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Abstract. Our previous studies have shown that the
S-crystallins of cephalopod (Ommastrephes sloani paci-
Jicus) eye lenses comprise a family of at least ten mem-
bers which are evolutionarily related to glutathione
S-transferase (GST, EC 2.5.1.18). Here we show by
¢DNA cloning that there are at least 24 different S-crys-
tallins that are 46-99% identical to each other by amino
acid sequence in the squid Loligo opalescens. In each
species, all but one S-crystallin (SL11 in O. pacificus and
Lops4 in L. opalescens) examined has an inserted central
peptide of variable length and sequence. cDNA expres-
sion studies conducted in Escherichia coli showed that
squid GST (which is expressed little in the lens) has very
high enzymatic activity using 1-chloro-2, 4-dinitroben-
zene (CDNB) as a substrate; by contrast, SL20-1 of O.
pacificus and Lops12 of L. opalescens (which are en-
coded by abundant lens mRNAs) have no GST activity.
Interestingly, SL.11 and Lops4 have some enzymatic ac-
tivity with the CDNB substrate. Site-specific mutations
at Y7 or W38, both residues essential for activity of
vertebrate GSTs, or insertion of the central peptide
present in the inactive SL20-1, reduced the specific ac-
tivity of squid GST by 30- to 100-fold. These data indi-
cate that the S-crystallins consist of a family of enzy-
matically inactive proteins (when using CDNB as a
substrate) which is considerably larger than previously
believed and that GST activity was lost by gradual drift
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in sequence as well as by insertion of an extra peptide by
exon shuffling. The results are also consistent with the
idea that SL11 and Lops4 are orthologous crystallins
representing the first descendants of the ancestral GST
gene in the pathway which gave rise to the extensive
S-crystallin family of lens proteins.
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Introduction

Approximately 90% of the water-soluble proteins of the
eye lens are crystallins, which are largely responsible for
the refractive properties of this transparent tissue
(Wistow and Piatigorsky 1988; de Jong et al. 1994). In
vertebrates, crystallins are surprisingly diverse and may
differ both quantitatively and qualitatively among spe-
cies. The crystallins that are confined to specific species
are called taxon specific and are either related or identi-
cal to metabolic enzymes expressed at lower concentra-
tions in many tissues. Consequently they are called en-
zyme-crystallins (Piatigorsky and Wistow 1989; de Jong
et al. 1989). In vertebrates, enzymes have been recruited
to become crystallins by being overexpressed in the eye
lens, a process which often occurred without gene dupli-
cation (i.e., lactate dehydrogenase/e-crystallin or o-eno-
lase/t-crystallin) (see Piatigorsky and Wistow 1991; Pi-
atigorsky 1992; Wistow 1993). In some cases a gene
duplication has taken place, with one daughter gene be-
coming specialized for crystallin expression and the



