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Abstract. SpHox8is the paralog group 8Hox gene of
Strongylocentrotus purpuratus.This identification fol-
lows from an analysis of the sequence of the complete
open reading frame of a late-gastrula-stage cDNA clone;
from direct linkage to adjacentHox genes in a fosmid
contig; and from blot hybridizations carried out on pulse
field gel electrophoretic separations.SpHox8is a single-
copy gene, and there is only oneHox gene cluster per
genome inS. purpuratus.
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Introduction

The Hox genes of echinoderms are of particular interest
in both evolutionary and developmental senses. Morpho-
logical analyses indicate that echinoderms are the deu-
terostome sister group of hemichordates plus chordates
(e.g., Peterson 1995). Current evidence indicates that in
contrast to vertebrates, in ascidians (Katsuyama et al.
1995; Di Gregorio et al. 1995), in a cephalochordate
(Garcia-Ferna`ndez and Holland 1994), and possibly in a
hemichordate (Pendleton et al. 1993) there is only one
Hox gene cluster. Arthropods also have only oneHox
gene cluster, and the same is therefore expected of the
echinoderms as well. There is, indeed, some evidence
that echinoderms have a singleHox gene cluster, based
on lack of significant variation in the sequences of frag-
ments that include each of theHoxgene homeoboxes and

based on the observation of a single large restriction
fragment resolved by pulse field gel electrophoresis that
reacts with several differentHox gene homeobox probes
(Popodi et al. 1996). Many individual homeobox se-
quences that are apparently derived fromHoxgenes have
been reported from several different echinoid species
(Dolecki et al. 1986; DiBernardo et al. 1994; Ruddle et
al. 1994; Popodi et al. 1996).

Here we describe the complete sequence of the open
reading frame of a gene we identify as the paralog group
8 Hox gene ofStrongylocentrotus purpuratus.A frag-
ment of this gene including the homeobox was originally
isolated fromTripneustes gratillaby Dolecki et al.
(1986), who named it ‘‘TgHbox1.’’ This probe was used
to isolate a genomic fragment of the same gene fromS.
purpuratus,with which Hbox1expression could be stud-
ied by in situ hybridization (Angerer et al. 1989). Late in
the pluteus stage,Hbox1transcripts were found localized
to the vertex of the aboral ectoderm, i.e., in the progeny
of a specific aboral ectoderm founder cell, VA (Cameron
et al. 1987), although earlier they have a more wide-
spread distribution. The functional meaning of this ex-
pression pattern is so far unknown. In the following we
present an analysis of the sequence of a cDNA encoding
the complete Hbox1 protein and of its linkage within the
single S. purpuratus Hoxgene cluster. The combined
evidence indicates that this cDNA represents an mRNA
produced by theS. purpuratus Hox8gene (SpHox8).

Materials and Methods

PCR Primers.Two oligonucleotides (CT77 and CT78) representing
well-conserved, canonical sequences present in Antp-class homeodo-
mains were used to amplify homeobox fragments from theS. purpu-Correspondence to:E.H. Davidson
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ratus genome. A third oligonucleotide (HBO-T) represents the 38 ter-
minal primer for reverse transcriptase in the construction of the cDNA
library from which theSpHox8gene described in this paper was re-
covered. The oligonucleotide CLO7 represents a specific sequence in-
side theSpHox8homeobox. Oligonucleotides are as follows (I—
inosine monophosphate):

