
Recruitment of Enzymes as Lens Structural Proteins 

Crystallins, the principal components of the lens, have been regarded simply as soluble, 
structural proteins. It now appears that the major taxon-specific crystalh~s of 
vertebrates and invertebrates are either enzymes or closely related to enzymes. In terms 
of sequence similarity, size, and other physical characteristics 8-crystallin is closely 
related to argininosuccinate lyase, 7-crystallin to enolase, and SIII-crystallin to glutathi- 
one S-transferase; moreover, it has recently been demonstrated that E-crystallin is an 
active lactate dehydrogenase. Enzymes may have been recruited several times as lens 
proteins, perhaps because of  the developmental history of the tissue or simply because 
of evolutionary pragmatism (the selection of existing stable structures for a new 
structural role). 

THE LENS IS  A REMARKABLY SPECIAL- 

izcd product of c\rolution ( I ) .  Re- 
tsvccn 20 and 60% (depending on 

species) of its wet wcight is composed of 
cq~stdlins, soluble proteins of a few distinct 
typcs, whosc abundance necessarily defines 
them as structural components of the lens 
(1, 2). a-Crystallins belong to the same 
protein superfamily as small heat-shock pro- 
teins and a Scl~istosomn n~ngtsoni egg antigen, 
p40 (3 ) ,whereas P- and y-crystallins belong 
to a single superfamily that may also include 
the calcium-binding protcin S of the bactcri- 
um &yxococcus xnntbus (4). Thcsc crystallins 
scem to havc arisen by gene duplication and 
divcrgcncc, specializing fix the lcns environ- 
ment. In contrast, it has recently bccn 
shown that E-crystallin, a major component 
of the lcns in crocodilcs and many birds, is a 
filnctional lactate dchydrogenasc (LDH), 
apparently identical to l.DH-H4 (5). This 
observation Icd to the prcdictio~l that othcr 
taxon-specific crystallins might have similar 
relations with cnzymes (5). As described 
hcrc, this sccins to bc the casc. 

The major protein of thc cinbryonic lcns 
in all birds and rcptilcs is 6-crystal lit^ (6). 
Genomic sequencing has revealed the exis- 
tence of two closely linked, highly similar 
gcncs in thc chickcn (7),although only 
conlplemcntary DNA (c1)NA) correspond- 
ing to 61 has been observed (7, 8). Low 
levels of &-like protein and messenger KNA 
(mRNA) have been detected in a variety of 
nonlcns tissues in the chick, and nonlens 
expression of the 81 promoter has been 
observed (9). Now it is apparent that the 6- 
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crystallins haw significant scclucncc similar- 
ity to the urea cycle enzyme argininosuccin- 
ate lyase (E.C. 4.3.2.1) (ASL) of both hu- 
mans and yeast (10). Specifically, 61 and 62 
arc 51 and 56% identical to the published 
yeast ASL, (ARG4) sequence at the protein 
levcl ;u7d 58 and 62% identical to the pre- 
dicted human sequence. Indccd, thc similar- 
ity with the human ASL scqucncc may be 
even higher. A shift in reading franle toward 
the 3' cnd of the published cDNA scqucncc 
yields a prcdictcd protcin sequence that is 64  
and 69% idcntical to chicken 61 and 62, 
respectively (Fig. 1A). 

ASI,, like 8-crystallin, is a tetranler of 50- 
knsubunits and acid pI (11). Predictions of 
secondary structure and hydrophobicity 
profiles for humat1 and yeast ASL, and the 
two 6-crystallins at the protein Ic\rcl arc 
essentially identical (12). The similarity be- 
tween thc chicken 6-crystallins and human 
AST, docs not provc homology but strongly 
suggests that they belong to the same pro- 
tein supcrfamily, which may perhaps include 
other lyascs such as adcnylosuccinate lyasc, 
aspartasc, and fumarase (13). The nonlcns 
exprcssion of 6 (9) is consistent with thc 
possibility that one or both 6 genes could 
indeed code for a functional enzyme present 
at low levels in other tissues. 

