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x-Crystallin/tx-Enolase: One Gene Encodes 
Both an Enzyme and a Lens Structural Protein 
G r a e m e  J. Wistow, Tom Lie tman ,  Leah  A. Williams, Steven O. Stapel,* 
Wilfried W. de Jong,* Joseph  Horwitz ,* and  Jo ram Piat igorsky 

Laboratory of Molecular and Developmental Biology, National Eye Institute, National Institutes of Health, 
Bethesda, Maryland 20892; * Department of Biochemistry, University of Nijmegen, The Netherlands; 
and *Jules Stein Eye Institute, University of California, Los Angeles School of Medicine, Los Angeles, California 90024 

Abstract. T-Crystallin has been a major component of 
the cellular lenses of species throughout vertebrate 
evolution, from lamprey to birds. Immunofluorescence 
analysis of the embryonic turtle lens, using antiserum 
to lamprey x-crystallin showed that the protein is ex- 
pressed throughout embryogenesis and is present at 
high concentrations in all parts of the lens. Partial 
peptide sequence for the isolated turtle protein and 
deduced sequences for several lamprey peptides all re- 
vealed a close similarity to the glycolytic enzyme eno- 
lase (E.C. 4.2.1.11). A full-sized cDNA for putative 
duck x-crystallin was obtained and sequenced, con- 
firming the close relationship with ~t-enolase. Southern 
blot analysis showed that the duck genome contains a 

single ct-enolase gene, while Northern blot analysis 
showed that the message for x-crystallin/ct-enolase is 
present in embryonic duck lens at 25 times the abun- 
dance found in liver, x-Crystallin possesses enolase ac- 
tivity, but the activity is greatly reduced, probably be- 
cause of age-related posttranslational modification. It 
thus appears that a highly conserved, important glyco- 
lytic enzyme has been used as a structural component 
of lens since the start of vertebrate evolution. Appar- 
ently the enzyme has not been recruited for its cata- 
lytic activity but for some distinct structural property. 
x-Crystallin/ct-enolase is an example of a multifunc- 
tional protein playing two very different roles in evolu- 
tion but encoded by a single gene. 

T 
HE lenses of vertebrates consist of concentric layers 
of terminally differentiated fiber cells (8). The major 
macromolecular components of these cells, compris- 

ing most of their refractive structure are highly abundant, 
soluble proteins, the crystallins. These proteins exist at high 
concentration, exposed to light and other insults essentially 
without turnover often for many years while maintaining the 
optical properties of the lens. It might have been expected 
that these proteins would be highly specialized, adapted for 
the unusual lens environment. However, it has recently been 
discovered that some crystallins appear to be common en- 
zymes expressed at remarkably high levels in the lens (3, 10, 
29, 33, 34, 35). Some of these enzyme-crystallins may be re- 
cently acquired components of the lens, but one, T-crystatlin, 
is a major protein of vertebrate lenses in lampreys, some fish, 
reptiles, and birds (24, 31, 32), suggesting an ancient origin 
in vertebrate evolution. Previously, limited sequence data for 
purified turtle x-crystallin has suggested a close relationship 
with the glycolytic enzyme enolase (33). Here the nature of 
this relationship is elucidated, showing that x-crystallin and 

A portion of this work was presented by J. Piatigorsky at the First Hans 
BIoemendal Lecture in June, 1988 in Nijmegen, The Netherlands. 

Leah A. Williams' present address is Department of Biology, University 
of West Virginia, Morgantown, West Virginia 26506. 

a-enolase are the products of the same gene and that a well- 
characterized enzyme has another distinct function as a lens 
structural protein. 

Materials and Methods 

Tissues 

Peking duck (Anasplatyrhynchos) and chicken embryos were obtained from 
Truslow Farms (Chestertown, MD). Turtle (Pseudemys scripta) embryos 
were obtained from Tangi Turtle Farm (Ponchatula, LA). Sea lampreys 
(Petromyzon marinus) were caught in River Mass (The Netherlands). 

Preparations of r-CrystaUin and Lens Extracts 
Turtle and lamprey x-crystallins were isolated as described previously (24, 
31). Lens extracts were the supernatant fractions of homogenates of lenses 
in enolase reaction buffer (30) after pelleting of insoluble fractions in an Ep- 
pendorf microfuge (Brinkman Instruments Co., Westhury, NY). 