Primers Derived from Sequence

CT77 Conserved homeodomain
peptide: LELEKEF

58CGGATCC(T/C)TIGA(A/G)
(T/C)TIGA(A/G)AA(A/G)
GA(A/G)T

CT78 Conserved homeodomain
peptide: KIWFQNRRM

58-GGAATTCATIC
(G/T)IC(G/T)(A/G)TT(T/C)
TG(A/G)AACCAIAT(T/C)T

HBO-T Cloning primer 58-GAGAGAACTAGTCTCG
AG(T)18

HBO Cloning primer 58-GAGAGAACTAGTCTC
GAG

CLO7 SpHox8 specific primer 58-GAAGAAGACGAATCGA
ACTCAGTCATCTCCTCGG

PCR Amplification and Cloning ofSpHox8Homeobox and 38 Ter-
minal Sequences. S. purpuratuscDNA was reacted with primers CT77
and CT78 and subjected to reverse transcriptase PCR. Three micro-
grams of RNA fromS. purpuratus50-h embryos (late gastrula stage)
supported the first-strand cDNA synthesis, using M-MLV reverse tran-
scriptase, and the oligonucleotide HBO-T as a primer. Amplification of
Hox-class homeobox fragments from this cDNA was accomplished by
using the degenerate oligonucleotides CT77 and CT78. We performed
35 PCR cycles at 94°C, 1 min; 40°C, 1.5 min; 72°C, 2 min; plus a final
extension of 20 min at 72°C. The homeobox products were gel purified
and subcloned into the pCR vector (Invitrogen). To obtain adjacent 38

sequences of this gene, 3mg of poly(A) RNA from 50-hS. purpuratus
embryos were transcribed to cDNA with M-MLV reverse transcriptase,
using oligonucleotide HBO-T as primer. The 38 region ofSpHox8was
amplified from this cDNA by PCR, using the oligonucleotides HBO
and CLO7 as primers. Amplification was accomplished in 35 cycles at
94°C, 1 min; 50°C, 1.5 min; 72°C, 3 min; with a final extension of 20
min at 72°C. The sample was displayed by electrophoresis on a 1%
agarose gel and then transferred to a nylon filter (Hybond N, Amer-
sham). To detect homeobox-containing fragments, oligonucleotide
CT78 was labeled at the 58 terminus with T4 kinase and used as a
probe. Positive fragments were eluted from a preparative gel and
cloned into the vector pGEM-T (Promega). After purification these
clones were sequenced with a Sequenase kit (USB).

Isolation of cDNA Clones.A riboprobe prepared from clone
pH1UT (see Fig. 1A) was used as a probe to screen a 50-h gastrula-
stage embryo cDNA library constructed in thelZAPII vector (Strata-
gene). Hybridization of filters containing a total of 3 × 105 clones was
carried out for 16 h at 42°C in 50 mM Tris-HCl, pH 7.5; 0.1% sodium
pyrophosphate; 1% SDS; 1× Denhardt’s solution; 5× SSPE, 50% form-
amide; 100mg/ml denatured salmon sperm DNA; and 10mg/ml yeast
RNA. The filters were washed to a criterion of 0.2× SSC; 0.2% SDS,
at 65°C. SSPE is 0.18M NaCl, 10 mM NaH2PO4, pH 7.4, 10 mM

EDTA, pH 7.4; and SSC is 0.15M NaCl, 0.015M Na citrate, pH 7.0.
Positive cDNA clones were rescued in Bluescript SK (+). The longest
clone, pH1.8 (see Fig. 1A), was sequenced by the exonuclease III
deletion method, using an ABI 373 automated sequencer.

Genome Blot and RNA Gel Blot Hybridization.For genome blot
hybridizations samples of 10mg of genomic DNA derived from sperm
of three different individuals were digested to completion with the
enzymeEcoRI. Following electrophoresis in a 1% agarose gel the
samples were transferred by blotting overnight to a nylon filter (Hy-
bond N, Amersham). The filter was hybridized using the insert of the

subclone pH1.8–3 as a probe (see Fig. 1). The probe was labeled by
random priming. Hybridization was carried out at 65°C in a buffer
containing 5× SSC, 5× Denhardt’s, 0.1% SDS, and 100mg/ml dena-
tured salmon sperm DNA. After hybridization, the membrane was
washed to a final criterion of 0.2× SSC, 0.2% SDS at 65°C.

For RNA gel blot hybridizations, 1mg of poly(A) RNA was frac-
tionated by electrophoresis on a 1% agarose-formaldehyde gel and then
transferred overnight to a nylon membrane (Hybond N, Amersham).
The membrane was hybridized with the same probe as above and under
the same conditions. The membranes were washed to a final criterion
condition of 0.2× SSC, 0.2% SDS at 67°C.