Another major lens protein in some fish, 
reptiles, birds, and lampreys has been desig- 
nated 7-cr~.stallin (14). A preliminary arrlino 
acid sequence for turtle T-crystallin (15) 
shows strong similarity with the sequences 
of human and yeast enolases (1 6) (Fig. 1B). 
Enolase (E.C. 4.2.1.11) is a glycolytic en- 
zyme of 48-kD subullit size, identical to the 
reported size of turtle T-crystallin (14, 16). 
Circular dichroic spectroscopy of turtle 7- 
crystallin has predicted a high content of a-
helix (52%) (Id), in good agreement with 

the valucs predicted for the hunlan a-eno- 
lase sequence (12). Enolasc, howevcr, is 
dimeric whereas isolated turtlc 7-crystallin is 
prcdominately rnonomcric (14, 16). This 
difference may be due to the removal of 
M$+ essential for enolasc dimcr~zation by 
dialysis during purification of 7-crystallin or 
to aging In the lens. However, 7-crystallin is 
clcailv closclv related to a-cnolasc. 'Thc cx- 
tremely closc match with the hunlan sc-
quence shows that an important protein has 
been highly consenrcd -during- vertebrate 
evolution. 

As they diEercntiatc, thc fibcr cclls of the 
lens lose all organelles, including mitochon- 
dria (I) .  This mcans that they must rely on 
cytoplasmic glycolysis as a sourcc of cnergy 
(17). L,DH and cnolasc are both glycolytic 
enzymcs, but E- and 7-crystallin arc prcscnt 
in quantities [as much as 23% of lens pro- 
tein (5, 14)] that scem to cxcecd any likely 
rcquirctnents of a purely glycolytic rolc. 
Interestingly, high levels of mRNA fix 
LDH and cnolase have been detected after 
the induction of proliferation of rat fibro- 
blasts by epidermal growth factor (IS), 
whcrcas high lcvcls of cnolasc havc also bccn 
obscrvcd during oogenesis and 111 tumori-
genic ccll lines ofxenqza (19). Both LDH 
atld cnolasc havc bccn shown to be sub- 
strates for src tyrosine kinasc (201, and eno- 
lase, to be a substrate forfesifps kitkirlasc (21). 
I,DH has DNA helix-dcstabilizing activity 
and has becn fi~und associated with reaio~li " 
of actively transcribing chromatin in vivo 
(22), whereas enolase has been idcntified as 
the 48-kD hcat-shock protein in yeast and 
has a region of similarity with yeast lj.sp70 
and thc product of thc Escl~evzcbia colk d~zaIC 
gcnc (23). These observations suggcst the 
possibility that these enzymes havc impor- 
tant cellular roles beyond those in mctabo- 
lism. Pcrhaps lens diffcrcntiation at least 
partly rcsemblcs an early growth phase of 
other ccll types. Somc cq~stallins may be 
proteins associated with such a phasc but 
synthesized at high levels over-a longer 
pcriod in thc lens. 

The a-,P-, y-, 6-, E-, and .;-crystallins arc 
all commnents of vcrtcbrate llenses. Some 
invertebrates also haw ccllular lenses, usual- 
ly rcgardcd as the products of convergent 
evolution (24). The major protein compo- 
nent of the squid (Nototodarzts~oztldi) lens is 
SIIl-crystallin (70% of the soluble fraction), 
consisting of dimers of related 27- to 30-kD 
subunits for which a partial NHz-tcr~ninal 
amino ac~d  sequence has been published 
(25). Comparison of this scqucncc with the 
National Biomedical Research Foundation 
(NKRF) protein database reveals striking 
similarity with the NH2-terminal sequence 
of rat glutathione S-transferase (GST) (E.C. 
2.5.1.18) Ya subunit (26) (Fig. 1C). In the 
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appears to be identical to LDH-B4 (5). For 
the other enzymes discussed here thc answer 
is not yet so clear. I t  has been argucd that 
retention of enzyme activity by a crystallin 
suggests that genc duplication has not yet 
taken placc (5). Purified T-crystallin does 
haw significant cnolase activin~, 5% of that 
cxpect&l for the pure rabbit riuscle enzynle 
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Fig. 1. Similarity in amino acid sequence between lens proteins and enzymes. In all cases a colon 
indicates identity and a period indicates structurally conservative changes. (A) Alignment of the 
complete predicted amino acid sequence of chicken 62-crystallin (D2) (7) and human argininosuccinate 
lyase (HA) (11). The H A  sequence differs from that published by a frame shift between amino acid 
residues 386 and 450 (as numbered here). This corresponds to an insertion of G aker base 1272 of the 
cDNA sequence and an insertion of C after base 1281 of that sequence. These two bases could base pair 
111 a potential stem structure in the modified sequence. The frame is restored by deletion of G at position 
1457 and 1461 of the cDNA sequence. The molfied amino acid sequence in this region is similar to 
those of the 6-crystallins (7 )  and yeast ASL ( l l ) ,  whereas the unmodified sequence has no significant 
match. The identity between the sequences shown is 69%.(B) Alignment of preliminary amino acid 
sequences for turtle T-crystallin (T) with human (HE) and yeast (YE) enolase sequences (16). The 
residue numbers for the enzymes are shown. This represents about 10%of the total enolase1~-crystallin 
sequence. The T-crystallin peptides sequenced were from three major HPLC peaks of V8 protease 
digested, purified turtle T-crystallin (15). The match with human a-enolase in these peptides is 100%. 
No T-crystdin sequences were observed that did not match a-enolase. (C) Alignment of the NH2- 
terminal sequence of squid SIII-crystallin (S 111) (25) with the NH2-terminal sequence of rat glutathione 
S-transferase Ya (GST) (26). The squid sequence apparently derives from the similar NH2-termini of 
two related subunits. Identity is shown where one of those positions matches the GST sequence. Over 
the NH2-terminal 33 residues of the rat GST and squid SII1-crystallin the sequences exhibit identity at 
18 positions (55%). The sequences shown represent about 15%of the total for each protein. This 
similarity is greater than that previously proposed with py-crystallins (25). 