other maintaining its enzymatic function as well as serv-
ing as a crystallin (i.e., argininosuccinate lyase/d-
crystallin). One of the most interesting hallmarks of this
situation, called gene sharing, consists of the identical
protein serving a refractive function in the lens (a crys-
tallin) or an enzymatic function in nonlens tissues de-
pending on the differential expression of its gene.
Although much less is known about crystallins of in-
vertebrates, it is clear that the same strategy of recruiting
metabolic enzymes as refractive proteins has been em-
ployed in some cases. Cephalopods (squid, octopus, cut-
tlefish) contain complex eyes with many similarities to
the eyes of vertebrates (Packard 1972; Land and Fernald
1992). Such similarities appear to be the product of par-
allel, rather than convergent, evolution (Zuckerkandl
1994; Zuker 1994). Cephalopods have cellular lenses
filled mainly with one major class of soluble protein
(S-crystallin; Siezen and Shaw 1982; Chiou 1984) evo-
lutionarily related to glutathione S-transferases (GSTs)
(Wistow and Piatigorsky 1987; Tomarev and Zinovieva
1988). Multiple gene duplications have occurred among
the S-crystallins of the squid Ommastrephes pacificus
giving rise to a relatively large family of related proteins
(Tomarev et al. 1992). In addition to the GST-related
S-crystallins that are expressed highly in the lens and
cornea but not in other tissues (Tomarev et al. 1991,
1992; Cuthbertson et al. 1992), cephalopods contain a
single GST gene encoding an active enzyme expressed
principally in the digestive gland (Harris et al. 1991;
Tomarev et al. 1993; Tang et al. 1994). In contrast to the
situation among enzyme-crystallins in vertebrates, where
the same gene encodes the active enzyme and the crys-
tallin, the GST gene of cephalopods is expressed at very
low levels in the lens. Experiments with lens extracts
have suggested but not proved that S-crystallins have
little if any GST activity (Tomarev et al. 1991, 1992).
The evolutionary process that converts one or more
GSTs to S-crystallins is not known. In O. pacificus there
is only 42-44% identity in amino acid sequence between
GST and the S-crystallins, although residues essential for
the activity of vertebrate GSTs have been conserved in
both the squid GST and S-crystallins (Tomarev and Zi-
novieva 1988; Tomarev et al. 1992, 1993). Moreover,
most of the S-crystallin genes have acquired an extra
exon (number 4) which encodes a peptide of variable
sequence and length among the different S-crystallins.
Interestingly, however, there is at least one S-crystallin
(SL11) which lacks exon 4, as does the GST gene.
Here we have characterized by cDNA cloning an ex-
tensive family (at least 24 members) of S-crystallins of
another species of squid, Loligo opalescens. We have
directly compared by cDNA expression studies the GST
activity of squid GST and S-crystallins, and have tested
by mutagenesis experiments the functional importance of
certain critical amino acids of GST. The results have led
to a model for the evolution of the S-crystallins in ceph-
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alopods that involves multiple gene duplications, se-
quence drift, and exon shuffling.

Materials and Methods

Isolation of Nucleic Acids. RNA was isolated by the acidic guanidinium
thiocyanate—phenol-chloroform extraction method (RNazol B, Cinna/
Biotecx, Friendswood, TX) from squid L. opalescens lenses and stored
at —=70°C. Poly(A)*RNA was prepared using the Dynabeads mRNA
purification kit (Dynal Inc., Oslo, Norway). Plasmid DNAs were iso-
lated using the Wizard DNA purification kit (Promega, Madison, WI)

Construction and Screening of a Lens cDNA Library. A lens cDNA
library was constructed from L. opalescens as described previously
(Tomarev et al. 1992) using the ZAP II vector (Stratagene, La Jolla,
CA). The library contained about 10° independent recombinants.
c¢DNA clones encoding different S-crystallins (Lops clones) were iso-
lated by screening the library with labeled probes prepared by poly-
merase chain reaction (PCR) of ¢cDNA synthesized using L. opalescens
lens poly(AY'RNA as template and oligonucleotides (T/CYTGTA(T/
OTACTTCAA(T/ICHA/G)K(C/IT)CHT/CYGG(A/GYCH(T/GYGC and
(T)3 as primers. The first (5”) primer corresponds to a conserved amino
acid sequence (positions 5-14) among cephalopod S-crystallins
(Tomarev and Zinovieva 1988; Tomarev et al. 1991, 1992). cDNA
inserts were sequenced by the dideoxynucleotide termination method
using Sequenase Version 2.0 (Amersham). Sequences were determined
for both strands of DNA and analyzed using the GCG program package
(Devereux et al. 1984).