Pulse Field Gel Electrophoresis ofS. purpuratusDNA. Sperm
cells were obtained by electrical stimulation of adult male sea urchins.
Cells were collected in sterile tubes and diluted to 2 × 108 cells/ml in
filtered seawater. An equal volume of 2% low-melting InCert agarose
(FMC BioProducts) dissolved in the same buffer was added, and after
mixing poured in 10-ml-volume methacrylate molds and left on ice
until a hard plug was obtained. The embedded cells were lysed and
protein digested by incubation for 24 h at 50°C in 0.5M EDTA, pH 8.0,
1% lauryl sarcosine, 5 mM DTT, and 2 mg/ml proteinase K (Birren and
Lai 1993). The DNA was then digested with appropriate enzymes and
run for 20 h in a 1% SeaKem LE agarose gel (FMC BioProducts) at
14°C using 0.5× TBE buffer. TBE is 0.089M Tris-borate, 0.089M boric

Fig. 1. Map of cDNA clone and probes, and gel blot hybridizations.
A Restriction map of cDNA clone pH1.8. Theblack boxrepresents the
homeodomain. Clone pH1UT was generated by PCR as described in
text and pH1.8–3 is a subclone (see Materials and Methods for details).
B Genome blot hybridizations. DNA from sperm of three different
individuals was digested with the enzymeEcoRI, electrophoresed on a
1% agarose gel, and transferred to a Hybond N filter. The filter was
hybridized with32P-labeled pH1.8–3 probe. The gel ran slightly faster
on one side than the other and all three top bands are the same size.C
RNA gel blot hybridization. Poly(A) RNA from 50-hS. purpuratus
embryos was electrophoresed on a 1% agarose/formaldehyde gel and
transferred to a Hybond N filter. The filter was then hybridized with a
32P-labeled pH1.8–3 probe.
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acid, 0.002M EDTA. Electrophoresis was performed using the CHEF-
DRIII System (BioRad Laboratories) at 6 V/cm and with a 75-s pulse.
Following electrophoresis, DNA was transferred to nylon filters using
conventional methods (Sambrook et al. 1989) and then hybridized us-
ing gene-specific probes as described above for genome blots.

Results and Discussion

Isolation of cDNA Clones

A cDNA clone encoding the complete open reading
frame of the gene we identify below asSpHox8was
isolated in three successive stages, as described in detail
in Materials and Methods. Briefly, RT-PCR was first
carried out on 50-h (late gastrula) poly(A) RNA, using
canonical Antp-classHox homeobox primers. The se-
quence of one of the PCR products obtained revealed it
to include a homeobox identical to that ofTgHbox1
(Dolecki et al. 1986; Angerer et al. 1989). To obtain a
probe that would identity transcripts of this gene exclu-
sively, we next cloned a DNA fragment that was ampli-
fied by PCR between a primer specific to theHbox1
sequence and a sequence tag introduced in the primer at
the 38 terminus of a cDNA preparation (RACE protocol).
This probe was cloned and it was used in turn to screen
a 50-h cDNA library. We selected the longest of 15
positive clones, clone pH1.8, which, as indicated in Fig.
1A, carries a 5-kb insert. Genome and RNA blot hybrid-
izations were carried out, using as probe a subclone,
pH1.8–3. As shown in Fig. 1A, pH1.8–3 includes only
sequences outside the homeobox, thereby reducing the
possibility of cross-reaction with other homeobox-
containing genes.

The gene represented by clone pH1.8 is clearly single
copy, as was also concluded for the genomicSpHbox1
fragment isolated by Angerer et al. (1989). Figure 1B
shows the results of genome blot hybridizations carried
out with three different individual sea urchin DNAs. In-
dividual 1 is homozygous (AA), while individual 2 is
heterozygous, sharing one allele with individual 1 (AB).
Individual 3 is also heterozygous, sharing allele (A) with
the other individuals, but displaying a different second
allele (AC). The RNA gel blot shown in Fig. 1C indi-
cates a single 6-kb transcript in 50-h embryo RNA, as
reported earlier by Angerer et al. (1989) for theirHbox1
probe.

