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THE EYE IS a fascinating model of the 
complexity that can be produced by 
evolution. While the most primitive 
eyes may have been simple light- 
sensitive patches, subsequent elabor- 
ation produced eyes capable of image 
formation. In vertebrates and some 
invertebrates this is achieved by cellu- 
lar lenses. To focus light, a lens must 
have a higher refractive index than the 
surrounding medium. This is produced 
by very high concentrations of soluble 
structural proteins called crystallinsL 
Since lens proteins may be the longest- 
lived in vertebrates, crystailins must be 
able resist large-scale aggregation and 
maintain their structure for extremely 
long periods. However, they are no 
more inherently transparent than many 
other proteins. Transparency depends 
only on maintenance of short-range 
order between scattering centres that 
are not large on the order of the wave- 
length of light". 

Lens crystallins gene recruitment and 
evolutionary dynamism 

O' 

Crystalllns are multlfunctlonal proteins 
It was a great surprise to discover 3 

that, in spite o! their unusual role, many 
of the most abundant crystallins are not 
specialized structural proteins and are 
not even lens specific 3-5. In particular, 
there is a remarkable class of taxon- 
specific crystallins, restricted to specific 
evolutionary lineages (Table I), which 
turn out to he metabolic enzymes 
directly recruited to a new role by 
modification of gene expression with- 
out prior gene duplication (Fig. 1). This 
kind of gene recruitment reverses the 
conventional view that gene duplication 
must precede the acquisition of new 
protein functions. Thus, in birds and 
crocodiles, the glycolytic enzyme lac- 
tate dehydrogenase B (LDHB) serves two 
distinct functions as both an enzyme and 
as ¢-crystallin, a major constituent of 
the lens 3'e. In a hummingbird it accounts 
for almost half of total lens protein 7. 
Similar stories apply to other indepen- 
dently recruited enzymes scattered 
throughout vertebrate evolution. 

Their abundance, occasional lack of 
activity, restricted distribution and 
variability argue that taxon-specific 
crystallins were not recruited because 
of their enzyme activity U'". They are 

In a novel evolutionary process, enzymes and stress proteins have under- 
gone direct gene recruitment as eye lens crystallins in a number of inde- 
pendent events. This may have allowed a dynamic response to changing 
visual environments dunng evolution. In spite of their diversity, many crys- 
talhns may share an origin in essential developmental processes such as 
cell elongation. 

bulk structural proteins contributing to 
refractive index. However, evolution is 
pragmatic and subsidiary roles could 
be very useful. For example, some en- 
zyme crystallins are able to sequester 
NAD(P)H in the lens, something which 
could protect against oxidation or even 
filter UV radiation a.9. This idea is par- 
ticularly attractive in the case of 
LDHB/¢-crystallin whose distribution 
among birds correlates well with ex- 
posure to lighP. 

Since a single protein becomes sub- 
ject to different, perhaps competing, 

sets of selective pressure, the multi- 
functionality of enzyme crystallins is 
not without consequence. For example, 
most species that use LDHB as e-crys- 
tallin exhibit unusual changes in LDHB 
sequence, including replacement of an 
otherwise conserved surface phenyl- 
alan[he residue by glycine a,7. This re- 
moval of an exposed hydrophobic side 
chain evidently has no beneficial effect 
on enzyme activity and must be driven 
by the second role as a lens protein. In 
some cases adaptive conflicts may arise 
when changes favourable for one role 

Table I. Eye lens crystalllns and their relationships with enzymes and stress proteins 

Crystallln Distribution [Related] or Identical 

Ubiquitous stress crystallins 
c( All vertebrates 

All vertebrates (embryonic 7 not 
in birds) 
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Taxon-specific enzyme crystallins 
Most birds, reptiles 

¢ Crocodiles. some birds 
Guinea-pig, degu rock cavy, 

camel, llama 
q Elephant shrews 
7. Rabbits, hares 
p Kangaroos, quoll 

p Frogs Rana 
T Lamprey, turtle, moderately 

abundant m most vertebrates 

S Cephalopods 
Octopus 

J Cubomedusan jellyfish 

Smell heat shock proteins ((xB) 
[Schrstosoma mansoni antigen] 
[ Myxococcus xanthus Protein S] 
[ Physarum polycephalum spheruhn 3s] 

a, rginlnosuccinate lyase (62) 
Lactate dehydrogenase B 
NADPH:qulnone oxldoreductase 

Aldehyde dehydrogenase I 
[Hydroxyacyl CoA dehydrogenase] 