rat there are three major GST subunits of 
26- to 28-kD size that form dimers, giving 
good agreement in size with the squid lens 
protein. The secondary structure of rat GST 
has been estimated as 40% a helix, 15% P 
sheet (26), compared with 20 to 30% a 
helix, 10 to 35% P sheet for the squid 
crystallin (25). It therefore seems likely that 
S1ll-crystallin is structurally and evolution- 
arily related to GST, a detoxification enzyme 
that is also found at high levels (up to 10%) 
in mammalian liver (27). 

Thermodynamic stability is required for 
lens proteins because of their long life in the 
fiber cells of the lens (1).It is possible that 
during evolution these crystallins have been 

recruited as lens proteins simply because of 
their stable structure. The same strategy, 
involving different proteins, has been used 
in both vertebrates and invertebrates. Prag- 
matically, natural selection may have made 
further use of stable molecules already ex- 
pressed for various cellular functions in new 
structural roles in a specialized tissue. This 
implies that, at least to start with, the same 
gene coded for both enzyme and structural 
protein, presumably by the acquisition of 
new gene promoter elements, before gene 
duplication, divergence, and specialization 
occurred. 

This may still be the case for E-crystallin, 
which in terms of sequence and activity 

cquivalcnt to those found in other tissues, 
have so far bcen detected (28).This does not 
rule out the possibility that these crystallins 
are expressed as activc eniymcs. Activity 
may be lost because of modifications duc to 
aging in the lens or because of the presence 
of inhibitory factors, points that arc under 
invcstigation. Genomic and cDNA analyses 
will eventually be required to detcrnmine thc 
precise origin of thcsc proteins and the 
genetic mechanisms leading to their cxprcs- 
siorl as major lcns components. Finally, 
thesc observations raise thc possibility that 
cvcn normal, low levels of enzymes could 
have some kind of structural role in lcns and 
in cataract. 
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Alpha-Decay-Induced Fracturing in Zircon: The 
Transition from the Crystalline to the Metamict State 

A natural single crystal of zircon, ZrSi04, from Sri Lanka exhibited zonation due to 
alpha-decay damage. The zones vary in thickness on a scale from one to hundreds of  
micrometers. The uranium and thorium concentrations vary from zone to zone such 
that the alpha-decay dose is between 0.2 x 1016 and 0.8 x 1016 alpha-events per 
milligram (0.15 to 0.60 displacement per atom). The transition from the crystatline to 
the aperiodic metamict state occurs over this dose range. Differential expansion of 
individual layers due to variations in their alpha-decay dose caused a systematic pattern 
of fractures that do not propagate across aperiodic layers. High-resolution transmis- 
sion electron microscopy revealed a systematic change in the microstructure from a 
periodic atomic array to an aperiodic array with increasing alpha-decay dose. At doses 
greater than 0.8 x 1016 alpha-events per milligram there is no evidence for long-range 
order. This type of damage will accumulate in actinide-bearing, ceramic nuclear waste 
forms. The systematic pattern of fractures would occur in crystatline phases that are 
zoned with respect to actinide radionuclides. 