Expression of Squid GST and S-crystallins in E. coli. The cDNA
inserts of pGSTS (Tomarev et al. 1993) encoding squid GST, of pSL11
and pSL20 (Tomarev and Zinovieva 1988) encoding O. pacificus
S-crystallins, and of Lops4 and Lops12 (see Fig. 1) encoding L. opal-
escens S-crystallins were amplified by PCR using Vent polymerase
(New England Biolabs, Beverly, MA). The primers used created an
Ndel restriction site immediately 5’ to the translation initiation codon
and a Norl site in the 3" untranslated region of the amplified cDNAs.
After digestion with Ndel and NofI the PCR products were fractionated
by agarose electrophoresis and those with the expected lengths were cut
out of the gel, purified using Geneclean (BIO 101, La Jolla, CA),
ligated in the expression vector pET-17b (Novagen, Madison, W1), and
used to transform E. coli strains DHS5ot or BL21(DE3). The plasmids
were isolated and their cDNA inserts were sequenced. Constructs
which were grown initially in DH5¢ were regrown in BL21(DE3).
Point mutations were introduced by the method of Jones and Howard
(Jones and Howard 1990) and insertions and deletions were performed
as described by Ho et al. (1989). Vent polymerase was used for PCR in
both cases. Bacteria containing recombinant constructions were grown
in LB medium supplemented with ampicillin to an optical density
0.6-0.8, induced by isopropylthio-B-galactoside (IPTG), and incubated
for another 3 h at 30°C (induction at 37°C resulted in the accumulation
of the expressed proteins within inclusion bodies). Bacterial cells were
collected by centrifugation, washed once in 50 mm Tris-HCI (pH 8.0),
2 mm EDTA, and resuspended in the same buffer in one-tenth the
original volume. Cells were disrupted by sonication and the insoluble
fraction was removed by centrifugation at 12,000g for 15 min at 4°C.
The unfractionated cell lysate, cytosol, and pellet were analyzed by
SDS-PAGE and the cytosolic fraction was used for GST assays. The
relative amount of recombinant proteins was calculated after scanning
the gels with SciScan 5000 (U. S. Biochemicals).

GST Assay. E. coli extracts and purified GST were assayed for GST
activity with CDNB as substrate as described (Habig et al. 1974).
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Fig. 1. Comparison of amino acid sequences of squid (L. opalescens)
S-crystallins encoded by Lops1-Lops29. Sequences were aligned using
the PileUp program (Devereux et al. 1984). Sequence of S-crystallin
encoded by Lops7 is shown in full; for other sequences only differing
amino acids are shown. Dashes show the gaps which were introduced

Specific activities of GST, different S-crystallins, and their mutants
were measured with 1 mMm glutathione (GSH) and 1 mm CDNB. Kinetic
constants for CDNB and GSH were measured with 1 mM GSH or 1 mm
CDNB and varying concentrations of the other substrate, ranging usu-
ally from 0.1 to 2 mm.

Phylogenetic Analysis. Aligned amino acid sequences of S-crystal-
lins with deleted central inserts were analyzed by the PHYLIP package
(version 3.5 by Felsenstein 1993). The SEQBOOT program was used
to create multiple (z = 100) randomly sampled data sets from the
original alignment. The maximum parsimony program PROTPARS
was used on multiple data sets. The program CONSENSE was used to
obtain a consensus tree as well as confidence levels. Aligned nucleotide
sequences of S-crystallin cDNAs after deletion of the regions encoding
the central inserts and untranslated sequences were analyzed similarly
using the SEQBOOT, DNAPARS, and CONSENSE programs.

Results
Characterization of the S-Crystallin Family of
L. opalescens

Nineteen novel S-crystallin cDNAs were isolated from
an L. opalescens library after screening with a PCR

to maximize similarity. + marks the beginning and the end of incom-
plete sequences. * marks the residues whose counterparts in the squid
GST are essential for GSH binding. The nucleotide sequences reported
in this paper has been submitted to the GenBank/EMBL Data Bank
with accession numbers U19255-U19300, U19387-U19390.

