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A systematic characterization of lens crystallins from five major classes of vertebrates was 
carried out by exclusion gel filtration, cation-exchange chromatography and N-terminal 
sequence determination. All crystallin fractions except that of 3,-crystallin were found to be 
N-terminally blocked, y-Crystallin is present in major classes of vertebrates except the bird, 
showing none, or decreased amounts, of this protein in chicken and duck lenses, respectively. 
N-Terminal sequence analysis of the purified y-crystallin polypeptides showed extensive 
homology between different classes of vertebrates, supporting the close relatedness of this family 
of crystallin even from the evolutionarily distant species. Comparison of nucleotide sequences 
and their predicted amino acid sequences between 3,-crystallins of  carp and rat lenses and 
heat-shock proteins demonstrated partial sequence homology of the encoded polypeptides and 
striking homology at the gene level. The unexpected strong homology of  complementary DNA 
(cDNA) lies in the regions coding for 40 N-terminal residues of carp y-II, rat 32-1, and the 
middle segments of 23,000- and 70,O00-M, heat-shock proteins. The optimal alignment of 
DNA sequences along these two segments shows about 50% homology. The percentage of 
protein sequence identity for the corresponding aligned segments is only 20%. The weak 
sequence homology at the protein level is also found between the invertebrate squid crystallin 
and rat y-crystallin polypeptides. These results pointed to the possibility of unifying three major 
classes of vertebrate crystallins into one a / f l / y  superfamily and corroborated the previous 
supposition that the existing erystallins in the animal kingdom are probably mutually inter- 
related, sharing a common ancestry. 

KEY WORDS: y-crystallin; heat-shock protein; sequence homology; multigene family; 
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1. I N T R O D U C T I O N  

Characterization of lens crystallins from the vertebrate and invertebrate lenses may 
provide a good testing ground of two major hypotheses of protein evolution (Chiou, 
1986). The morphological similarity and immunological non-cross-reactivity of lens 
proteins from these two groups of lenses led to the prevalent view of convergent 
evolution of crystallins in the animal kingdom (Packard, 1972). Previous studies 
from this laboratory showed the relatedness of amino acid compositions between 
the squid and carp 3,-crystallins, suggesting the possible sequence homology in the 
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primary structures of these crystallins. Pairwise statistical comparison of amino acid 
contents of various crystallins seemed in favor of divergent rather than convergent 
evolution, as commonly assumed in the literature (Siezen, 1981; Siezen and Shaw, 
1982). However, the critical evidence in support of the divergent aspect of evolution 
still lies in finding the unequivocal sequence homology at the DNA or protein level 
between lens crystallins. In this paper, the N-terminal sequences of various 7- 
crystallins from different classes of vertebrates and the squid crystallin of invertebrate 
were determined; the segments of known partial sequences were then used for 
segmentwise comparison with the available sequences in the protein or gene 
databases. Despite the weak sequence homology found between the N-terminal 
segment of squid crystallin and those of vertebrate 3'-crystallins, the match of several 
small segments is too close to be the result of fortuitous coincidence. Even more 
surprising is the presence of extensive homology in the nucleotide sequences between 
DNA sequences encoding N-terminal segments of various vertebrate y-crystallins 
and the middle region of heat-shock protein gene (Ingolia and Craig, 1982). 

2. MATERIALS AND METHODS 

Squid (Sepia esculenta), carp ( Cyprinus carpio), bullfrog (Rana catesbeiana), 
caiman (Caiman crocodylus apaporiensis), duck (mule duck, a hybrid between 
Cairina moschata and Anas platyrhynchos var. domestica), and cow ( Bos taurus) 
lenses were obtained from local farms of animal husbandry or fish markets. The 
decapsulated lenses were homogenized in 10-20 ml 0.05 M Tris-Na bisulfite buffer, 
pH 7.5 containing 5 mM EDTA as described earlier by Chiou et al. (1979). The 
supernatant from 27,000 x g centrifugation was adjusted to give a concentration of 
about 20-30 m~/ml, and the 5.0 ml aliquot was applied to Fractogel TSK HW-55 
(Superfine Grade, Merck). The y-crystallin fraction from gel-filtration column was 
further separated into its subfractions on TSK CM-650 (S) cation-exchange column 
with a linear gradient of 0.05-0.25 M ammonium acetate in the presence of 0.1% 
2-mercaptoethanol, pH 5.9. 