Sectioning and Staining Turtle Embryos 
Embryos were embedded in paraffin and sectioned using an American Opti- 
cal rotary microtome. Sections were dehydrated by treatment with xylene, 
followed by ethanol and PBS washes. They were then treated with proteinase 
K and prehybridized with BSA at room temperature. Rabbit anti-lamprey 
x-crystallin antiserum (diluted 10×) was then applied at 4°C for 20 rain. 
After washing with PBS, sections were treated with fluorescein isothio- 
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cyanate-conjugated goat anti-rabbit antiserum at 4°C for 20 min and then 
washed with PBS. Sections were mounted with Elvanol (DuPont Co., Wil- 
mington, DE). 

Antiserum 

The preparation of rabbit anti-lamprey x-crystallin serum was described 
previously (24). Antiserum was purified using CNBr-activated sepharose 
(Pharmacia Fine Chemicals, Piscataway, NJ). A mixture of bovine and 
chicken lens extracts was coupled to the column to remove contaminating 
activities. Fractions were monitored by spectrophotometer for protein con- 
tent. Peak fractions were pooled and purity was determined by western blot- 
ting using a Hoeffer electro-blotting apparatus (Bio-Rad Laboratories, Rich- 
mond, CA). 

Photography 
Microscope magnifications were 10 or 20x. Photographs were taken with 
an Olympus model BHS fluorescence microscope with blue light excitation 
filters. The film used was 3M 4,000, ASA 1,000, and the camera lens was 
set for 7.5× magnification. 

Isolation and Analysis of Peptides 
Purified turtle ~-crystallin was digested with V8 protease. Peptides were iso- 
lated by HPLC (Applied Biosystems, Inc., Foster City, CA) and sequenced 
by automated Edman degradation (470A; Applied Biosystems, Inc.) with 
HPLC detection. Sequencing was carried out as a service by Drs. W. Lane 
and D. Andrews at the Harvard University Microchemistry Facility, Cam- 
bridge, MA. Purified lamprey ~-crystallin was digested with trypsin. Pep- 
tides were separated by two-dimensional electrophoresis and amino acid 
compositions determined after acid hydrolysis by methods described previ- 
ously (25). 

Enzyme Activity 
Enolase activity was measured by both coupled and direct methods (18, 30, 
36), giving similar results. One unit of enolase activity converts 1 gg of 
diphosphoglycerate per minute. Rabbit muscle enolase and other reagents 
were purchased from Sigma Chemical Company (St. Louis, MO). 

Nucleic Acids 

RNA was extracted by the guanidinium isothiocyanate method (4). Poly- 
adenylated RNA was prepared using Hybond paper (Amersham Corp., 
Arlington Heights, IL). Genomic DNA was extracted as described previ- 
ously (16). Human 0t-enolase cDNA (7) was a girl from Drs. L. Showe and 
A. GiaUongo, Wistar Institute, Philadelphia, PA. 

Northern and Southern Blots 
Northern blots were performed with total RNA using the formaldehyde/ 
MOPS buffer system (4). Southern blotting of restricted genomic DNA was 
performed by standard methods (4). Reagents and restriction enzymes were 
purchased from Bethesda Research Laboratories (Gaithersburg, MD). 
Probes were prepared by nick-translation using kits and 32p isotope label 
from Amersham Corp. Nitrocellulose for blots and plaque hybridization 
was from Schleicher & Schuell, Inc. (Keene, NH). Final washes were in 
0.Ix standard saline citrate (0.15 M NaCI and 0.015 M Na citrate, pH 7.4) 
at 60°C. 

cDNA Synthesis and Cloning 
eDNA was synthesized from polyadenylated RNA from 14-d duck embryos 
by the RNase H method (described in the Amersham eDNA system cloning 
kit) using reagents and enzymes from Amersham Corp. The blunt-ended 
eDNA was then directly ligated into the Sma I site of MI3 mp8. Clones were 
picked by hybridization to a nick-translated human a-enolase eDNA and se- 
quenced by the chain termination method, as described in the Bethesda 
Research Laboratories cloning manual, using 35S-dATP from Amersham 
Corp. Sequencing proceeded with the use of specific oligonucleotide primers 
based on the previously determined sequence and synthesized using an Ap- 
plied Biosystems DNA synthesizer. To confirm the sequence of the reverse 
strand the cloned insert was excised from RF DNA, using the Eco RI and 
Barn HI sites in the polylinker and religated in the reverse orientation in M13 

mpl9. Single-stranded DNA template was then prepared and sequenced in 
the usual way. 