probe derived from total RNA using a degenerate 5’
primer from a conserved region of O. pacificus S-crys-
tallins and a poly(dT) 3’ primer (see Materials and Meth-
ods). The deduced amino acid sequences of these cDNAs
are given in Fig. 1. Four other partial cDNAs encoding
different S-crystallins (Lops25~Lops29) were also iden-
tified during our attempts to clone transcription factors
from squid lens by PCR. The cDNAs encoding S-crys-
tallins are 58-98% identical to each other in nucleotide
sequence and their deduced proteins are 46-99% identi-
cal in amino acid sequence. L. opalescens S-crystallins
show 36-44% identity to the GST from O. pacificus. The
most variable regions of these S-crystallins are situated
centrally, as is the case with the S-crystallins of O. paci-
ficus (Tomarev and Zinovieva 1988; Tomarev et al.
1992). In O. pacificus this variable sequence is encoded
by a separate exon (number 4) in each gene that has been
examined (Tomarev et al. 1992). Only one O. pacificus
S-crystallin gene (SL.11) lacking this variable exon 4 has
been identified. Similarly, only one S-crystallin (Lops4)
without a central insert was identified in L. opalescens.

Phylogenetic trees were constructed using the maxi-
mum parsimony method for both DNA and deduced pro-
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Fig. 2. Maximum parsimony phylogenetic tree of the squid GST and
S-crystallins of two species of squid. L. opalescens S-crystallins (Lops)
are from this work. O. pacificus S-crystallins and GST are from our
previous work (Tomarev and Zinovieva 1988; Tomarev et al. 1992,
1993). This is an unrooted tree; GST was arbitrarily chosen as outgroop
root. Bootstrap values of 90% and higher (from 100 replicates) are
indicated. Branch lengths are arbitrary.

tein sequences. Sequences corresponding to the central
inserts were not included, since the acquisition of these
sequences within the family could take place indepen-
dently several times in the course of evolution (see be-
low). The general topology of the trees was similar for
the protein and nucleotide sequences and thus only the
parsimony tree for protein sequences is shown (Fig. 2).
Although the bootstrap numbers were not high for some
S-crystallin nodes, the two S-crystallins which naturally
lack the central insert (SL11 and Lops4) always formed
a separate group and clustered together with GST. SL11
and Lops 4 are 83% identical in amino acid sequence,
and both have relatively low methionine contents (5%);
by contrast, the other S-crystallins are methionine-rich
(10-14%). The relationships among the other S-crystal-
lins in O. pacificus and L. opalescens are less clear.

Two crystallins, SL20-1 in O. pacificus and Lops12 in
L. opalescens, were encoded by mRNAs whose se-
quences were especially abundant in the lens cDNA li-
braries. SL20-1 and Lops12 are 80% identical in their
overall amino acid sequences; this identity reaches 86%
when the variable central peptide sequence is not in-
cluded. Thus, the S-crystallin family in cephalopods is
considerably larger than believed previously (Tomarev et
al. 1992) and consists of at least 24 members in L. opal-
escens.
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esT PVLDIDG-TKN 1 EKYRVDEITETLQDIFN 99
SL20-1 QN PETA Y N YY NNMDMF T Y CDCFYE LH 100
Lops12 QN PETA Y H Y NNMDMF I Y CDCFYE MH 100
sL11 IE TEQWP ASY FY NNMDMFK CLCDS FEL 100
Lopsd IE TDQWP ASY FE NNVDMFK 8 CDS FEL 100
GsT DVVKIKFAPEARK===m——==—=sm—m—— EAVQONYEKSCKRLAPFLE 131
GST MUT  YMA MOGSGTDMSPDMDPTQMT
SL20-1  YMRYPHTKNGRFMOGSGTDMSFDMDPTQMTSYI NR LDT R IL 150
Lopsl2  YMRYFHTKNGRFFENGKESEMNPATVI---PYM GRFMDT R VL 147
sL11 YMAVYNEKD  K-=——-——==-m—-o- TEL KRFQNT L VL ¥YM 133
Lopsd YMILFNERD  K--—--—-——=—-—===m= PDL KR MDT R VL ¥ 133
GsT GLLVSNGGGDGFFVGNSMTLADLHCYVALEVPLKETPELLKDCPKIVALR 181
SL20-1 RT EMRN KE M DQ M C MM CC N MLEDQTTFNNF 1MS W 200
lopsl2 KT BTKN SQ M DQ 5 C MM CC N MMENQSMFTSH IM W 197
sLi1 KT EAK AW I DQIL C NMPEA N IQENAN EY IA 183
Lops4 KT EAK S W IDQLFC MM AG N VQEN NF Y ILAG 183
GsT KRVAECPKIAAYLRKRPVRDF 202
§L20~1 sE TP NNTNW 221
Lopsl2 AR TG ANTNW 218
sL11 T AE I NNTA 204
opsd N AH S I NNTA 204
Fig. 3. Amino acid alignment of GST (Tomarev et al. 1993), SL20-1,