Sodium dodecyl sulfate (SDS) polyacrylamide slab gel (5% stacking/14% 
resolving gel) was as described by Laemmli (1970), modified by Chiou (1987a). 
The amino acid compositions were determined with the LKB-4150 amino acid 
analyzer using a single-column system. The dialyzed and lyophilized protein samples 
were hydrolyzed at 150°C in evacuated tubes with constant-boiling 6 N HCI (Pierce 
Chemical Co.) for 1.5 hr (Chiou, 1988). Half-cystine was determined separately 
after performic acid oxidation. Tryptophan was determined with the procedure of 
Simpson et al. (1976) using 4 N methanesulfonic acid containing 0.2% tryptamine 
(Pierce Chemical Co.). 

The N-terminal sequences of the major fractions from the gel-permeation 
column and the fractionated 3,-crystallin subfractions from TSK CM-650 (S) cation- 
exchange chromatography were carried out by automated Edman degradation with 
a microsequencing sequenator (model 477A, Applied Biosystems). The lyophilized 
crystallin samples each containing about 1-5 nmoles protein were dissolved in 200 pl 
0.1% trifluoroacetic acid (TFA) or 0.1% SDS/0.1% TFA (1 : 1 v/v) and 10/xl each 
for sequence determinations. 
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The computer-based sequence comparison of the 25-residue N-terminal segment 
of squid crystallin with those sequences in the protein database of the National 
Institute of Health (NIH) was carried out using the commercially available program. 
The nucleotide sequences of the reported rat y2-1 crystallin gene (den Dunnen et  
al., 1986) and carp y-crystallin (in preparation) were also compared with the DNA 
sequences in the database of GenBank. 

3. RESULTS AND DISCUSSION 

Previous N-terminal sequence analyses of y-crystallin subfractions from several 
different species demonstrated the extensive homology present in the amino-terminal 
segments of fish and mammalian y-crystallins (Chiou et al., 1986, 1987), suggesting 
a common ancestry for this class of vertebrate crystallins. The enlightening com- 
parison of/3- and y-crystallins based on a combination of X-ray diffraction data 
and protein sequences has prompted the hypothesis that/3- and y-crystallins prob- 
ably form a superfamily of/3/y-crystallins (Wistow et  al., 1981). In addition, Wistow 
et  al. (1985) and Crabbe (1985) reported that sequence homologies has been found 
between a bacterial protein plus an oncogene protein and/3/y-family of crystallins, 
a-Crystallin was also shown to be homologous to small heat-shock proteins with 
regard to their sequences (Ingolia and Craig, 1982). However, there has been no 
success in correlating a- and/3/y-crystallins into a unified single superfamily of 
these three classes of crystallins. 

Figure 1 shows typical elution patterns of lens extracts from four major classes 
of vertebrates and one class of invertebrates. Only one fraction was obtained for 
the squid lens of invertebrates, in contrast to three for the carp and five for the pig. 
The last peaks of the major eluted fractions for all vertebrates except the bird contain 
y-crystallin of about 20,000 Mr, as judged from the subunit analysis by SDS- 
polyacrylamide gel eleetrophoresis (PAGE) (Chiou, 1986). The charge heterogeneity 
can be detected for y-crystallins from all species, showing at least four charge- 
isomeric forms (BjSrk, 1964; Chiou et al., 1986, 1987). Since y-crystallin of the carp 
lens shows a striking similarity of amino acid compositions with the only crystallin 
found in the squid lens (Chiou, 1984), efforts have been made to correlate the 
primary structures of these two classes of crystallin. 

It is prerequisite to obtain the detailed information in the protein or DNA 
sequences of different crystallins from various species in order to establish the 
phylogenetic relationship concerning the evolution of crystallins in general. Figure 
2 showed the N-terminal sequences of 7-crystallins from various species encompass- 
ing all major classes of vertebrates, y-Crystallin was found to be absent or present 
in much lesser amounts in the bird lenses and therefore was not included for 
comparison. It is evident that y-crystallins obtained from the evolutionarily distant 
species still exhibit sequence homology in their N-terminal segments, indicating the 
close relatedness among various y-crystallins of vertebrates. 

