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PREFACE

he eye lens is a remarkable transparent tissue with an important role in

vision. Recent advances in our understanding of the lens in various species
have revealed complex histories of molecular evolution and adaptation. In
particular we have seen that the properties of the lens have always depended on
the direct recruitment of existing proteins to new structural roles as crystallins.
The lens turns out to be a particularly advantageous system for examination of
evolutionary and developmental processes which may have wider significance
beyond the lens itself.

Furthermore it has now been discovered that the molecular biology and
development of the lens is intimately connected with ancient gene cascades
which define “eye” in species from flies to mice. Thus we have seen a direct
connection between essential tissue-determining genes such as Pax-6 and Sox-2
and the expression of crystallins in the lens.

 This book describes our present view of the molecules of the lens in the
context of the wider evolutionary history of the eye. Each chapter is intended to
serve as review of specific areas; the evolution and development of the eye and the
lens, the phenomenon of crystallin gene recruitment, the ubiquitous stress-
related crystallins, the taxon-specific enzyme crystallins and the mechanisms of
crystallin genie expression, followed by a closing summary.

Although this story has developed from studies of the lens it illustrates a
number of important general processes in biology. It should therefore be of
interest not only to those working directly on the eye but also to others involved
in various fields of molecular and evolutionary biology.







CHAPTERT

'THE EVOLUTION OF EYES
AND LENSES

rystallins are the abundant, soluble structural proteins of cellular

lenses in vertebrate and invertebrate eyes. The lens is a highly spe-
cialized tissue in a highly specialized organ. Its function is to control
the refraction of light and image formation in the eye. Even though
cellular lenses are relatively late and independently derived features of
eyes, molecular studies of the lenses of vertebrates and invertebrates
have revealed both a surprising diversity in composition and a surpris-
ing congruence in molecular mechanisms. These underlying similari-
ties seem to be the result of a common evolutionary history shared by
all metazoan eyes from a very early stage of organization.

Thus the evolutionary and developmental origins of crystallins, some
of which are the results of quite recent recruitment events, are inextri-
cably -connected to the long evolutionary history of eyes and vision.
Although the ability to sense and make sense of light and to modify
behavior accordingly seems to be a complex and sophisticated behav-
ior, one which is hard to mimic even with advanced technology, the
origins of vision are surprisingly ancient in the history of life on earth.

LIGHT AND LIFE

Life is inherently opportunistic and inevitably it has made good
use of the solar energy which penetrates the atmosphere as visible light.
Green plants use chlorophyll-based photosynthetic systems in special-
ized organelles to harness the energy of light in chemical bonds' while
some bacteria such as Rhodopseudomonas use the unrelated bacterio-
chlorophylls for a similar purpose.’ Certain archaebacteria such as the
halophile Halobacterium halobium (now salinarium) also use light as a
source of energy. These prokaryotes possess an integral membrane protein
called bacteriorhodopsin which consists of seven transmembrane a-he-
lices arranged in a bundle.?? A lysine residue in the seventh helix binds
the chromophore retinaldehyde (retinal) through a Schiff's base link-
age. When the bound retinal absorbs a photon it undergoes a
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stereoisomerization from all-trans to 13-cis.2? This triggers a confor-
mational change in the protein and serves to activate a proton pump
which provides an energy source for the cell.>* A closely related pro-
tein, halorhodopsin, acts in a similar way as a light-powered chloride
pump.? However archaebacteria, protists and animals go beyond using
light as an energy source to exploit the broad spectrum, high frequency
and directionality of light as the most information-rich of sensory media.

Remarkably it has been found that in addition to bacteriorhodopsin
and halorhodopsin prokaryotic Halobacteria also possess two related
proteins called SRI and II, where SR denotes sensory rhodopsin.>>¢
As their name suggests, these sensory proteins are required for a pho-
totropic response. In eukaryotes, eyespots and eyes in species ranging
from the unicellular photosynthetic protists Chlamydomonas’ and Euglena®
to complex multicellular animals also make use of the chromophore
retinal bound to membrane proteins. In animals such as Drosophila
and mammals, these proteins are known as opsins®'® (Fig. 1.1). Even
in Chlamydomonas it seems likely that a similar retinal-binding, opsin
is responsible for the response to light.” Like bacteriorhodopsin, op-
sins are integral membrane protems with seven transmembrane a-heli-
ces in which retinal is bound via a Schiff's base to a lysine in the
seventh helix. In animal opsins absorption of a photon causes a con-
formational change both in the bound chromophore retinal, usually
from 11-cis to all-trans, and in the opsin itself. This change in struc-
ture initiates an amplifying cascade of signaling events, culminating in
a release of neurotransmitters and a nerve impulse.®!' Depending on
the organism involved this can lead to movement towards a candle
flame or to understanding the written word.

