J3-crystallin of the jellyfish lens: Similarity to saposins
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J3-crystallin, one of the three major eye-lens proteins of the
cubomedusan jellyfish (Tripedalia cystophora), shows similarity to
vertebrate saposins, which are multifunctional proteins that bridge
lysosomal hydrolases to lipids and activate enzyme activity. Se-
quence alignment of deduced J3-crystallin indicates two saposin-
like motifs arranged in tandem, each containing six cysteines
characteristic of this protein family. The J3-crystallin cDNA encodes
a putative precursor analogous to vertebrate prosaposins. The
J3-crystallin gene has seven exons, with exons 2-4 encoding the
protein. Exon 3 encodes a circularly permutated saposin motif,
called a swaposin, found in plant aspartic proteases. J3-crystallin
RNA was found in the cubomedusan lens, statocyst, in bands
radiating from the pigmented region of the ocellus, in the tentacle
tip by in situ hybridization, and in the embryo and larva by reverse
transcription-PCR. Our data suggest a crystallin role for the mul-
tifunctional saposin protein family in the jellyfish lens. This finding
extends the gene sharing evolutionary strategy for lens crystallins
to the cnidarians and indicates that the putative primordial sapo-
sin/swaposin J3-crystallin reflects both the chaperone and enzyme
connections of the vertebrate crystallins.

Complex eyes with cellular lenses are scattered throughout
the animal phyla from cubomedusan jellyfish to humans.
The optical properties of the transparent lens depend on a
diverse group of water-soluble, multifunctional proteins called
crystallins, many of which are related or identical to stress
proteins or metabolic enzymes (1, 2). The a-crystallins are
small heat-shock protein/molecular chaperones (3-5), and the
B/vy-crystallins (6) are related to microbial stress-protective
proteins (7); the a- and the B/y-crystallins are present ubiq-
uitously in vertebrate lenses. By contrast, the enzyme-
crystallins are expressed selectively in different species. Crys-
tallins are critical for the optical properties of the lens and are
essentially defined by their abundance (collectively 80-90% of
the water-soluble protein) in the lens. Most, if not all, of the
crystallins also are expressed at lower amounts outside of
the lens where they have nonoptical roles. This dual function
of crystallins, which depends on their tissue location and
quantitative levels, has been called gene sharing (8, 9).

Recruitment of enzymes as lens crystallins also has occurred
in invertebrates (10). This recruitment was first shown for the
glutathione S-transferase-related S-crystallins (11, 12) and sub-
sequently for the aldehyde dehydrogenase-related ()-crystallin
(13, 14) of cephalopods. More recently, aldehyde dehydroge-
nase/Q-crystallin was shown to be the only crystallin in the
scallop eye lens (15). Except for one minor S-crystallin (16), the
multiple S-crystallins (13, 17, 18) and Q-crystallin (14, 15, 19)
seem enzymatically inactive.

Much less is known about lens crystallins of other inverte-
brates. Drosocrystallin is a secreted protein forming the trans-
parent sheath of ommatidia in the compound eye of Drosophila
(20). It is likely that drosocrystallin has an additional function,
because it is expressed in the brain as well as the ommatidia.

We have been investigating the crystallins of the cubomedusan
jellyfish. These cnidarians have remarkably well developed eyes
called ocelli that contain cellular lenses filled with J1-, J2-, and
J3-crystallin (21, 22). The three extremely similar J1-crystallins
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(23) appear homologous to a zebrafish expressed sequence tag
(Fb98a02). Here, we show that J3-crystallin appears similar to
the ubiquitous saposin family of proteins that are associated with
lysosomal storage disorders in humans (24, 25). Saposins show
homology to domains of sphingomyelinase (26) and acyloxyacyl
hydrolase (27) in humans and aspartate proteases in plants (28).
Saposins have multiple functions, including that of enhancing
lysosomal enzyme-lipid interactions by solubilizing the lipids
and/or activating the enzymes (24, 29-32). Thus, J3-crystallin of
this cnidarian reflects the enzyme- and chaperone-related evo-
lutionary pathways of the diverse crystallins of vertebrates.