Primer extension sequencing of RNA (6) was performed by the chain ter- 
mination method using a specific oligonucleotide primer with 32p-dATP as 
label and also with nonradioactive nucleotides and end-labeled primer. 
Readable sequence was obtained by both methods. 

Computer Analysis 
Sequences were analyzed by a variety of programs including the IDEAS 
package (M. Kanehisa, National Cancer Institute). 

Results 

lmmunofluorescence of Turtle Embryos 
"~-Crystallin was first identified as an abundant lens protein 
in turtle lenses (31, 32). Sections of embryonic turtles from 
3 to 30 d after fertilization were examined by immunofluores- 
cence, using an antibody raised against lamprey x-crystallin 
(Fig. 1). Nonimmune serum gave no significant reaction with 
any tissue at any stage (not shown). At 3 d there was little 
reaction with the anti-~-crystallin serum in any tissues (Fig. 
1 A) but by 5 d there was a distinct reaction in the innermost 
(apical) regions of the anterior epithelial cells of the lens 
(Fig. 1 B). By 6 d the positive staining was strong throughout 
the lens and much stronger in lens than in any other tissue 
(Fig. 1 C). Immunofluoresecence was apparent in all epithe- 
lial and fiber cells throughout lens development up to the last 
stage taken 30 d after fertilization (Fig. 1 D). Turtles hatch 
after 60 d of development. While lens clearly gave the 
strongest immunofluorescence with the anti-x-crystallin se- 
rum from 5 d onwards there was some apparent background 
in other tissues, particularly in the early brain at 6 d of devel- 
opment (Fig. 2). This is explicable in the light of subsequent 
findings demonstrating non-lens expression of x-crystallin/ 
a-enolase (see below). 

Peptide Sequencing 
Sequence was obtained for several V8 peptides from turtle 
T-crystallin (Fig. 3). All gave a close match to the known 
ct-enolase sequences, extending results obtained previously 
(33). Some peptides (see Fig. 3) were poorly separated and 
were sequenced as mixtures of two species. These could be 
interpreted by comparison with the known enolase se- 
quences. Similarly it was possible to deduce the sequences 
of the peptides from lamprey x-crystallin by comparison of 
their amino acid composition with the human a-enolase se- 
quence (Fig. 3). Together the peptides from turtle and lam- 
prey x-crystallin accounted for about half of the sequence of 
ct-enolase. 

Enolase Activity 
Enolase activity was measured in lens extracts and prepara- 
tions of purified ~-crystallin (Table I). Turtle x-crystallin and 
30-d embryonic turtle lens extract had significant activity, 
but much less than that of a commercial enolase preparation. 
Enolase activities of extracts of other "~-crystallin containing 
lenses from lamprey and duck were even lower, although 
higher than those of lenses in which T-crystallin has not been 
identified as an abundant protein. The activity in embryonic 
duck lenses did not vary significantly between 14, 21, and 
28 d of development (data not shown). 
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Figure 1. Immunofluorescence of turtle embryo sections. Eye at 3 (A), 5 (B), 10 (C), and 30 (D) d after fertilization. 

cDNA Cloning and Sequencing 

To obtain the full sequence of x-crystallin by cDNA cloning 
a source of lenses more convenient than turtles or lampreys 
was chosen. Previous results have shown significant levels of 
x-crystallin, reactive with the antiserum to lamprey x-crystal- 
lin, in lenses of Peking ducks (24). In view of the embryonic 
expression of x-crystallin in turtle, a cDNA library made 
from 14-d embryonic duck lenses was examined. The same 
library yielded cDNA clones for duck 8-crystaltins and 
¢tB-crystallin (to be described elsewhere). The library was 
cloned in the sequencing vector M13 using a recombination 
deficient host (JM101 r-). Since protein sequence data clear- 
ly suggested that x-crystallin was very closely related to 
¢t-enolase, a cDNA for human ct-enolase was used as a 

probe. An initial sample of 3,000 plaques proved to be 
sufficient to isolate the required clones. Two positive clones 
were sequenced. One of 1,700 bp contained the full coding 
sequence of putative duck x-crystallin (Fig. 4), while another 
was identical, lacking only 70 bp of 5' coding sequence. 