[Ornlthine cyclodeammase] 
[NAPDH-dependent reductases] 

cz-Enolase 

[Glutathlone S-transferases] 

[ALDH] 
9 
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Rgum 1 
The gene recruitment of crystalllns. On a generic gene, filled boxes represent exons and thin arrows represent lower, non-lens expression 
while thick arrows represent high expression In lens. Initially, one gene has one function, perhaps coding for a housekeeping or induc=ble, 
stress-related product. Recruitment by one of several possible mechanisms leads to overexpresslon In lens so that one gene now codes for 
a multifunctlonal protein. Th~s may give rise to adaptive conflicts that can be solved by reversion or by selected gene duplication. 

are deleterious for another. Such con- 
flicts could be resolved by reversal of 
recruitment (reversion) or by gene 
duplication and separation of functions 
(Fig. I). Both of these avenues have 
been explored by crystallins. Since the 
recruitment of LDHB/e-crystallin oc- 
curred in a common ancestor of birds 
and crocodiles, reversion must have 
occurred in species that do not now 
use e-crystallin and whose LDHB has a 
'normal' sequence. Interestingly, two 
related species that have E-crystallin, 
swifts and hummingbirds, have main- 
tained the LDHB sequence. Instead they 
have eliminated or reduced their content 
of another taxon-specific protein, 8-crys- 
tallin 7. Conceivably, an unfavourable 
interaction between these two proteins 
was solved by a reciprocal reversion of 
8-crystallin recruitment. 

~-Crystallin, found in birds and rep- 
tiles, also illustrates the other solution 
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to adaptive conflict, gene duplication. 
Birds have two active 8-crystallin genes. 
52-Crystallin is the enzyme arginino- 
succinate lyase (AS[,) while 8]-crystallin, 
although highly similar in sequence, 
has no enzyme activity =°.~|. After the 
recruitment of ASL as 6-crystallin in an 
early ancestor of birds and reptiles, 
adaptive conflict may have provided 
the selective pressure for gene dupli- 
cation, allowing one gene to make the 
subtle sequence modifications necess- 
ary to enhance lens function while the 
other maintained enzymatic function. In 
duck both proteins are still crystallins 
while in chicken specialization has 
resulted in decreased ASL/52-crystallin 
expression in lens (see Ref. I0 for refer- 
ences) (Fig. I). Gene duplication is an 
important process in molecular evol- 
ution. Perhaps ~-crystallin points to a 
more general phenomenon where pro- 
teins first acquire new functions by 

sequence drift, for example gaining new 
bindklg capability, then become subject 
to adaptive conflict. This would provide 
selective pressure for duplication and 
separation of functions instead of 
relying on two unselected steps in 
duplication and neutral drift. 

In vertebrates there is a second and 
more ancient class of crystallins rep- 
resented in all species. Just as the taxon- 
specific crystalllns are enzymes, the 
ubiquitous ct-, ~- and ~-crystallins are 
related to stress proteins =,4 =z~s (Table I). 
Indeed, ecB-crystallin has been shown to 
be a small heat shock protein (shsp) |4 
while both aA- and ccB-crystallins have 
non-lens expression |~,~5 and can act as a 
kind of molecular chaperone, solubil- 
izing heat-stressed proteins ~3,|6. The ~- 
and ?-crystallins are related to each 
other and to two unusual proteins, 
spherulin 3a of the eukaryote Physarum 
polycephalum and protein S of the 
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bacterium Myxococcus xanthus, both 
o! which play important roles in the 
formation o! dehydrated spores 12. While 
no existing organism represents the 
ancestor from which vertebrates 
evolved, pre-vertebrate lenses probably 
contained an c~-crystallin/shsp and a 
~7-crystallin superfamily member. 

Remarkably, enzyme crystallin recruit- 
ment has also occurred in the indepen- 
dently evolving lenses of cephalopods. 
Octopus and squid make use of S- 
crystallins, members of the same super- 
family as glutathione S-transferases 
(GST), stress-inducible, detoxification 
and anti-oxidation enzymes (see Refs 1 
and 17). Another abundant protein in 
the octopus lens, ~-crystallin, is closely 
related to a different detoxification 
enzyme family, the aldehyde dehydro- 
genases ]7 (ALDI-I). Coincidentally, the 

enzyme ALDH I serves as q-crystallin in 
elephant shrews s, ALDH Ill is the major 
component of mammalian corneal endo- 
thelia, another transparent eye tissue 
(see Rei. 5 for references), while a dis- 
tantly related member of the same 
superfamily, L-crystallin, is found in the 
muscle-derived, diffusing 'lens' of squid 
light organs, another remarkable 
example of convergent evolution ~. Odd 
convergences like this probably say 
more about the underlying recruitment 
process than about any unusual trans- 
parency of these proteins. 