and SL11 (Tomarev and Zinovieva 1988) of O. pacificus and Lops4
and Lops12 of L. opalescens. The GST sequence is shown in full; only
the differing amino acids are shown for the S-crystallins. Dashes show
the gaps which were introduced to maximize similarity. * marks the
residues essential for GSH binding. GST MUT shows individual mu-
tations which were introduced into the squid GST.

GST activity of expressed proteins in E. coli

Previous experiments have shown that purified GST
from the digestive gland of O. pacificus is extremely
active enzymatically while S-crystallins in lens extracts
have very little enzymatic activity using CDNB as a
substrate (Tomarev et al. 1993). Those experiments,
however, did not distinguish among the multiple S-crys-
tallins in the lens extracts. Moreover, they did not dis-
tinguish between low or negligible GST activity in the
primary S-crystallins and inactivation of GST activity by
posttranslational modifications of the primary gene prod-
ucts or the presence of an inhibitor in the extract in which
the tests were conducted. We have thus expressed the
cDNA encoding the active GST from the digestive gland
of O. pacificus (Tomarev et al. 1993) and four cDNAs
encoding S-crystallins from the lens in E. coli and as-
sayed their GST activity using CDNB as a substrate.
SL20-1 containing a central insert and SL11 lacking a
central insert from O. pacificus (Tomarev et al. 1992),
and cDNAs encoding proteins with similar properties,
Lops12 and Lops4, respectively, from L. opalescens
were chosen for these experiments (see Fig. 3). The prin-
cipal reason we chose SL20-1 and Lops12 among the
multiple S-crystallins containing central inserts was their
abundant representation in the cDNA libraries, indicating
that they are major crystallins in the lens.

The recombinant proteins comprised 10-20% of the
total water-soluble protein after expression in E. coli, as
judged by SDS-PAGE (not shown). The recombinant
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Fig. 4. Specific activities of recombinant wild-type and mutant squid
GST and several S-crystallins.

squid GST possessed twice the specific activity using
CDNB as substrate as that observed previously
(Tomarev et al. 1993) with GST purified from the diges-
tive gland (Fig. 4). The K,,, values were similar for the
recombinant GST assayed in the E. coli extract (Table 1)
and that purified from the extract by S-hexylglutathione
chromatography (data not shown, see also Ji et al. 1995).
Thus, all subsequent experiments on measurement of
GST activity were conducted in the E. coli extracts. In
contrast to the high GST activity of the protein expressed
from the digestive gland cDNA, there was essentially no
GST activity by the proteins expressed from the SL.20-1
and Lops12 S-crystallin cDNAs using the CDNB sub-
strate (Fig. 4). However, the SL11 and Lops4 cDNAs
generated proteins with low but clearly detectable GST
activity (Fig. 4).