Materials and Methods

Collection of Jellyfish and Rhopalia. 7. cystophora Conant (phylum
Cnidaria, class Cubozoa) cubomedusae were collected in the
mangroves of La Parguera, Puerto Rico. The rhopalia were
excised and stored at —80°C, as described earlier (22).

Sequencing of J3-Crystallin Peptides. J3-crystallin was purified
from rhopalia by SDS/PAGE; its tryptic peptides were separated
by HPLC, and three of the peptides were sequenced by Edman
degradation by the Microchemistry Facility, Biological Labora-
tories at Harvard University, as described earlier (22).

Isolation of RNA. Total RNA was extracted from 3,600 rhopalia by
homogenization in RNAzol (Tel-Test, Friendswood, TX) by
using the manufacturer’s instructions. An average of 5.3 ng of
total RNA was obtained per rhopalium. Poly(A*) RNA was
prepared by using the Dynabeads mRNA purification kit (Dynal,
Oslo, Norway).

Construction of cDNA Library. Approximately 380 ng of poly(A*)
RNA was used to make a cDNA library by using a AZAP-cDNA
synthesis and cloning kit (Stratagene). The library had a titer
of 3.5 X 10* pfu/ml and was amplified to 1.4 X 107 pfu/ml;
the average insert size was 1.53 kbp with a range from 400 bp to
1.75 kbp.

Screening and Sequencing the cDNA Library. Oligodeoxynucleotides
encoding J3-crystallin tryptic peptides using the most commonly
observed codons in humans (33) were made in forward and
reverse orientations. The forward primer (5'-gccaccatccagategt-
ggactcctecctggecatctte-3’, derived from peptide JFS3-NT53) and
the reverse primer (5'-tctcacgatgttctcacacte-3’, derived from
peptide JFS-NT12) produced a 137-bp band by reverse tran-
scription—-PCR using rhopalial RNA as template. This product
was purified by agarose-gel electrophoresis, electro-eluted, eth-
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anol-precipitated, radiolabeled by random primers, and used as
a probe to screen the cDNA library. DNA sequencing was
performed with the Sequenase kit (United States Biochemical
Corp.) and 27 primers to generate overlapping sequence data on
both strands of DNA.

Construction and Screening of Genomic Libraries. Genomic libraries
of gonadal DNAs that were digested either with EcoRI or Xbal
were constructed by using the AZAP II cloning kit (Stratagene).
The EcoRI library had a titer of 6.5 X 10° pfu/ml, and the Xbal
library had a titer of 1.2 X 10° pfu/ml. A 2.2-kbp clone (G;) was
obtained from the EcoRI library by using the 1.76-kbp J3 cDNA
as a probe. DNA clones of 4.7 kbp (G) and 7.4 kbp (G3) were
obtained from the Xbal library by using G; and the J3 cDNA as
probes, respectively.

5’ End Rapid Amplification of cDNA Ends (RACE). Total (1 ug) RNA
was subjected to 5" RACE analysis (Life Technologies, Grand
Island, NY) by using the following 3" primers derived from the
third exon of the J3-crystallin gene. GSP1 (5'-ccagcttatcgatt-
tcaagc-3') was used for the reverse transcription step; GSP2
(5'-tgaaaattgccaatgaggaa-3') and GSP3 (5'-ggatggtagctcggca-
gata-3") were used for two successive rounds of nested-PCR
amplification. The PCR products were subcloned into SrfI-
digested pCR-Script (Stratagene), screened by hybridization,
and sequenced. Ten clones were isolated with the same 5’ end,
thus extending the original cDNA by 32 bp.