Lenses and cell elongation 
If one process in both ontogeny and 

evolution characterizes all cellular lenses, 
it is the elongation of cells (Fig. 2). In 
some lizards and other vertebrates the 
tiny parietal or median eye 19, equivalent 

to the mammalian pineal, has a lens 
consisting simply of a monolayer of 
elongated cells. Although of quite dif- 
ferent ontogeny, these lenses resemble 
the earliest developmental stages of 
lenses in the familiar lateral eyes in 
which a monolayer over the pre- 
sumptive retina thickens into columnar 
cells, the lens placode (see Re[. 20). 
Conceivably this recapitulates how the 
first lenses arose in evolution In lateral 
eyes the development of the lens goes 
further. The epithelial layer containing 
the lens placode invaginates to form 
the lens vesicle. The placode cells be- 
come the primary fibres and extend to 
fill the lens. The epithelial layer serves 
as a stem cell population, allowing the 
lens to grow throughout life and to 
match the size of a growing eye as new 
fibre ceils overlay the old. The cellular 
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[NADPH: quinone oxidoreductase/J'-crystellin 7 

(8) GC n c h ~  EXON 2 I 

(b) 

[ ASL / d-ccYsmllin I ATG 

Chicken d2-cr~lallin TATA'--[ EXON I l CAGGGAAGGG I EXON 2 i 

I p 
Human/Rat ASL-- GC-rich ,(CAGGGCAGGG} IEXON I l 

(c) 

l +..,=,r, oi,,,. /-r-cr tall,n I ATG 
2 kb I 

Duck .r-crystallin TATA I EXON 2 I - -  

GC-rich ~ 5 kb ] EXON 2 Human ar-enolass 

ATG 
I 

I 

Figure 3 
Acquts~Uon of TATA-box promoters m enzyme crystalhn genes. Three examples of taxon-specific crystalhn genes m whch lens expression 
depends on TATA-box promoters. In contrast, non.lens expression in ~-crystallin and expressmon of non-recruited ASL and o¢-enolase in mam- 
mals depends on GO-rich 'housekeepmg' promoters. Intriguingly, the first intron of chcken &crystallm genes contains (in complement) 
sequences similar to a human ASL Eerie promoter element (see Ref, 31), 

lenses of some invertebrates are less 
well understood but they have obvious 
similarities in their arrangement of con- 
centric layers of elongated cells (see 
Ref. 21). 

Cell elongation makes use of funda- 
mental cellular processes such as 
osmoregulation and the elaboration or 
reorganization of cytoskeleton. Indeed, 
osmoregulation, the balance of protein 
and water, must be critical for all trans- 
parent tissues. Several crystallins have 
plausible connections to such pro- 
cesses t,4. For example, p-crystallin of 
Rana is related to rat aldose reductase ~, 
an enzyme implicated in osmoregu- 
lation, while other enzyme crystallins 
may bind substrates such as lactate, 
arginine, proline and other small 
molecules which can also be osmolytes 
(see Refs 1 and 22). The theme extends 
to the ubiquitous crystallins since ¢zB- 
crystallin and the microorganism rela- 
tives of [S7-crystallins are induced by 
related kinds oi osmotic stress ~2,zJ. As 
for involvement with cytoskeleton, vari- 
ous glycolytic enzymes have been 
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shown to associate with actln fila- 
ments z4, while shsps like c~B-crystallln 
can also Interact with actin and have 
roles In cytoskeleton assembly (see Ref. 
13). As the lens evolved, the necessary 
refractive power must have been 
achieved by recruiting genes that are 
active under the prevailing conditions 
of cell elongation and whose protein 
products fit the broad requirements of 
their new role. Osmotic stress proteins, 
cytoskeleton chaperones and easily 
inducible detoxification enzymes would 
have been good candidates. Such an 
origin could have engendered under- 
lying similarities in gene expression for 
groups of crystallins. 