Structure of the Implied Protein and its
Sequence Relationships

The entire coding sequence of cDNA clone pH1.8 is
shown in Fig. 2A. The ATG assigned as the translation
initiation codon is the first that is in-frame with the se-
quence encoding the homeodomain and that is not fol-
lowed shortly by stop codons. The immediately preced-
ing sequence conforms well with the Kozak (1986)

consensus sequence for translation initiation. The open
reading frame codes for a protein of 308 residues. Sev-
eral features of the sequence are highlighted in Fig. 2A.
At the N-terminus of the protein there is a ten-amino-
acid sequence element shown (boxed in Fig. 2A; see Fig.
2B), which is very similar to the equivalent regions of
chordate HOX proteins belonging to paralog groups 5–8.
This comparison is shown in Fig. 3A. The orthologous
Drosophila genes share only a few residues in this re-
gion, and no function has been described for the se-
quences listed in Fig. 3B for any metazoanHox gene.

As indicated in the diagram shown in Fig. 2B, fol-
lowing the conserved N-terminal peptide there is a re-
gion in which serine (26%), proline (11%), and threonine
(9%) are highly represented. Ser/Pro/Trh-rich sequences
are found in the activation domains of several transcrip-
tion factors (Gavis and Hogness 1991; Carman and Mon-
roe 1995; Radtke et al. 1995). Gavis and Hogness (1991)
demonstrated that Ser residues in the N-terminal region
of the Drosophila UBX protein are phosphorylated in
vivo, and they suggest that phosphorylation could create
an acid domain or an amphipathica-helix (Ptashne
1988), which might accelerate the interactions of these
proteins with the basal transcription apparatus.

The predicted amino acid sequence also contains a
highly conserved hexapeptide (GYPWMP; boxed in Fig.
2A), which has been found in most HOX proteins (Ma-
vilio et al. 1986). Chang et al. (1995) showed that this
sequence promotes cooperative binding of HOX proteins
to target DNA by interactions with members of the Pbx
family of homeodomain proteins. Twelve amino acids
downstream of the hexapeptide is located the putative
DNA-binding domain of the protein, i.e., the homeodo-
main (underlined in Fig. 2A; see Fig. 2B). This ho-
meodomain obviously belongs to the HOX class of ho-
meodomain proteins.

In Fig. 3B the homeodomain sequence of clone
pH1.8, which as noted above is identical to that earlier
termed Hbox1 (Dolecki et al. 1986; Angerer et al. 1989),
is compared with mouse, amphioxus (Branchiostoma
floridae), and hemichordate (Saccoglossus kowalevskii)
Hox gene homeoboxes of paralog groups 5–9. The
pH1.8/Hbox1sequence is >80% identical will all of the
group 5–8 sequences, although significantly less so with
the paralog group 9 sequence. However, in the diagnostic
region at the N-terminal end of the homeobox the se-
quence differs more from the group 5 sequences than
from the group 6–8 sequences. But neither this compari-
son nor that shown in Fig. 3A suffices to indicate un-
equivocally whether the pH1.8/SpHox8sequence is to be
assigned to paralog group 6, 7, or 8.

Assignment to Paralog Group 8

We have isolated a contig consisting of three genomic
clones (fosmids) that overlap, each of which bears a
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single Hox gene (data not shown). The homeobox se-
quences of these threeHox genes, like that of pH1.8/
Hbox1,can all be assigned to paralog groups 6–8, as will
be presented elsewhere. The temporary laboratory names
of the other two genes areSpHbox3andSpHbox6,and
they are linked in the fosmid contig so thatSpHbox6is in
the middle. With respect to the ‘‘anterior’’ end of the
Hoxgene cluster, the order of these genes could be either
3-6-1 or 1-6-3 (where left denotes ‘‘anterior’’). The order
is shown to be 3-6-1 by the experiment reproduced in
Fig. 4.

Sperm DNA was digested with appropriate enzymes
under conditions producing very large fragments. These
were resolved by pulse field gel electrophoresis and blot-
ted with probes specific for variousHox gene ho-
meoboxes (see Materials and Methods and legend). Fig-

ure 4A shows a blot reacted with a probe for a gene
assigned by sequence to paralog group 4 or 5 (PG 4/5
gene). TheBscpI digest displays a reactive band that is
only about 35 kb in length (leftward arrow). Figure 4B
shows that theSpHbox3probe also reacts with this same
band (as well as with several larger bands that also dis-
play reaction in Fig. 4A). However,SpHbox1reacts only
with different BscpI bands, as illustrated in Fig. 4C.
Therefore, the order is either (‘‘anterior’’) 4/5-3-6-1 or
(‘‘anterior’’) 1-6-3-4/5. The latter is of course excluded
since all three of the genes in question, i.e., Hbox1, 3,
and 6, belong to groups 6–8, which cannot lie on the
‘‘anterior’’ side of the PG4/5 gene. We conclude that the
orientation of the cluster is paralog group 4/5-SpHbox3-
SpHbox6-SpHbox1.This placesSpHbox1at the ‘‘poste-
rior’’ end of our set of three linked paralog group 6–8