Generation of 5’ End of the J3-Crystallin Gene by PCR. Genomic DNA
was used as a template to produce a clone that contained exon
1. The 5" primer was derived from the 5 RACE product
(5'-atgcttaactctgageacttc-3'); the 3’ primer was derived from the
5’ end of G; in intron 1 (5'-caacgaacgaccactatagtgaa-3'). Each
primer contained an EcoRI linker. The 2.75-kbp PCR product
was cloned into pBluescript SK— (Stratagene). Partial sequenc-
ing verified that the clone contained exon 1, intron 1, and the 3’
end of Gj.

Analysis of Protein Sequences. Multiple sequence alignment was
performed with CLUSTRALW program (available at http://
www2.ebi.ac.uk). The GenBank accession numbers of vertebrate
saposins used for alignment are AB003471 (for chicken),
AB108655 (for zebrafish), and 1360694 (for human). Secondary
structure was predicted by PHDSEC program; the percentage of
similarity/identity between J3-crystallin and saposin A, B, C,
and D of the human prosaposin precursor was determined by
BLAST (available at http://www.ncbi.nlm.nih.gov/BLAST/).

J3-Crystallin Model Building. The N- and C-terminal portions of the
J3-crystallin sequence from jellyfish were aligned with the
sequence of NK-lysin (GenBank accession no. 2392473). The
known structure of NK-lysin (ID code INKL) was taken into
account, and no insertions or deletions were introduced within
the helices of the NK-lysin. With this alignment and the NK-lysin
structure as a template, a homology model was built for each half
of J3-crystallin by using the SegMod algorithm (34) as imple-
mented in the program GENEMINE.

To demonstrate the plausibility of a disulfide bond between
Cys-38 and Cys-118, the model of the N-terminal structure was
manipulated within the program CHARMM (35) to establish the
disulfide bond. Simulated annealing was performed during
which only residues 36-39 and 114-120 were free to move.
Electrostatic interactions were approximated with a distance-
dependent dielectric and were shifted to zero at 10 A. Soft
nonbond interactions were used at short range to facilitate
conformational sampling (36). After preliminary energy mini-
mization, the model was heated to 900 K during 100 ps of
simulated molecular dynamics, during which the force constant
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of a nuclear Overhauser effect restraint between the sulfur atoms
of Cys-38 and Cys-118 was gradually increased to a maximum of
300 kcal/mol/(AA). The model then was cooled to 300 K during
150 ps of dynamics. After 10 ps of dynamics at 300 K and energy
minimization, the disulfide bond was introduced into the struc-
ture. Additional energy minimization resulted in the final N-
terminal model.

The residues in the N- and C-terminal models were then color
coded according to hydropathy (37) and rendered by using the
programs MOLSCRIPT (38) and RASTER3D (39).

In Situ Hybridization. Nonradioactive whole-mount and cryosec-
tion in situ hybridizations were performed as described (40).
Jellyfish were fixed overnight in a sea water:fixative [4% (vol/
vol) paraformaldehyde/0.6 M NaCl/150 mM phosphate buffer,
pH 7.4] mixture (1:1), transferred into ascending concentrations
of methanol, and stored in 100% methanol at —20°C. For
cryosectioning, fixed jellyfish were transferred through descend-
ing concentrations of methanol into diethyl pyrocarbonate-
treated PBS, then into 20% (wt/vol) sucrose in PBS, and, finally,
into OCT compound (Fisher Scientific). Digoxigenin probes
were generated by creating a PCR amplicon with the T7 RNA
polymerase promoter incorporated in the appropriate orienta-
tion by using partial J3- and J1A-crystallin cDNAs in pBluescript
SK— as templates. A 484-bp J3-crystallin antisense probe was
amplified with the following primers: 5'-atgagatccaccgtacatct-3’
and 5'-taatacgactcactatagtaaaactaaaggcagacggaa-3'. The 510-bp
J1A-crystallin antisense probe was amplified with the following
primers: 5'-atgtcttccgatcaagctaaa-3' and 5'-taatacgactcactatage-
gacttgttcgacgtaggagt-3'.