The identity of this clone then had to be determined. The 
cDNA could have corresponded simply to an enolase distinct 
from x-crystallin. It could have encoded x-crystallin while 
being the product of a duplicated gene similar to ~t-enolase. 
Finally, and perhaps most likely in view of the sequence 
similarity, the cDNA could have encoded both x-crystallin 
and ~t-enolase. When the deduced protein sequence for duck 
x-crystallin and the partial protein sequence of turtle and 
lamprey x-crystallin were compared with known enolase se- 

Wistow et al. r-Crystallin/a-Enolase 2731 



Figure 2. Section through whole turtle head at 6 days after fertilization. 

quence (5, 7, 11, 20,21, 22), the closest relationships were 
with a-enolases (not shown). 

Southern Blotting and RNA Sequencing 

It was possible that x-crystallin was the product of a gene 
similar to but different from that for ¢t-enolase, the result 
perhaps of gene duplication or gene conversion. Therefore, 
the multiplicity of ct-enolase-like genes in the duck genome 
was examined by Southern blotting. Genomic DNA from 
ducks, chickens, and humans was digested with Eco RI, Barn 
HI, and Bgl I. Duck and chicken DNA gave single size frag- 
ments hybridizing with the putative x-crystallin cDNA. Fig. 
5 shows the results of Bam HI digestion of duck and chicken 
DNA, followed by hybridization with both the duck lens 
cDNA and the human a-enolase cDNA. Both probes hybrid- 
ized to the same single bands suggesting that the avian ge- 
nomes contained only a single ct-enolase gene and that the 
duck lens cDNA corresponds to duck ¢t-enolase. In contrast 
to the results using duck and chicken DNA, restriction of hu- 
man DNA yielded more fragment sizes with all enzymes 
(data not shown). This suggests the presence of multiple 
a-enolase-like genes or pseudo-genes in humans. 

Others have shown that a-enolase is the predominant eno- 
lase gene expressed in liver and embryonic tissues of birds 
(26). To test further if the duck lens cDNA was encoded by 
the same gene as a-enolase, the 5' untranslated regions of 
a-enolase-like mRNA was sequenced from total RNA from 
14-d embryonic duck lens and liver using a primer com- 
plementary to the first seven codons of the x-crystallin 
cDNA. Readable sequence was obtained for both tissues 
with both labeled and unlabeled sequencing primers. The ex- 
tended cDNAs from both tissues appeared to be identical in 
sequence and extent, giving a 5' noncoding region of almost 
200 bp. However, as single-stranded sequencing this should 
not be regarded as definitive until the gene sequence is com- 
plete (Lietman, T., G. J. Wistow, and J. Piatigorsky, unpub- 
lished data). 

Northern Blotting 

Finally, to ensure that the putative x-crystallin cDNA actu- 
ally codes for an abundant lens message, x-crystallin/a-eno- 
lase mRNA was examined in lens and liver. Northern blots 
of total RNA from 14-d embryonic duck lens and liver were 
hybridized with the x-crystallin cDNA probe. Equal quan- 
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Figure 3. Peptide sequences of turtle (T) and lamprey (L) "r-crystaUin compared with the deduced sequence of human ¢t-enolase (H) (7). 
Sequences in lower case were deduced from peptide compositions (lamprey) or from sequenced HPLC fractions which contained mixtures 
of two peptides. In the latter case it was usually easy to distinguish major and minor components. Single letter code is used with X marking 
positions that could not be determined. An ambiguity exists at residue 433 of the turtle sequence where two possibilities are indicated. 
Two V8 peptides from turtle x-crystaUin seem to have arisen by unusual cleavage. These are found at sequence position 309 and 425. The 
deduced sequence of duck T-crystallin/0t-enolase (D) from Fig. 4 is included for comparison. 