Table I summarizes the amino acid compositions of heat-shock protein (Hsp 23), 
a-crystallin subunits (aA2 and aB2), carp y-II, rat y2-1, and squid crystallins. 
Previous statistical comparison of the reliability of phylogenetic information deduced 
from amino acid sequences and compositions (Cornish-Bowden, 1977, 1980) has 
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Fig. 1. Comparative gel-permeation chromatography on Frac- 
togel TSK HW-55(S) (2.5 × 115 cm column) of lens extracts 
from the lenses of four species of vertebrates and one species 
of invertebrate. The column eluates (3.9 ml/tube per 4.6 min) 
were monitored for absorbance at 280 nm. The peak fractions 
eluted at about tube no. 103 for the four species of vertebrates 
represent y-crystallins, the only major peak in the squid lens 
is the squid crystallin. These fractions were collected and used 
for amino acid analyses (see Table I). The absorbances at 
280 nm are relative concentrations in arbitrary units. The small 
broad peaks after the y-crystallin peak are nonprotein com- 
ponents of low-molecular masses. 

1 5 t0 t5 20 
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G-K-I-T|F-Y-E-D}R-Cr~F-Q-G-R C S-S- <Rat "~2-1) 

Fig. 2. Comparison of N-terminal sequences of squid and y-crystallins 
from various species. The sequences listed were taken from this study 
and from previous reports (Chiou et al., 1986, 1987), with the exception 
that the sequence of rat y-crystallin was from den Dunnen et al. (1986). 
The sequences of the subtractions of y-crystallins from each species 
were determined on the purified fractions upon cation-exchange 
chromatography of crude y-crystallins from gel-permeation column. 
The homology regions are boxed. Amino acid residues are denoted by 
one-letter symbols. 



Sequence Homology of v-Crystallins and Heat-Shock Proteins 531 

Table I. Comparison of Amino Acid Composition ~ 

Amino acids 
(mole %) ~A 2 Hsp23 aB 2 Raty2-1 Carp 3,-II Squid 

1/2Cys 0.6 1.1 0 5.2 3.2 2.4 
Asx 9.4 9.1 7.4 9.3 10.9 14.0 
Thr 2.9 1.6 4.0 1.7 2.3 2.9 
Ser 13.3 7.5 9.7 8.1 6.8 6.1 
Glx 9.8 14.0 9.7 11.6 10.5 8.6 
Pro 6.9 7.0 9.7 3.5 4.1 4.5 
Gly 5.9 9.7 4.6 7.5 7.1 6.6 
Ala 3.5 5.9 5.1 1.7 1.5 4.3 
Val 5.7 9.7 5.7 5.2 4.1 1.7 
Met 1.2 2.7 1.1 3.5 10.5 12.5 
Ile 5.2 4.3 5.7 2.3 4.4 2.6 
Leu 8.1 8.6 8.6 8.1 3.2 5.0 
Tyr 3.4 3.2 1.1 8.7 6.8 6.5 
Phe 8.1 2.7 7.4 3.5 5.9 6.2 
His 4.1 2.7 5.1 4.1 3.4 1.8 
Lys 4.1 5.4 5.7 2.3 2.5 5.3 
Arg 7.5 4.8 8.0 11.6 10.9 7.9 
~ p  0.6 0 1.1 2.3 2.1 1.4 
SAQ b 133 131 218 99 59 

a Data are taken from this study and from Bloemendal (1977), Ingolia and Craig (1982), den Dunnen 
et al. (1986), and the references cited therein. 

b SAQ represents the pairwise comparison of amino acid contents of the adjacent crystallins as described 
by Chiou (1986). 