Gene expression 
Most gene expression studies have 

concentrated on ubiquitous crystallins 2°. 
As yet no unifying principle of lens 
preferred expression has emerged, 
although some common promoter se- 
quences have been proposed ~s. Indeed, 
it would not be surprising if different 
mechanisms governed the activation of 

genes in lens cells at different develop- 
mental stages. For example, induction 
of embryonic, fibre-cell specific "ll-crys- 
talllns can be mediated by retlnolc 
acld ~'. Even so, heterologous crystallin 
genes have lens-preferred expr~sion 
even between mice and chickens (see 
Refs 1 and 20), suggesting that some 
common mechanisms do exist. 

a-Enolase/'~-crystallin, which is ex- 
pressed abundantly in lens epithelia 
and Is a crystallin in several species 
(see Refs I, 8 and 27 for references), 
Illustrates the way in which a gene 
could be recruited through its response 
to transcriptional programs running in 
the lens for wider pdrposes. The pro- 
moter for duck a-enolase/~-crystallin is 
upregulated by the proto-oncogene 
c-myc (Ref. 28; R. Warwar, G. Wistow 
and P.S. Zelenka, submitted), which 
has preferred expression in lens epi- 
thelia probably as part of a general 
developmental mechanism 29. a-Enolase, 
which is a marker for various stem 
cells ~°. responds in the context of this 
general program with the result that it 
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is expressed at fairly high 
levels in lens epithelia, 
probably in all species. 
Stepped enhancements of 
expression by various (as 
yet unknown) mechanisms 
could have led to the re- 
cruitment of this enzyme 
as ~-crystallin in some spe- 
cies. A transgenic model of 
such a recruitment process 
shows that the mouse lens 
is refractory to a sevenfold 
increase in expression of 
this enzyme ~. 

The duck ~-crystallin 
gone shares an interesting 
|eature with other taxon- 
specific crystallins, the & 
crystallins. The promoters 
of these genes, like those of 
ubiquitous crystallins (see 
Ref. 20 for references), 
contain TATA boxes while 
their unrecruited human 
homologues (Ref. 31 and 
see Ref. 27 for references) 
have GC-rich 'housekeeping' 
promoters (Fig. 3). Fur- 
thermore, both chicken ~- 
crystallin genes have extra 
5' untranslated exons rela- 
tive to their human coun- 
terpart and even contain 
'promoter-like' sequences 
in the first intron (Fig. 3), suggesting 
that they might at some time have ac- 
quired alternative TA'rA-box promoters. 
This Is exactly what has occurred in the 
more recent recruitment of a quinone 
oxldoreductase gene as ~-crystallin in 
the guinea-pig. This gene has an up- 
stream, GC-rich promoter from which 
non-lens transcripts derive and a down- 
stream, TATA-box promoter which 
gives rise to lens transcripts ~2 (Fig. 3). 
Functional analysis of the ~-crystallin 
gene (1). Lee, P. Gonzalez and G. 
Wistow, submitted) has shown that the 
lens promoter by itself is sufficient for 
lens-specific expression. The recruit- 
ment o! ~-crystallin may have occurred 
by the insertion of the lens promoter 
into an intron of an existing, functional 
gene without disturbing the normal 
expression of that gene. 

However, alternative lens-specihc 
promoters are not general features of 
taxon-specific crystallin recruitment. 
PCR analyses of 61, 52 and c-crystallins 
in the duck show that the same pro- 
moters function in lens and non-lens tis- 
sues 33. Indeed, lens expression of the 
specialized chicken 51-crystallin gene is 

Frog Turlle Lizard Crocodile Bird Kangaroo ~ un~ ill :~1 a~ 
Shrew pig 

i ° 
u I ~ ' ~ 1  / /  / Reinvention of hard lenses? 

i I ~ yr~ ~ E  nzyme cryslalllns? 
\ / Ter astna, 

I ......... -]' ........ =': 

Elephanl Human Guinea- Rabbit Camel 

Rgure 4 
The recruitment of crystalhns during vertebrate evolution. Geological time scales are shown vertically 
w~th the present at the top. Lineages of major vertebrate groups are dlustrated, together with ind~- 
cat=ons of changing visual environments: aquat¢, d=urnal and nocturnal. The modern d~stributions of 
taxon-specific crystalhns and decreased ycrystall,n expressmn m humans are indicated. 

conferred by an intron-located enhancer 
which binds both general and lens- 
specific factors :~4. The duck LDHB/ 
c-crystallin gene even violates the 
'requirement' for a TATA box: it has a 
housekeeping promoter responsible for 
expression in both lens and heart ~5. 
There may be as much variety in mech- 
anisms of gene recruitment as there is 
in the genes recruited. 