Table L Enolase Activity 

Extract Purified protein 

U/mg U/mg 
Turtle lens 3.3 6.9 
Duck lens O. 18 - 
Lamprey lens 0.28 - 
Bovine lens 0.045 - 
Rabbit muscle - 35 

Enolase activity of r-crystallin and lens extracts compared with that of com- 
mercial purified rabbit muscle enolase. The stated activity of the commercial 
enzyme was confirmed experimentally, however the activity of freshly purified 
rabbit muscle enolase is expected to be ,~90 U/mg (30). suggesting that the 
commercial preparation itself is not completely active. 

tities of RNA,  estimated spectrophotometrically and with 
identical intensities of  rRNA bands on polyacrylamide gels 
(visualized by ethidium bromide),  were compared (Fig. 6). 
After  hybridization identical sized bands were seen in RNA 
from both tissues, corresponding to a full mRNA size of  
~1,900 bp. Hybridization was much more intense to lens 
RNA than to that from liver. Liver RNA required a 25 × 
higher loading to give an equivalent hybridization intensity, 
suggesting that x-crystallin/ct-enolase mRNA is "-25 times 
more abundant in lens than in liver. 

Discussion 

x-Crystallin is a major  component (10% or more of  total pro- 
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M S I L K I H A R E I  
G~CGG~CGGGTGCGGGGTG~C~GATGTCCA~CTC~GATCCATGCCCGTGAAAT 60 
F D S R G N P T V E V D L Y T N K G L F  

CTTTGA~CCCGTGGG~TCC~CTG~GAGGTAGACCTCTACACCAAC~GGGTCTG~ 120 
R A A V P S G A S T G I Y E A L E L R D  

CAGAGCTGCTG~CCCAGCGGTGCCTCAACTGG~TTTATG~GCTCT~C~CGTGA 180 
N D K T R Y M G K G V S K A V E H I N K  

C~TGAC~GACACGCTACATGGGGAAAGGTGTCTCAAAAGCTG~GAGCACATC~T~ 240 
T I A P A L I S K N V N V V E Q D K I D  

~C~GCACCCGCACTGA~AGC~G~TGTC~TGTAGTGGAGC~GAC~GA~GA 300 
K L M L D M D G S E N K S K F G A N A I  

CAAACTGATGCTGGACATGGATGGATCAGAG~CAAATCTAAATTTGGTGCC~CGCCAT 360 
L G V S L A V C K A G A A E K G V P L Y  

CTTGGGTGTATCTCTGGCTGTATGCAAAGCTGGTGCTGCTGAG~GGGTGTCCCCTTGTA 420 
R H I A D L A G N P E V I L P V P A F N  

CCGTCACATTGCTGACC~GCTGGAAACCCAG~GTCATCCTGCCTGTTCCCGCTTTC~ 480 
V I N G G S H A G N K L A M Q E F M I P  
CGTGATC~CGGTGGCTCCCATGCTGGC~T~GCTGGCTATGCAGGAG~CATGATCCC 540 
P C G A D S F K E A M R I G A E V Y H N  