Mutational Analysis of GST

We next tested the possibility that the central insert in-
activates SL20-1, since this peptide insert is one of the
main structural differences between S1.20-1 and SL11
(Tomarev et al. 1992), which has some GST activity.
Two constructs were made. First, the nucleotide se-
quence encoding the insert peptide (which is equivalent
to exon 4) was deleted from the SL20-1 cDNA, and
second, the insert nucleotide sequence was placed in its
homologous position within the squid GST cDNA; both
constructs were expressed in E. coli and the resulting
mutated proteins were assayed for enzymatic activity. As
expected, the inserted peptide decreased the activity of
GST about 30-fold (Fig. 4). Removal of the insert from
SL20-1, however, did not generate enzymatic activity in
the shortened S-crystallin (Fig. 4).

We made several site-specific mutations in squid GST

Tablel. K, values (mM) of the squid wild-type and mutant GST and
S-crystallins

GSH CDNB

Protein Kn Kn

GST 14+£03 1.2+04
GST Y7F 0.660.12 0.7 £0.1
GST W38F 37102 28+02
GST HML 23105 1.5£03
GST YMA 1.1+£0.2 1.8£04
SL.11 0.36 +0.12 1.7+£04
Lops4 0.33£0.08 63+£08

(see Fig. 3, GST MUT) in order to compare the structural
and functional similarities between the cephalopod and
vertebrate enzymes. Studies of others have implicated
several residues for enzymatic activity of mammalian
GSTs (see Armstrong 1991, 1994; Dirr et al. 199%4a;
Wilce and Parker 1994, for review). One of these resi-
dues is tyrosine 7 (Y7), which is essential for catalytic
activity but not for GSH binding (Sternberg et al. 1991;
Wang et al. 1992; Kolm et al. 1992; Kong et al. 1992;
Liu et al. 1992). Another critical residue is tryptophan 38
(W38), which is necessary for both catalytic activity and
GSH binding (Reinemer et al. 1991; Nishihira et al.
1992; Baker et al. 1994). These are conserved in the
squid GST (Fig. 3, asterisks). Changing Y7 to phenylal-
anine (Y7F) or W38 to phenylalanine (W38F) decreased
the enzymatic activity of squid GST 50- to 100-fold (Fig.
4), while the K, for GSH was higher only for the
W38F mutation (Table 1). In another mutation, VVK at
positions 101-103 of GST was changed to YMA, as in
SL11, since these amino acids are believed to lie in the
substrate binding site of mammalian GST (Johnson et al.
1993; Ji et al. 1994; Dirr et al. 1994a,b). This mutation
resulted in an approximate sevenfold loss of GST activ-
ity (Fig. 4). Finally, NAM was changed to HML, also
as in SL.11, at positions 48-50 in squid GST, since com-
puter modeling based on the X-ray structure of mamma-
lian class mu GST (Ji et al. 1992) suggested that these
three amino acids may lead to different conformations
between GST and SL11." The NAM to HML change led
to an approximate threefold loss of GST activity (Fig.
4). Taken together these results are consistent with sig-
nificant structural and functional similarities between
squid and vertebrate GSTs.

Discussion

Previous studies have shown that the GST-related
S-crystallins of O. pacificus comprise a relatively large
family of at least ten different proteins (Tomarev et al.

! Wistow, G.—personal communication.



1992). In the present investigation we show that the fam-
ily of S-crystallins may be considerably larger: at least
24 members are present in the squid L. opalescens. One
S-crystallin pseudogene has also been isolated from this
species (data not shown). In view of the appreciable dif-
ferences in sequence among the related S-crystallins
(46-99% identical), it is likely that the S-crystallins have
been progressively expanding during evolution, some
members having appeared much more recently than oth-
ers by gene duplication. It is possible that different
S-crystallins have different structural and/or functional
roles in the lens, accounting for their differences in se-
quence. Possibly the multiplicity and variability of
S-crystallins prevent their crystallization due to their el-
evated conceniration in the lens (which exceeds that of
crystallins in vertebrates) and high hydrostatic pressures
generated under water (Gross and Jaenicke, 1994).