Results

Isolation and Characterization of J3-Crystallin ¢cDNA. The 19-kDa
polypeptide band (J3-crystallin) derived from jellyfish rhopalia
was eluted from an SDS-polyacrylamide gel, and three tryptic
peptides (boxed in Fig. 1) separated by HPLC were sequenced.
This abundant protein band has been defined as J3-crystallin by
reason of its being one of the three major protein bands present
in the isolated lenses (22). A AZAP cDNA library made from
rhopalial total RNA was screened with double-stranded oligode-
oxynucleotide probes encoding these tryptic peptides using the
preferred codon usage derived from humans (33). The 5’ end of
a positive J3-crystallin cDNA was extended 32 nucleotides by 5’
RACE (see Methods). Radioactively labeled J3-crystallin cDNA
hybridized to an ~1.7-kb RNA from rhopalia in a Northern blot,
consistent with the size of the J3-crystallin cDNA (data not
shown). The complete J3-crystallin cDNA sequence (Fig. 1) was
deposited into GenBank (accession no. AF175577).

The tryptic peptides obtained from the J3-crystallin polypep-
tide are boxed in the deduced protein sequence in Fig. 1,
confirming the identity of the cDNA. Unexpectedly, the J3-
crystallin ¢cDNA encodes a 28.6-kDa protein rather than a
19-kDa protein indicated by SDS/PAGE. As discussed below,
this discrepancy suggests that the 19-kDa J3-crystallin band is
derived by cleavage of a precursor protein. A putative atypical
polyadenylation signal is underlined in Fig. 1. The arrowheads
mark the positions of the introns in the J3-crystallin gene (see
below).

Similarity of Deduced J3-Crystallin with Saposins. Computer-
assisted analysis (http://www.ncbi.nlm.nih.gov/BLAST/)
showed that the deduced amino acid sequence of J3-crystallin
shows 25-29% identity and 43-50% similarity to saposins A-D
(Fig. 2). Saposins are a family of multifunctional glycoproteins
that bridge lysosomal enzymes and lipids and activate enzyme
activity (24, 29-32). Two tandemly arranged sets of six cysteines
in J3-crystallin can be aligned with the six cysteines required for
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701  AATTATTCGRAGGAAAGCGTCGACCARRCAGCAGAGTED COGGCARGGTGLCCTCCATG
N ¥ S K E S5 VvV D QT AETGCGTIA 2aZOGIE KUV AT S5 M P

771 CATTCCGTCTGCCTTTAGTTTTATGAGGAACTTTGTACCTARAGTATTCAGCARTCARGGGAACGA
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-
841 ATAGGATCACTCCTCARGAGRACCGCGLTGETCAGCACTGTAGCARMGTGCATCAATGAGATGGAT
911 TCAGCTCGAAGACCAAGGTCAGARAAGCCCECTCTGTTGCTGAAGCCTCTCGATGTCAGGTATGCA

981 TCTGTCCARGGGAAGTCTCCAGGECCTTGAGGTGEACGAAGARGTCAAGGGACTTACATCCAACCT

-
1051  ARARCTCTGTGACGETGTCAGTTCGGAATACGLCARGCALAGGTGCARAGTAGTTTCAGCCATCTTG

CARCCE,

1121  AACCGGAATCCATGATCGCTGACGTC, TGTTCCATAGT

CACCGGAAGT

1131 CAACGCGGCATGATCARGAGCGACGCARAGECGTGTGARATC TGCARAATGGTGGTCAAGATAGTA

1261 AGGAAGCCAACTACGTGGATAAGCTGATTGACATGATTTCCEACGAGETGAACATGATTTGCARGA

-
1331 TGEETGGECGAGGAGGCUCAAGLCGTGTGCGCARAGGTCAGCAGTGC TTTARAGARGT TRTCAGACGT

1401 ACTAARGGCATTTTC! ICTAACRACCCTGACAGT

TGCCCAACCTC TGCARAGER:

CGEGACTGETG:

1471 TAAAGCAGCTGCAGTGAAAGAGAAGATGCATTTATGCCARTACAGTACATGGARRGAGAGAGGAGT

1541 AAGTCGGTTATTTTACATTTATGTGTARGGACTARRARAGTTTGGGATATGTARGAARRCTCAGGAT

1611 ARCARRGCARACCACATCATTCGTGTCCCGTAGARTTATATCGATCTTTCTATCAACGTACAGCAT

1681 CATTTTTTGATGTAT TACCAGTGATCGETGAAGAGGTTGTGATCTGTAGTTGATTAT TCACAATTG

1751 AGAAGARAAATATAACTGAARRARRRAR

Fig. 1. <DNA and deduced protein sequences of J3-crystallin cDNA. The
arrowheads signify positions of introns (see Fig. 4). The boxed amino acid
sequences match the tryptic peptide sequences obtained from the purified
protein (JFS-NT12: ECENIVR; JFS3-NT37: DLSPGDV-AVLGY; JFS3-NT53:
ATIQIVDSSLAIF-YTELE-DKLVM). The putative polyadenylation signal is
underlined.

the structural integrity of the vertebrate saposin motifs (41).
Similarity also is seen at a number of other amino acids.

Alignment of the N- and C-terminal regions of J3-crystallin
with NK-lysin suggests that there has been an intragenic dupli-
cation (Fig. 3a). The open rectangles in Fig. 3a delineate the
regions that are a-helical in the NK-lysin structure determined
by NMR spectroscopy (41). No insertions or deletions were
permitted in these regions. Most importantly, the cysteines in
each half can be aligned with those in NK-lysin, which have been
shown by NMR spectroscopic analysis to be critical for the
saposin structural motif. The one exception is Cys-38, which is
one residue away from alignment (Fig. 3a), but is still close
enough in the three-dimensional model (Fig. 3b) to form the
disulfide bond with Cys-118.

The homology models of the first (N-terminal) and second
(C-terminal) saposin motifs of J3-crystallin were based on the
NMR-derived structure of NK-lysin. Wall-eyed stereo views of
these proposed structures provide further evidence for their
relationship to saposins (Fig. 3b). No hydrophilic residues (blue
end of the spectrum) are found in the interiors of the models;
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chicken 249 DLAIQMMMHM KDQQPEDICA
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jellyfish B& e
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chicken 337 EMEV@CYL
zebrafish 340 AVE
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chicken 3BT NKPPQQEVVV
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chicken 434 F--E 5
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chicken 482 PRLGDDARVW
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3
human 491 efiuclesfiv
SW

zebrafish 486

Fig. 2. Sequence comparison of J3-crystallin with human, chicken, and
zebrafish prosaposin. Prosaposin amino acids that are identical to those of
J3-crystallin in the alignment are highlighted in black; prosaposin residues
that are similar to those in J3-crystallin are highlighted in gray. The six
characteristic cysteines identifying the two putative saposin motifs in J3-
crystallin are indicated under the J3-crystallin sequence. The accession num-
bers of the human, chicken, and zebrafish prosaposins are given in Methods.

rather, hydrophobic residues (red end of the spectrum) form the
core of the models. These hydropathy patterns support the
alignments of J3-crystallin to NK-lysin and suggest that the
modeled structures represent a reasonable hypothesis to guide
future investigations.

SDS/PAGE of rhopalial proteins heated to 60°C indicated
that J2- and J3-crystallin are considerably more heat stable than
Jl-crystallin (23; data not shown), consistent with the heat
stability of saposin motifs (41, 42).

Isolation and Characterization of the J3-Crystallin Gene. The J3-
crystallin gene was cloned and characterized (Fig. 4a). Intron 2
divides Cys 3 and 4 of the first saposin domain, and intron 3
divides Cys 3 and 4 of the second saposin domain. This gene
structure places Cys 46 of the first saposin domain contiguously
with Cys 1-3 of the second saposin domain on exon 3, encoding
a circularly permutated swaposin similar to that in plant aspar-
tate proteases (26).