TCCCTGTGGTGCTGACAGTTTC~GGAGGC~TGCGCA~GGTGCAGAGGTTTATCAC~ 600 
L K N V I K E K Y G K D A T N V G D E G  

TCTAAAG~TGTCATC~GGAG~GTATGGAAAGGATGC~CC~CGTG~TGATGAGGG 660 
G F A P N I L E N K E A L E L L K T A I  

TGGCTTCGCCCCC~CATCC~GAG~TAAAG~GCCCTGGAGCTGCTG~GACTGCCAT 720 
G K A G Y S D K V V I G M D V A A S E F  

CGGT~GGCTGGCTACTCTGAC~GGTTGTCATTGGCATGGATGTGGCTGCCTCAGAGTT 780 
Y R D G K Y D L D F K S P D D P S R Y I  

CTACCGCGATGGAAAGTATGACCTGGACTTCAAATCCCCCGATGATCCCAGCAGATACAT 840 
S P D Q L A D L Y K G F V K N Y P V V S  

TTCTCCTGACCAGCTGGCTGACCTGTAC~GGGCTTTGTG~G~CTACCCAGTGGTGTC 900 
I E D P F D Q D D W G A W K K F T G S V  

CATCGAGGACCCATTTGACCAGGATGACTGGGGTGCCTGG~G~GTTTACTGGCAGCGT 960 
G I Q V V G D D L T V T N P K R I A K A  

TGGCATCC~GTGGTTGGTGACGATCTGACTGTGACC~CCCG~GCGTA~GCCAAGGC 1020 
V E E K A C N C L L L K V N Q I G S V T  

TGTGGAGGAGAAAGCCTGC~CTGCCTCCTCCTC~GGTC~CCAGA~GGATCTGTGAC 1080 
E S L Q A C K L A Q S N G W G V M V S H  

AGAGTCCCTAC~GCCTGC~GCTTGCCCAGTCC~CGGCTGGGGCGTGATGGTGAGTCA 1140 
R S G E T E D T F I A D L V V G L C T G  

CCGCTCCGGAGAAACAG~GATACCTT~TTGCTGACCTCGTGGTCGGGCTCTGCACTGG 1200 
Q I K T G A P C R S E R L A K Y N Q L L  

TCAGATCAAAACTGGTGCCCCCTGCCGATCTGAGCGTCTAGCC~GTAC~CCAGCTGCT 1260 
R I E E E L G S K A R F A G R N F R N P  

GAGGA~G~GAGGAGCTTGGCAGC~GGCCCGCTTTGCTGG~GAAACTTCAGG~CCC 1320 
R I N *  

CCGTATC~CT~GCTGCGTGGATCAGACACCCCCGTTCTGGTTTATAGCACTAGTCACC 1380 
TACTTAGATCAC~ACTTGTATTAGAAAGATGAGGG~GCTG~GGAAAAAGACCAGT 1440 
TTGCAGGTCCTCTCCCTCCCTAGATGACTCC~CACCTAGTGT~CCACCAGCTCTGATC 1500 
TG~AC~GT~CGATCTGC~GTAG~C~TCCCAGTGAGG~GTG~AAACATG1560 
CTCCGG~CCGTGACCCG~GACACTGGGCAT~GCAA~CCCTTCTCTGCCTGTCTGGT 1620 
C~TGATGTTTGGAGCTGTTTGAC~GCAGGACAGC~GAGGTACCTACAAACAGCTAGT 1680 
AGTGTTTTTACATGTGATAAATAAAAAGCATCAAACpolyA 1716 

Figure 4. cDNA and deduced amino acid sequence of duck lens 
x-c~smllin/a-enolase. The polyade~lation signN is underlined 
(~shed) and the position of the poly A rail is indicated. 

Figure 5. Southern blot analysis of duck and chicken genomic DNA 
digested with Bam HI. (a) Hybridized with duck lens x-crystallin/ 
a-enolase cDNA. (b) Hybridized with human a-enolase cDNA. 
The relative positions of DNA size markers (bacteriophai~e ~, DNA 
digested with Hind III) are indicated in kilobase pairs (Kb). 

tein) of the lenses of various species throughout vertebrate 
evolution (24, 31, 32), making it as ancient as any of the more 
familiar a- or 1~7-crystallins. As shown here however, x-crys- 
tallin like some more recently recruited crystallins with more 
restricted distribution is the product of the same gene as a 
common enzyme (see reference 34), in this case the glyco- 
lytic enzyme tx-enolase. 

x-Crystallin is prominent in the embryonic turtle lens from 
at least 5 d after fertilization and accumulates throughout 
early embryonic development. Its distribution in the lens is 
therefore similar to that observed in other species for 5- (9, 
15, 37), e- (1), and 19- (2) crystallins. 

Protein sequencing of turtle and lamprey x-crystallins and 
cDNA sequencing of putative duck x-crystallin revealed a 
striking match with tt-enolases. Indeed, this similarity un- 
derlines the remarkable degree of conservation of sequence 
in this protein family during vertebrate evolution, suggestive 
of strict selective constraints on all parts of the protein 
structure. 

The results of southern blotting, RNA sequencing, and 
northern blotting clearly suggest that the cDNA does encode 
duck lens x-crystallin which is the product of the same gene 
as a-enolase. Thus by increased expression in lens (by either 
transcriptional or posttranscriptional mechanisms) the duck 
a-enolase gene encodes an additional function, that of lens 
structural protein, an example of the kind of gene-sharing 
which occurs also in 8- (17) and e- (10) crystallins. This re- 
sult was strongly implied by the protein sequence similarity 
itself. As has been discussed previously (34, 35), it is very 
unlikely that a crystallin as the product of a duplicated gene 
would maintain such striking identity of sequence with a 
related enzyme in the absence of selective pressure to main- 
tain enzymatic activity. 