The present cDNA expression data establish that
S-crystallins have no (SL20-1/Lops12) or little (SL11/
Lops4) GST activity. The three-dimensional structure of
squid GST was resolved recently (Ji et al. 1995), Se-
quence alignment with the squid GST suggests that SL.11
and Lops4 crystallins retain most of the residues that
participate in the binding of GSH. Of the six residues
(Y7, W38, K42, Q62, S63, and D96, see Fig. 3, asterisks)
of GST that have side chains directly involved in GSH
binding, five have identical counterparts in SL11 and
Lops4. The only exception is E97 of SL.11/Lops4, which
corresponds to D96 of GST. There are three additional
mutations in the residues essential for GSH binding in
SL20-1/Lops12 (K42, Q62, and S63 of GST are replaced
by R42, E63, and T64, respectively); indeed, these are
observed in all S-crystallins which we analyzed (see Fig.
1, asterisks). The only exceptions to these amino acid
replacements among the S-crystallins are Lops28 where
K42 has been changed to V42 and Lops13 where K42
has not been changed. These amino acid differences be-
tween GST and S-crystallins are consistent with the latter
failing to bind to a GSH or a S-hexylglutathione affinity
column. GSH binding to S-crystallins would probably be
deleterious to the lens, since it would decrease the avail-
ability of GSH for protection against oxidative damage
which could lead to cataract formation (Spector 1991).
While it remains possible that the S-crystallins would be
enzymatically active if tested on a different substrate, we
believe that the extremely low GST enzymatic activities
in lens extracts determined earlier (Tomarev et al. 1993)
cannot be attributed to the presence of an inhibitor or to
posttranslational modifications of the primary gene prod-
ucts.

The fact that the enzymatically active S-crystallin
lacks the peptide insert present in the enzymatically in-
active S-crystallins indicates that introduction of the pep-
tide by exon shuffling (Tomarev et al. 1992) was one of
the mechanisms by which S-crystallins lost GST activity
during evolution. This idea is supported by our demon-
stration that insertion of the peptide into active GST
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abolishes GST activity. However, removal of the peptide
from SI.20-1 did not activate GST activity, confirming
(see above) that additional sequence changes, presum-
ably refining its structural role as a crystallin, led to
further modifications incompatible with enzymatic activ-
ity. Alignment of the squid S-crystallin and GST se-
quences suggests that the variable insert peptides, en-
coded by exon 4 in SL20-1, form a loop between
o-helical regions 4 and 5 on the surface of the proteins.
Insertion of surface loops is one of the most efficient
ways to obtain new properties for proteins with a rela-
tively low danger of inducing instability in internal struc-
tural framework (E1 Hawrani et al. 1994). The apprecia-
ble variabilities in sequence and length of the central
peptides among the different S-crystallins (Fig. 1;
Tomarev et al. 1991; 1992) make it likely that their in-
sertions occurred independently by exon shuffling at dif-
ferent times as this gene family multiplied during evo-
lution. It is possible of course that insertion occurred
only once, and the resulting pepiide was not very highly
constrained by selective pressures. We speculate that
multiple insertion events took place by unequal crossing
over driven by tandem repetitive sequences (unpub-
lished) which are present in the third intron of the
SL20-1 gene (which precedes exon 4 encoding the insert
peptide) and of the SL11 gene (which lacks an insert
peptide). Single copies of this repetitive sequence are
also present in intron 4 of the squid GST gene, intron 1
of the SL20-1 gene, and the 5" flanking region of the
SL11 gene. Tandem repetitive sequences in introns are
believed to facilitate insertions or deletions by unequal
crossing over (Stoppa-Lyonnet et al. 1990; Olds et al.
1993).