Piatigorsky et al.
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Fig.3. Evidence fortwo putative saposin motifs within J3-crystallin and their
predicted structure based on comparisons with NK-lysin. (a) Multiple sequence
alignment of N- and C-terminal parts of J3-crystallin and NK-lysin. Sequence
identities and similarities are shaded black and gray, respectively. Helices in
the NK-lysin structure (PDB ID code 1NKL) are represented as rectangles. The
alignment introduces no insertions or deletions within these helices. J3-N has
conserved five of the six cysteines that are disulfide bonded in NK-lysin; the
first one of these in J3-crystallin (Csy-38) precedes that in NK-lysin by one
residue. All six cysteines of the putative saposin motif are conserved in J3-C. (b)
Wall-eyed view of models of J3-N (Upper) and J3-C (Lower) portions of
J3-crystallin based on the 1NKL template structure. All disulfide bonds are
conserved. The a-carbon traces are colored according to hydropathy (37) with
hydrophobic and hydrophilic residues at the red and blue ends of the spec-
trum, respectively. The lack of hydrophilic residues in the modeled interiors is
evident.

A Southern hybridization blot using pooled EcoRI-digested
genomic DNAs from jellyfish gonads probed with the J3-
crystallin cDNA showed 16-, 2.2-, and 2.0-kbp bands (Fig. 4b,
lane 1). The same blot probed with G; gave only the expected
2.2-kbp band (equivalent to G1) and a 2.0-kbp band (presumably
a polymorphic G band; Fig. 4b, lane 2). G4 (Fig. 4b, lane 3) and
a synthetic exon 1 oligonucleotide probe each gave a single
7.0-kbp EcoRI band. Xbal-digested DNA gave a single 4.2-kbp
band (presumably representing G,) when probed with Gy, a
single 1.45-kbp band when probed with G4 (data not shown), and
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Fig.4. Genestructure and genomicSouthern blot analysis of J3-crystallin. (a)
The J3-crystallin gene was cloned as follows. Five identical 2.2-kbp genomic
fragments (G1) were obtained from an EcoRI genomic library by using J3-
crystallin cDNA as a probe. Next, a 4.7-kbp clone (G,) was obtained from a Xbal
genomic library by screening with G1. Partial sequencing and PCR with primers
derived from the J3-crystallin cDNA were used to identify part of exon 2 and
all of exon 3 in Gy and exons 2 and 3 in G,. Exons 4-7 were identified on a
7.4-kbp clone (G3) that was obtained from the Xbal library by screening with
three deoxyoligonucleotides (5'-gagtgcgagaacatagtgcga-3’; 5'-ctgtaattattc-
gaaggaaag-3’; 5'ctgtgcagtgctgggctact-3’) derived further downstream on
the J3-crystallin cDNA. The 5’ end of the J3-crystallin gene was determined by
cloning a PCR product using primers with EcoRl linkers on their ends. The 5’
primer was derived from the beginning of the cDNA and the 3’ primer was
derived from the 5’ end of G;. The resulting clone (G4) contained exon 1 at its
5’ end. (b) Southern blot of genomic J3-crystallin sequences. Lane 1, J3-
crystallin cDNA probe; lanes 2 and 4, G; probe; lane 3, G4 probe.

EcoRI

a single 3.4-kbp band when probed with an exon 1 synthetic
oligonucleotide (data not shown). These results suggest one
J3-crystallin gene with expected polymorphisms within the
natural jellyfish population.