Fig. 2. A Nucleotide and translated
amino acid sequences of clone pH1.8
(i.e., SpHox8). The homeobox is
underlined.Conserved N-terminal
and hexapeptide sequences are
boxed.The nucleotide sequence
reported here will appear in the
DDBJ, EMBL, and GenBank
nucleotide sequence data bases with
the accession number D85419.B
Structure of encoded protein. The
coding region can be subdivided into
four domains: N-terminal conserved
sequence (box with horizontal lines);
Ser/Pro-rich domain (dotted box);
conserved hexapeptide (Hex,solid
box); and homeobox (Hbox,
hatched).
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Fig. 3. Comparisons between elements of the pH1.8/Hox8 protein
sequence and equivalent regions of variousHox/HOM-Cgenes.A
N-terminal peptides. The decapeptide with which the protein encoded by
pH 1.8 begins is shown at the top, and aligned with it are the
corresponding N-terminal peptides of mouseHox genes. At the bottom are
the N-terminal peptides of the three relevantDrosophila HOM-Cgenes.
PG denotes paralog group.B Alignment of the pH1.8/Hox8 homeobox
sequence with homeoboxes of hemichordate, amphioxus, and mouseHox
genes belonging to paralog groups 5–9. Only fragments of the
hemichordate homeobox sequence are available (Pendleton et al. 1993).
Amphioxus sequences are from Garcia-Fernandez and Holland (1994), and
the mouse andDrosophilasequences are taken from Gehring et al.
(1994). Sequences of theDrosophila Antp, Ubx,andAbdAgenes are also
shown.Dashesindicate amino acid identities, and percent identity overall
is listed in theright-hand column.
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Hox genes. On this basisSpHbox1is the paralog group 8
gene of S. purpuratus.This conclusion might require
modification if there are more than three genes in theS.
purpuratusgenome in the paralog group 6–8 cluster, but
our unpublished mapping and linkage data render this a
very unlikely possibility. We note that on an entirely
independent basis, in a phylogenetic sequence analysis,
Popodi et al. (1996) hypothesized that theHbox1gene is
to be assigned to paralog group 8. We henceforth refer to
theS. purpuratusgene encoded by clone pH1.8, and that
previously designatedSpHbox1,as SpHox8.It follows
that the gene formerly known asSpHbox6is probably the
SpHox7gene (not included in Fig. 4), and the gene for-
merly known asSpHbox3is probably theSpHox6gene.

SpHox8 Is Linked Within a Large, Single-Copy
Hox Gene Cluster

Figure 4C and D shows thatSpHox8is also linked to a
paralog group 9 gene (rightward arrow). The same frag-
ment reacts with the paralog group 4/5 gene, as shown in
Fig. 4A. Therefore, this fragment, about 400 kb in length,
includes a cluster of at least fiveHox genes. An impor-
tant additional conclusion from Fig. 4 is that this cluster
occurs only once per haploid genome. Of all the bands
shown in Fig. 4(A–D), 18 appear to be homozygous for
sequence within the two terminal restriction sites and
eight are heterozygous at least one site. This is typical
and expected for a single-copy sequence element termi-
nated by restriction sites, given the 4–5% sequence poly-

morphism of theS. purpuratusgenome (Britten et al.
1978; R.A. Cameron, unpublished data). The large num-
ber of single, i.e., homozygous, bands precludes the pos-
sibility that there is more than oneHox gene cluster.

In summary, we have identified the paralog group 8
Hox gene of theS. purpuratus Hoxgene cluster, dem-
onstrated its linkage to otherHox genes, and determined
the complete open reading frame. This information will
now permit a detailed exploration ofSpHox8function in
echinoid development.
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