The lack of selective pressure for retention of enzymatic 
activity in the lens is emphasized by the low enolase activity 
of purified x-crystallin and lens extracts. Data for both turtle 
and lamprey T-crystallins have suggested that both proteins 
are present predominantly as 48-kD monomers in lens (24, 
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Figure 6. Northern blot of 
x-crystallin/a-enolase mRNA 
in lens and liver of 14-d em- 
bryonic duck. Loadings of to- 
tal RNA on the gel are indi- 
cated. 18S and 28S refer to the 
positions of the major ribo- 
somal RNA bands visualized 
by ethidium bromide staining 
and UV illumination. The pre- 
dicted size of the mRNA is 
1,900 bp, slightly larger than 
that obtained for human a-eno- 
lase (7) but very close to the 
total size predicted by cDNA 
sequencing and primer exten- 
sion analysis for the duck. 

31, 32), while enolase is only active as a dimer (30). Other 
studies of enolase activity in mammalian (14) and chicken 
(19) lenses have also shown a reduction in size and activity 
of enolase in the older fiber cells as compared with the newly 
synthesized protein in epithelial cells. This suggests that eno- 
lase, and therefore x-crystallin, is subject to posttranslational 
modification with aging, undergoing monomerization and 
loss of activity. This is also consistent with the observation 
that enolase activity did not increase with time in the grow- 
ing embryonic duck lens. 

It is still unclear why disparate enzymes have been re- 
cruited as crystallins. Catalytic function itself is unlikely to 
have been the root cause of the selection (34, 35). However, 
enzymes are frequently found at fairly high concentrations 
in different tissues (23), perhaps to enhance substrate ex- 
change. This may have pre-adapted many enzymes to the 
kind of high protein content environment found in lens. Thus 
they may have been suitable as crystallins even before the 
vertebrate lens evolved. It may also be that certain lenses re- 
quire structural features of their lens proteins not satisfied by 
the a-, 13-, and y-crystallins. For example, the recruited en- 
zymes generally have much higher contents of ct helix than 
do ct-, 13-, and y-crystallins (see reference 34). 

In the case of birds which are essentially diurnal and have 
keen vision, there seems to have been an evolutionary trend 
away from y-crystailins towards enzyme crystallins such as 
6-crystallin/argininosuccinate lyase and e-crystallin/LDH-B 
(34). These proteins, in contrast to y-crystallins, may be use- 

ful as components of soft, accommodating lenses of diurnal 
species. There may in fact be disadvantages to the use of 
y-crystallins in some species; many human cataracts seem to 
involve y-crystallins (see reference 8). The apparent paucity 
of enzyme crystallins in mammals may in some way be the 
result of the long nocturnal history of early mammals (28). 
During this period there may have been advantages in using 
y-crystallins as lens components. If y-crystallins are indeed 
being abandoned in diurnal species they would be expected 
eventually to be eliminated in many modern mammals. In- 
terestingly at least two y-crystallin genes in humans have 
been shown to be pseudogenes (13), while in the nocturnal, 
myopic rat all six genes are actively expressed (27). 

Surprisingly, modern mammals with their abundant, mul- 
tiple y-crystallins and lack of p-, &, and e-crystallins more 
closely resemble amphibians than reptiles in the molecular 
structure of their lenses (34). This mirrors at the molecular 
level the remarkable similarity in anatomical structure be- 
tween the eyes of mammals and amphibians noted many 
years ago by Franz (see reference 28), who on the basis of 
this observation was led to propose that mammals had devel- 
oped directly from amphibians, rather than from an ancestor 
common to modern reptiles and birds. 

Since ct-enolase has acquired a distinctly different function 
as a structural lens crystallin its sequence has presumably 
been under pressure to adapt to the unusual lens environ- 
ment. In the case of one of the most recently recruited en- 
zyme crystallins, e-crystallin, identical to LDH-B, one or 
two amino acids highly conserved in LDH subunits have 
changed in those species expressing the enzyme also as a 
crystallin (10, 25, 35). The same thing could have occurred 
in T-crystailin, but because of its antiquity these effects will 
be hard to identify, x-Crystallin/ct-enolase is an example of 
a multifunctional protein, perhaps reflecting an unexpected 
economy in vertebrate genomes. An enolase also acts as a 
heat-shock protein in yeast (12), suggesting that multifunc- 
tionality of this gene product may extend even further. 

In a wider context, the possession by well-characterized 
proteins of unexpected extra functions may become very im- 
portant when those proteins or their genes become the target 
of specific medical therapies. In fact, this may explain some 
instances of unanticipated drug side effects. 
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