Expression Patterns of the J3- and J1A-Crystallin Genes. The expres-
sion pattern of the J3-crystallin gene was explored by in situ
hybridization using an antisense (Fig. 5 a, d, g, and j) and a
control sense (Fig. 5 d, e, h, and k) riboprobe. Parallel tests were
conducted with antisense riboprobe for J1A-crystallin mRNA
(23) for comparison (Fig. 5 ¢, f, i, and /). On the whole mount
rhopalium (R in Fig. 5 a—c), staining was intense for J1A-
crystallin mRNA (Fig. 5c), but not for J3-crystallin mRNA (Fig.
Sa) on the outer surface of the lens of the large ocellus (arrow).
The in situ hybridization tests on cryosections showed that both
J3-crystallin (Fig. 5d) and J1A-crystallin (Fig. 5f) mRNAs are
expressed in the outer layers of the lens of the large ocellus, with
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Fig. 5. J3 and J1A-crystallin gene expression in adult jellyfish rhopalia and
tentacles. In situ hybridization on whole jellyfish (a—c, j~/) and cryosections
(d-i). J3-crystallin (a, d, g, j) and J1A-crystallin (c, f, i, /) antisense riboprobes;
J3-crystallin sense riboprobe (b, e, h, k). R, rhopalium; L, lens of large ocellus;
SL, lens of small ocellus. (a, b, ¢) Arrows point to the surface of the lens of the
large ocellus. (g, h, i) Arrowheads point to the tissue surrounding the lumen
of the statocyst. (g) Arrows point to the staining in the outer aspect of the
pigmented region of the ocellus. (j) Arrow points to the tip of a tentacle.

the latter being stained more intensely than the former. A
positive signal also was observed for J1A-crystallin mRNA in the
outmost layer of the lens of the small ocellus (Fig. 5f, Inset). It
is unlikely that the slight darkening of the lens of the small
ocellus for J3-crystallin mRNA (Fig. 5d, Inset) is significant
because J3-crystallin was absent from purified lenses of the small
ocellus in previous electrophoretic tests (22).

The J3- and J1-crystallin genes were differentially expressed
outside of the lens. Strong J3-crystallin (Fig. 5g, large arrow-
head) and weaker J1A-crystallin (Fig. 5i, large arrowhead)
signals were present in the tissue surrounding the lumen of the
statocyst. J3-crystallin (Fig. 5g, arrows) but not J1A-crystallin
(Fig. 5i)) mRNA appeared in equally spaced bands radiating from
the outer aspect of the pigmented region of the ocellus. Finally,
the tips of the tentacles stained for J3-crystallin (Fig. 5j, arrow)
but not J1A-crystallin (Fig. 5/) RNA. The sporadic staining
within the creases along the length of the tentacle was incon-
sistent and presumably artifact. Control tests with the J3-
crystallin sense riboprobe were negative (Fig. 5 b, e, h, and k).
Reverse transcription-PCR tests indicated that J3- and J1A-
crystallin mRNAs are expressed in the embryonic and larval
stages of development as well as in the rhopalia (data not shown),
consistent with their having a noncrystallin role outside of the
lens.

Discussion

The intensely studied vertebrate crystallins are identical or
related to stress proteins (small heat-shock proteins or microbial
stress-related proteins) or metabolic enzymes (1, 2, 43, 44).
Although much less is known about lens crystallins of inverte-
brates, their recruitment from enzymes has taken place in
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molluscs (10). S-crystallins are homologous to glutathione S-
transferase in cephalopods (squid and octopus; refs. 11-13, and
18), and Q-crystallin is homologous to aldehyde dehydrogenase
class 1 and 2 in cephalopods (13, 14, 19) and scallops (15). In
contrast to many enzyme-crystallins of vertebrates, S-crystallins
(except for one member; ref. 16) and Q-crystallin have tested
negative for enzyme activity. However, scallop (-crystallin
seems to be expressed in various nonocular tissues, suggesting
that it has a yet-to-be-discovered noncrystallin role (15). The
present study shows that J3-crystallin of the jellyfish lens is
similar to the saposins, a family of multifunctional proteins
containing a structural motif conserved from plants to humans
(24, 29-32). This extends the general rule that lens crystallins
have been recruited from preexisting proteins with nonrefractive
functions to cnidarians.