i nd i ca t ed  the  useful  app l i cab i l i t y  o f  the amino  ac id  compos i t i ons  in the  phy logene t i c  
s tudy o f  different  g roups  o f  prote ins .  A crude  measure  o f  the re la tedness  o f  different  
famil ies  o f  p ro te ins  can be exempl i f ied  by  the values  o f  SA Q, i.e., sum of  the  squares  
o f  differences o f  each a m i n o  ac id  in the c o m p o s i t i o n  da ta  (mole  % ) in the p ro te in  
pa i r  be ing  c o m p a r e d  (Marcha lon i s  and  Wel tman ,  1971). I t  is no tewor thy  that  the 
s imi lar i ty  in amino  ac id  conten t  is ev ident  be tween  the pa i r  wi th  S A Q  < 100, e.g., 
S A Q  = 41 be tween  aA2  and  aB2 o f  ~ -c rys ta l l in  and  59 for  the  ca rp  y - I I / s q u i d  pair .  
I t  is o f  in teres t  to note  tha t  the sequence  c o m p a r i s o n  o f  the pai rs  o f  t~A2/Hsp23 
and  ~ B z / H s p 2 3  with qui te  different  amino  ac id  compos i t i ons  (an S A Q  of  130) has 
shown more  than  50% sequence  s imi lar i ty  on a segment  o f  76 res idues  ( Ingo l ia  and  
Craig ,  1982). This w o u l d  ind ica te  that  the  p ro te in  pai rs  be ing  c o m p a r e d  wi thout  
a p p a r e n t  s imi lar i ty  in a m i n o  ac id  compos i t i on  are somet imes  re la ted  at the level o f  
p r ima ry  sequence .  However ,  it is genera l ly  t rue that  the  p ro te in  pai rs  with smal l  
S A Q  ( < 5 0 )  are s o m e h o w  re la ted  at thei r  p r ima ry  sequences.  A n o t h e r  p rominen t  
example  is the  c o m p a r i s o n  o f / 3 B p  and  ca l f  3,-11 ( S A Q  = 177), which  showed  a high 
degree  o f  sequence  h o m o l o g y  in thei r  bas ic  t w o - d o m a i n  s tructures  (Wis tow et al., 

1981). 
Since an  S A Q  of  177, s imi lar  to tha t  o f  the  c losely  r e l a t e d / 3 B p / c a l f  y - I I  pai r ,  

is ob t a ined  be tween  Hsp23 and  rat  y2-1, a de ta i l ed  D N A  sequence  c ompa r i son  o f  
rat  y2-1 and  the known  sequences  o f  the da t abase  in the  G e n B a n k  has been  car r ied  
out  on a m i n i c o m p u t e r - b a s e d  compar i son  p rogram.  Figure  3 shows the op t ima l  
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Fig. 3. Comparison of the nucleotide and amino acid sequences of rat y2-1 crystallin 
(den Dunnen et al., 1986) and heat-shock protein (Hsp23) of Drosophila (Ingolia and 
Craig, 1982). Sequences 1> and 2> represent the protein and DNA sequences of rat 
crystallin (3-40) and heat-shock protein (60-99), respectively. The vertical dashes indicate 
the DNA sequence identity of two genes. Identical and similar amino acid residues at 
the corresponding positions are boxed. 

alignment of nucleotide sequences and their corresponding predicted amino acid 
sequences. The DNA sequence homology in this segment of 115 bases is about 50% 
(58 of 115) and protein sequence homology is 20% (8 of 40 amino acid residues). 
There are complete sequence identities at two noninterrupted segments of 10 and 
9 nucleotides. They could not have arisen by fortuitous chance, as judged by the 
probability calculation of their concerted appearance in the DNA (1/41° x 1/49= 1 
in 1011"4). Similarly, the protein sequence homology of 20% containing two peptide 
identities of three residues (boxed region of Fig. 3) are probably not coincidence 
in nature (the chance appearance of Gly-Phe-Gln and Asn-Ser-Val together at a 
randomized sequence will be 1/214 × 3/214 or about 1 in 105, by taking into account 
of the codon frequency for each encoded amino acid). It would seem more impressive 
for the homology of DNA sequence as compared with that of protein sequence in 
this case. The extensive homology at the nucleotide level seems higher than usual, 
given the general degeneracy of some genetic codes. The homology observed for 
?-crystallin and heat-shock protein could provide some insight into the elusive 
interrelationship between a and i l l ?  crystallins, as it had been reported that 
a-crystallin shares sequence homology with the heat-shock protein family (Ingolia 
and Craig, 1982; Russnak et al., 1983). 