A model proposing the process by which GST was
recruited to become a family of S-crystallins in cephalo-
pods is diagrammed in Fig. 5. We presume that SL11 and
Lops4, which lack a central insert, retain some GST ac-
tivity and form a separate group on the phylogenetic tree,
are orthologous proteins. The model proposes the dupli-
cation of an ancestral gene encoding an active GST en-
zyme, with one of the daughter genes (SL11/Lops4) be-
coming highly expressed in the lens. Further duplications
of the SL11/Lops4 gene gave rise to an extensive family
of S-crystallins whose expression became lens-specific.
Both sequence changes (slash marks in Fig. 5) and in-
sertions of a central peptide by exon shuffling (Ins box in
Fig. 5) led to further specializations for crystallin func-
tion and loss of enzymatic activity. This differs from the
gene-sharing mechanism used for recruiting enzyme-
crystallins in vertebrates where the gene encoding the
active enzyme is highly expressed in the lens without
losing its expression or original function in other tissues
(Piatigorsky and Wistow 1989; de Jong et al. 1989; Pi-
atigorsky and Wistow 1991; Piatigorsky 1992; Wistow
1993). In our squid model, the ancestral GST gene never
became highly expressed in the lens; it is possible, of
course, that it did so and subsequently lost its high lens
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expression. Thus, separation of function appears to have
become complete among most of the S-crystallins of
cephalopods, possibly representing a further stage of the
evolutionary process in progress among many of the ver-
tebrate enzyme-crystallins.

One of the major challenges for future research is to
understand the molecular basis for the high lens-specific
expression of the S-crystallins. Sequence and functional
comparisons of the promoter regions of five S-crystallin
genes, one S-crystallin pseudogene, and the GST gene
have provided evidence that the acquisition of an AP-1
binding site in the vicinity of the TATA box has con-
tributed to the high expression of S-crystallins in the lens
(Tomarev et al. 1992, 1994). AP-1 sites are prevalent
among crystallin genes of vertebrates and appear to have
played a significant role in their recruitment (see Piatig-
orsky and Zelenka 1992 for references). Although GST
has not been used as an enzyme-crystallin in vertebrates,
the process of recruiting preexisting proteins (generally
enzymes) as crystallins is clearly common to vertebrates
and cephalopods. This is consistent with the possibility
that early eye morphogenesis is under similar genetic
control in vertebrates and invertebrates (see Zuckerkandl
1994), with Pax-6 serving as a master control gene (Hill
et al. 1991; Ton et al. 1991; Quiring et al. 1994; Zuker
1994; Halder et al. 1995). With respect to crystallins,
Pax-6 has been implicated in lens expression of the
chicken (Cvekl et al. 1994) and mouse otA (Cvekl et al.
1995a)-, chicken 81 (Cvekl et al. 1995b)-, and guinea pig
€ (Richardson et al. 1995)-crystallin genes. A potential
Pax-6 binding site has been identified in the SL20-1
(positions —44/-23) and SL11 (positions —78/-57 and
~72/-93) crystallin genes.” These observations support
the ideas that candidate crystallin genes were selected
not only by the properties of their encoded proteins but

2 Cvekl, A.—personal communication.
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Fig. 5. Recruitment of GST as lens
S-crystallins in cephalopods. Ancestral GST
gene was expressed in many (all?) tissues.
After duplication of this ancestor gene,
regulatory elements of one of the duplicated
genes acquired the ability for high expression
in the lens, and the corresponding protein
became an enzyme-crystallin with GST
activity. Subsequent duplications of
GST/S-crystallin gene accompanied by
insertion of the extra exon created the modern
family of S-crystallins. Slash marks, sequence
changes; Ins box, insertion of central peptide
by exon shuffling.

also by the nature of their transcription factors (Piatig-
orsky 1992) and that homology in morphological fea-
tures between vertebrate and cephalopod lenses reflects a
similarity in the networks of regulatory genes (Zucker-
kandl 1994). We anticipate that our identification of
SL20-1/Lops12 as a nonenzymatically active end-
product in S-crystallin recruitment, of SL11/Lops4 as a
partially active putative intermediate in this recruitment
process, and of squid GST as a very active noncrystallin
related to the S-crystallin family will be important for
eventually unravelling the molecular mechanisms that
led to the conversion of GST to S-crystallins in cephalo-
pods.
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