IRCON, ZRSIO~, OCCURS IN NA-
turc with total uranium and thorium 
concentrations that arc usually in the 

rangc from 0 to 4000 ppm ( 1 )  but in rare 
cases up to 6% by weight U 0 2  + T h o 2  (2). 
Alpha-decay doses over hundreds of mil- 
lions of years can be as high as 10'' alpha-
events per milligram, which is equivalent to 
7 displacements per atom (dpa). Over the 
narrow dosc rangc from 10'' to 1016 alpha- 
cvents per milligram (Fig. l ) ,  crystalline 
zircon is converted to the mctamict state, a 
structure that appears to be amorphous 
when analyzed by x-ray and electron diffrac- 
tion. The transition causes pronounced 
changes in physical properties [for example, 

a decrcasc in density (17%) (3), a decrcasc 
in birefringence until the material is isotro- 
pic (3), a decrcasc in the elastic moduli (up 
to 69%) (4), and a decrcasc in Poisson's 
ratio (7%) ( 4 ) ] .Plutonium-doped synthetic 
zircons show approximately the same dcnsi- 
ty change (16%) at doses of lo i6  alpha-
cvents per milligram (5) . With increasing 
alpha-decay dosc, x-ray diffraction maxima 
decrease in intensity, become asymmetric, 
and shift to lower values of 20 (because of a 
unit cell volume expansion of 5%, where 8 is 
the angle between the diffracting plane and 
the x-ray beam) until the material becomes 
amorphous to x-ray diffraction (3, 6). Indi-
vidual samples that spanned portions of the 

transition-dose zone have been studied bv 
transmission electron microscopy, but to 
our knowledge no high-resolution electron 
microscopy study has spanned the full range 
of doses over which the transition occurs (7, 
8). 

The changes in the atomic structure and 
accompanying changes in physical proper- 
ties caused by alpha-decay damage are of 
significance for several reasons. (i) Zircon is 
a major mineral used in datlng igneous and 
metamorphic rocks by U-Th-Pb methods. 
Disturbed U-Th-Pb systematics have been 
ascribed to alpha-decay damage (9).(ii) The 
zircon structure type is an actinide-bearing 
phase in multiphase ceramic nuclear waste 
forms (10). and natural zircon has been used 

\ ,, 

to evaluate elemental loss from waste form 
phases under repository conditions (1I ) .  
The change in the atomic structure during 
the transition is fundamental to the evalui- 
tion of the long-term performance of crys- 
talline, polyphase, ceramic nuclear waste 
forms (12, 13 ) .  In this report we present 
data on a zoned zircon from Sri Lanka 
(Ceylon) in which the variation in the UOz 
and Tho7 contents from zone to zone is 
such that the range of dose varies from 
0.2 x 10" to 0.8 x 1016 alpha-events per 
milligram (equivalent to 0.15 to 0.60 dpa) 
and thus covers the most important range of 
dose over which the radiation-induced crys- 
talline-to-metamict transition occurs (Fig. 

1). 
The single crystal was collected from the 

gem gravels of the Katnapura district in Sri 
Lanka (14). The age of the zircons is 
570 +- 20 million years (3). Although the 
provenance of these alluvial zircons is prob- 
lematic, their large size, internal g&wth 
zoning, and lack of metamorphic deforma- 
tion suggest that they are magmatic; their 
likely source rocks arc granitoid plutons or 
pegmatitcs. The prismatic crystal (sample 
4601 University of New Mexico Kcsearch 
Collection) wa; sectioned lengthwise to ex- 
pose an unbanded core capped by coarse 
(001) laycrs that arc 5 to 400 km thick. 
These layers arc surrounded by finer (101), 
(loo), and minor (301) laycrs that arc 1 to 5 
km thick. A small phantom crystal within 
the unlayered core displays prominent 
(loo), (001), (101), and (301) crystal 
forms. The birefringence of individual layers 
varies as a function of uranium and thorium 
contents (15) as illustrated by variations in 
the interference colors (Fig. 2). 
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