Figure 4 lists the partial sequences of two carp ?-crystallin subfractions, rat 
72-1 and squid crystallins. It is clear that the ?-crystallin family of vertebrates shows 
strong homology in N-terminal segments, yet only weak homology is observed 
between carp and squid crystallin in this region. By contrast, we have detected the 
homology of the N-terminal region in the squid crystallin with the middle segment 
of rat ?-crystallin (boxed regions in Fig. 4). It is to be expected that more sequence 
homology will be found between the squid and carp ?-crystallins, if their detailed 
sequences are determined in the future. Recently, we sequenced one of the carp 
complementary DNA (cDNA) clones encoding the major ?-II crystallin subfraction 
with a high methionine content (in preparation). The derived amino acid sequence 
showed more than 50% homology with rat ?-crystallin; the corresponding cDNA 
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5 10 15 20 25 
Fig. 4. Comparison of the amino acid sequences of squid, carp 3/and rat 3,2-1 crystallins. 
The sequences listed are the amino-terminal segments of these crystallins, except that 
the polypeptide fragment (amino acid residues 129-153) of rat 3,2-1 is also listed above 
the squid sequence for comparison. The regions of sequence identity with optimal 
alignment are boxed. Amino acid residues are represented by one-letter symbols. 

also exhibited the same type of segmentwise nucleotide homology with human 
heat-shock protein (Fig. 5). The percentage of protein sequence identity for the 
corresponding aligned segments is also found to be much lower (18%) than that 
of nucleotide sequences (48%). 

In conclusion, the sequence comparison of y-crystallins of vertebrates with 
heat-shock protein has demonstrated strong homology at the DNA sequences and 
partial homology of amino acid sequences. The weak homology of small sequence 
segments is also observed between the invertebrate squid crystallin and mammalian 
3,-crystallins. These results have provided a crucial link for the mutual relatedness 
of a, fl/3', and heat-shock proteins. The detailed protein and gene analyses of 
invertebrate squid crystallin should provide a firm basis in the construction of a 
unified phylogenetic tree and shed some light on the evolution of lens crystallins. 

1 > GlyLys~pheTyz~-~uAspta.i~leGlr~yl~,g ~ y s ~ e t S e r  
1 > G G ' C A ~ T C A T q " F I ' C T R ~ q l ' T ~  I:~"TR'[IGRCTGCRTGC-d~ 

I l l ~ l l l l l l l  I l l l l l  i I I i l l l i  I I I  I I I I I I  i l  I I I 
I I I I I I I I I I I  I I I [ I I  ! I I i l l l l  I I I  I I I I I I  I I  I i I 

2> GTGGRI~TCRTqGCCR,cE~C~CRGGGqi~CGCRCCRCCCCE AGCTR(~ "TGGOIi'TCRI~ 
2> ~ alGl~l le I le~laR~r~l~RrgThrThrPrc SerTYtIValRlaPheThr 

~C ~ (~o) I > yoSerAsp I leSerSerTyrteu-SerArgVal~ySer I lear~/alGluSerf~y 
i > IGRQTGCTCTC~TATCTCCTCTT~GR-GCC~GGTTC~TCAGGGTGC~GGT 

I I I l l  I I I I  I I I  I I I  I I I  I I I I  I I 
i l l l ~  I I I I I | 1  I I I  I I  I I  I I I  1 I I I  I I 

2> IGAq-__ACCC~=,~,C, CGGC'T~TCGGC, C~T "~ GGU;CTCg 
2 > A~LR_~---Thr --GluAz'gLeu I leGlyAspRlaPJ.aLystLRI~nVa].~aLeu--Asr~o 

45 62 
Fig. 5. Comparison of the nucleotide and amino acid sequences of carp 7-II crystallin 
and human heat-shock protein (Hsp70) (Hunt and Morimoto, 1985). Sequences 1> and 
2> represent the protein and DNA sequences of carp crystallin (1-40) and heat-shock 
protein (25-62), respectively. The vertical dashes indicate the DNA sequence identity of 
two genes. Identical and similar amino acid residues at the corresponding positions are 
boxed. 
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