Our data suggesting a J3-crystallin/saposin homology is sup-
ported by the fact that the six cysteines critical for the saposin
structural motif and a number of other identical or conserved
amino acids of J3-crystallin align with vertebrate saposins. We
also show that two physically reasonable homology models can
be built by assuming that both the N- and C-terminal portions of
J3-crystallin resemble the NMR-derived model of NK-lysin (41),
a homologue of the saposins. Another argument favoring a
J3-crystallin/saposin homology is that the J3-crystallin cDNA
encodes a protein with two tandemly arranged saposin motifs
with an SDS/PAGE-deduced M, that is higher (28 kDa) than
that derived for J3-crystallin (19 kDa). This observation suggests
that J3-crystallin is cleaved from a precursor protein. In verte-
brates, four distinct saposins are cleaved from a prosaposin
precursor (45-49). Another saposin homologue, surfactant-
associated polypeptide (50), also is cleaved from a precursor
protein with three linked saposin motifs (51).

We do not know yet whether one or both of the putative
saposin motifs are represented in a J3-crystallin polypeptide, or
whether J3-crystallin comprises two saposin-like polypeptides
that comigrate on the SDS-polyacrylamide gel. The actual
polypeptide molecular weight of J3-crystallin(s) is also uncer-
tain, inasmuch as saposins are glycosylated, increasing their
apparent size in SDS-polyacrylamide gels. Finally, we do not
know yet whether the saposin motif in J3-crystallin has the same
compact three-dimensional structure as that present in the
saposins and NK-lysin (41). Although the relative high-heat
stability of J3-crystallin is consistent with the thermostability of
the saposins (42), we did not see a reduction in heat stability or
a change in the electrophoretic mobility of J3-crystallin upon
reduction (data not shown). This observation suggests that
J3-crystallin may have a more open configuration than do the
compact saposins.

The linkage of four saposins (A-D) on the prosaposin pre-
cursor in vertebrates indicates that these proteins have evolved
by intragenic duplications (52). The deduced saposin motifs
encoded in the J3-crystallin cDNA suggest that at least one
intragenic duplication took place in invertebrates at the begin-
ning of metazoan evolution. Of particular interest is our finding
that exon 3 of the J3-crystallin gene has a contiguous saposin
motif whose cysteines are circularly permutated (Cys 4—6 are on
the N terminus, and Cys 1-3 are on the C terminus of the peptide
encoded by exon 3). This arrangement is precisely the situation
in the saposin motif, called a swaposin, of plant aspartic pro-
teases (28, 53). Possibly exon 3 of the jellyfish J3-crystallin gene
and the swaposin-coding region of plant aspartic proteases are
orthologous. Our data also raise the possibility that the primor-
dial saposin motif was encoded by a single exon with the
permutated cysteines (a swaposin), and that introns were added
during evolution as the gene underwent duplications.

In addition to plant aspartic proteases (28, 53), saposin-type
motifs are present in the N-terminal region of acid sphingomy-
elinase (26) and in acyloxyacyl hydrolase (27) of humans.
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Remarkably, the saposin domain of acyloxyacyl hydrolase is
cleaved from a precursor protein and subsequently attached
covalently as the small subunit of this heterodimeric enzyme
(27). The saposin-type domain of these two enzymes probably
possesses lipid-binding and/or enzyme-activating properties.

Saposins have been associated with numerous functions. Sa-
posin C contains a neurotrophic peptide (54-56) that is present
in mammalian but not in chicken prosaposin (47) or in J3-
crystallin (present study), suggesting a later evolutionary devel-
opment. This active peptide, called prosaptide, acts as a
Schwann-cell survival factor via a phosphorylation signal-
transduction pathway associated with myelin formation (57-59).
Moreover, prosaposin’s complex developmental and tissue-
specific expression pattern in mice differs from other lysosomal
hydrolases, suggesting that it has multiple functions (60). In
the present study, J3-crystallin also shows a tissue-specific
(especially lens) and complex expression pattern, as does mouse
prosaposin.
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