfertilized egg, decline in preva-
lence during early cleavage, and increase in
prevalence at the blastula stage before taper-
ing off after gastrulation. This is an unusual
transcript accumulation pattern for a sea
urchin messenger RNA (mRNA). Studies
of randomly chosen ¢cDNAs have shown
that many prevalent messages accumulate
early, decay, and are replaced later in devel-
opment (22), but none have been reported
to do so within the first 6 hours of develop-
ment. The rate of transcription per cell in sea
urchins is virrually unchanged throughout
embryogenesis (23). Thus uEGF transcript
accumulation cannot be explained by
changes in the transcriptional ability of zy-
gotic nuclei, as would be the case in Xenopus
or Drosophila. The accumulation of histone
message is also shown in Fig. 5b. The
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Flg. 5. Time course of uEGF transcript accumula-
tion. (&) RNA gel blot analysis, carried out as
described in Fig. 1. Numbers above the lanes
indicate hours of development at 13°C. These
times represent the follo developmental
stages; 0 hours, unfertilized egg; 5.5 hours, 8-cell
stage; 6.3 hours, 16-cell stage; 10 hours, late-
cleavage stage; 14 hours, prehatching blastula; 17
hours, late-hatched blastula; 27 hours, mesen-
chyme blastula; 41 hours, early gastrula; 53
hours, late . (b) Quantification by densi-
tometry of RNA gel blot data. The ordinate
represents hours of development at 13°C. The
abscissa represents arbitrary values relative to the
maximal accumulation level. (@) The behavior of
the uEGF transcript; the results shown are the
average of two blots, one of which is shown in
(a). The dashed line represents the accumulation
of the a histones and was plotted from (36).

synthesis of histones in this embryo corre-
lates with the rate of cell division (24).
Because the second period of uEGF message
accumulation occurs after the rapid cell divi-
sions of early cleavage, we do not expect
uEGF to be operating solely as a stimulator
of cell proliferation in this system. The
transcripts of many lineage-specific genes in
sea urchins first appear at the blastula stage;
they accumulate asynchronously, but their
midpoints of accumulation all occur after
the midpoint of accumulation of the uEGF
transcript (25-27).

Some mammalian members of the EGF
family are thought to act as regulators of cell
proliferation and differentiation (1, 28). The
EGF-like molecules encoded by motch and
lin 12 are involved in the specification of
embryonic cell fates (29, 30). The behavior
of the uEGF transcript, whose accumulation
precedes known molecular indices of cell
differentiation, as well as the structural simi-
larity of the uEGF gene to other inverte-
brate binary switch genes, suggests that it

1490

too may play an important role in embryo-
genesis. Whatever its function, the existence
of this highly conserved sequence in the
echinoderms indicates that the EGF peptide
domain predates the radiation of coclomate
animals and has been retained in a number
of diverse evolutionary lineages.
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Acantharian Fluxes and Strontium to Chlorinity
Ratios in the North Pacific Ocean

R. E. BERNSTEIN, P. R. BETZER, R. A. FEELY, R. H. BYRNE,

M. F. Lams, A. F. MICHAELS

Data on particulate strontium sulfate fluxes and strontium to chlorinity ratios were
compared to provide insights into the strontium cycle of the North Pacific. Free-

sedxmenttrapswereusedtodcnvelargepameleﬂuxes between depths of 100
and 3500 meters in the eastern and western North Pacific Ocean. Flux data revealed
substantial quantities of acantharian skeletons and cysts (both made of strontium
sulfate) settling through the upper kilometer of the water column. The greatest fluxes
of celestite were detected at 400 meters. Minimal to nondetectable fluxes noted at and
below 900 meters provide evidence that by this horizon, the majority of acantharian
specimens had dissolved, thereby contributing to the pool of dissolved strontium..
Growth and subsequent dissolution of acantharians in the upper kilometer are
qualitatively consistent with the well-developed minimum and maximum strontium to

chlorinity ratios that are consistently

noted in these waters. These fluxes of particulate

strontium and model calculations for fluxes of dissolved strontium indicate that
acantharians play an important role in the ocean’s strontium budget.

THB GLOBAL OCEANIC STRONTIUM
budget may be dramatically affected
by the only marine organisms to use
Sr as a major skeletal component. These

abundant organisms, the acantharians, are
marine planktonic protists that secrete a
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