Taxon specificity and evolutionaff 
dynamism 

Although there are clearly neutral 
elements in the selection of enzyme 
crystallins, there could also be selective 
mechanisms at work. The dramaz,c 
changes in lens protein composition 
during evolution may have been strongly 
influenced by changing visual en- 
vironments (Fig. 4). The vertebrate eye 
evolved in the sea, an optically dense 
medium requiring lenses with high 
refractive indices. In fish lenses, in the 
most dehydrated and highest refractive 
index regions of mammalian lenses, and 
in the hard, myopic lenses of rodents 
the major crystallins are "~-crystallinsL 
Of all crystallins, these highly sym- 

metrical, cysteine-rich proteins are per- 
haps the most specialized and most 
specihc ~.*~37. Their three-dimensional 
structures and biological distribution 
suggest that these proteins have a 
special role in low-water environments 
and in high-refractive-index lenses ~2,:~. 
They may bind very little water since an 
unusually high proportion of their polar 
residues are involved in intramolecular 
hydrogen bonds and ion pairs3L 

As vertebrates emerged into the air 
there would have been great advan- 
tages in softening and reducing the 
refractive index of their aquatic lenses, 
allowing accommodation and focusing 
at a distance. There must have been 
strong selective pressure to eliminate 
"f-crystallins or dilute them with suit- 
able proteins of more normal hydration 
properties. Indeed, birds, with superb 
diurnal visual acuity, have completely 
replaced embryonic "f-crystallins with 
taxon-specific enzyme crystallins (ASL/5, 
LDHB/¢, enolase/~; see Re[. l). The same 
selective forces driving this process 
should have acted on the ancestors of 
mammals, leading to enzyme recruit- 
ment and loss of ~-crystallins (Fig. 4). In 
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fact, this has occurred but with sur- 
prising variability. Some marsupials have 
p-crystallinaZZ; elephant shrews (primi- 
tive placentals) have ALDHl/'q-crystal- 
finS; rabbits and hares have ;~.-crystallin 
(see Refs I and 4), and some rodents and 
camels have NADPH:quinone-o)ddo- 
reductase/~-cry~tallin (see Ref. 38 for 
references). As an equally valid strategy, 
humans have reduced ~pcrystallin levels 
by eliminating or reducing expression 
of four out of six 7genes 39,4°. All this sug- 
gests that the modification of mam- 
malian lenses occurred more recently 
than in other vertebrates. This is con- 
sistent with another odd feature. In 
mammals, the six 7-crystallins, encoded 
by closely linked genes, are 80-98% 
identical while the 7-crystallins of frogs, 
like vertebrate l]-crystallins, are much 
less well conserved and generally share 
only 50% identity (see Refs 1 and 36 for 
references). Mammalian T-crystallins 
thus look considerably younger than 
crystailins or the "f-crystallins of frogs. 
Some of this must be due to gene conver- 
sion ~ but both clustering and similarity 
could also be explained if the mam- 
malian 7-crystallin locus arose from 
recent gene multiplication. 

Mammals were small and few from 
the Triassic to the Cretaceous periods 
and some, the ancestors of modern pla- 
cental mammals, seem to have survived 
by adapting to a nocturnal niche (Fig. 
4), an idea suggested by the relatively 
poor colour vision of modern placental 
mammals (see Ref, 19). Colour vision 
requires daylight and has no selective 
value in the dark. Similarly, nocturnal, 
burrowing mammals have no use for 
soft accommodating lenses and could 
even benefit from myopic lenses like 
those of mice and rats. Perhaps during 
a nocturnal episode in mammalian evol- 
ution, ?-crystallin genes .underwent a 
renaissance, amplifying an active gene 
to form the modern cluster. At the same 
time and for similar reasons, any pre- 
existing lens-softening enzyme crys- 
tallins could have been lost. Later, the 
explosive radiation of diurnal mammals 
in the Tertiary would have led to a 
reprise of this whole scenario as lenses 
softened again, with the loss of 7- 
crystallins and the independent recruit- 
ment of several enzyme crystallins. The 
occurrence of ~-crystallin in guinea-pigs 
and camels may he a rare example of 
independent choice of the same suit- 
able enzyme under similar conditions. 

As an interface with the outside 
world, the eye is peculiarly sensitive to 
environmental changes. Eyes can be 
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lost altogether in subterranean ani- 
mals ~9 while other species that move 
between night and day, air and water 
have to adjust their vision as necessary 
with all the expediency the evol- 
utionary process can muster. 
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