The striking structural and functional similarities of the bacteriorho-
dopsin and opsin families could be the result of common descent.-from
a single original “invention” of this protein motif at a very early stage
in evolution. One might even speculate that this system for light ab-
sorption arrived in eukaryotic cells through a prokaryotic symbiont in
a manner similar to the acquisition of organelles such as mitochondria
and chloroplasts.'? Unfortunately, there is far too little sequence simi-
larity between bacteriorhodopsins and opsins to demonstrate homol-
ogy.'? By itself this does not eliminate the possibility of an evolution-
ary relationship since tertiary structure and functionality are often found
to be well conserved even in the absence of obvious sequence similar-
ity, as for example in the relationship between the 70 kDa heat shock
proteins and actin.'* However prokaryotic and eukaryotic opsins also
differ in the stereoisoforms of retinal they bind. It is quite possible
that in spite of their similarities the two families of proteins separately
converged on the same structure since this seven-helical motif is thought
to be extremely common in membrane protein receptors.!%!5:1¢

While we may not be able to demonstrate common ancestry of
bacteriorhodopsins and animal opsins there is still the real possibility
that the visual pigment of the eukaryotic protist Chlamydomonas is
related to animal opsins.” If true, this could place the root of eye evolution




Fig. 1.1. The evolution
of eyes. Diverse meta-
zoan eyes may share a
common origin and
common molecular
mechanisms of devel-
opment involving Pax-
6 and other genes such
as sine oculis (s0).%
All eyes and eyespots
may share an even
more ancient common
origin in the evolution-
ary innovation of the
opsin gene family. Fig-
ure is adapted from
several sources includ-
ing references 19, 27,
32,110, 111.
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at least as far back as unicellular eukaryotes. Sequence data for protist
opsins are eagerly awaited.

After the “invention” of opsin itself and of thé mechanisms to
couple its light receptor function to cellular responses the next big
step in the evolution of eyes came with the arrival of multicellular
organisms (Fig. 1.1). In metazoans it became possible. to produce dif-
ferentiated cells which could specialize in the production of opsins.
These were the ancestors of the photoreceptor cells of animal eyes in
which opsins are concentrated in arrays in plasma membranes. Photo-
receptor cells occur in two major classes, the rhabdomeric photorecep-
tors composed of microvilli which are found in insect compound eyes
and elsewhere or the ciliary photoreceptor cells typical of mammalian
retinas.”!"'7 These cells contain all the machinery of the visual cas-

cade together with neural connections to transmit information to the

rest of the organism. It now appears that the earliest achievement of
specialized photoreceptor cells during multicellular organization may
be ancestral to both rhabdomeric and ciliary photoreceptors since eyes
from both lineages share the same fundamental molecular mechanisms
of development and differentiation (Fig. 1.1).

THE EVOLUTION OF EYES: DIVERSITY AND SUCCESS

Even the most simple visual systems are a remarkable testimony to
the power of natural selection and molecular evolution. Eyes are so
useful that they are w1despread in animals to the point that over 90%
of living animal species have some kind of vision.'”!? Some eyes, such
as those in certain species of nematode, may be no more than light
sensitive patches which may serve simply for up/down or light/dark
orientation.'®? However, in many cases more of the information con-
tent of light is exploited by some kind of imaging system.

One of the simplest systems is found in the eye of the sea-going
cephalopod mollusk Nautilus. The photoreceptor cells are arrayed in a
curved retina much like that of the vertebrate eye.'”-202! Image forma-
tion is provided simply by a small hole in the front of the eye giving
the form of a simple pinhole camera (Fig. 1.1). Light refracted through
the pinholc can form a clear but dim image on the retina. Many other
species, both invertebrates such as other mollusks, arachnids and jelly-
fish, and vertebrates (Fig. 1.1) have eyes in which light is concen-
trated and directed by a lens to give brighter images.’7202! In some
species, lenses may be used only as light concentrators, but elsewhere
they are used for image formation, both gathering and focusing light,
often correcting for the spherical and ‘chromatic aberration. whlch may
afflict inorganic lenses as they do so.!7:22:24

STRUCTURE OF THE VERTEBRATE EYE
The vertebrate eye (Fig. 1.2) is a spherical organ consisting of sev-
eral transparent layers overlaying a photosensitive retina all contained
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Fig. 1.2. The structure of the human eye.

in an opaque eyeball with a single anterior opening and a posterior
connection to the brain via the optic nerve.??52¢ The first transparent
layer, covering the anterior opening, is the cornea which is primarily
an extracellular matrix of collagen overlaid by thin layers of endothe-
lial and epithelial cells.??¢ In many species the cornea provides a ma-
jor part of the focusing power.? It also protects the interior of the eye
from the external environment and absorbs much of the short wave-
length ultra-violet radiation which could harm the sensitive interior.
Both the physical curvature of the cornea and much of its nutrient
supply derive from the aqueous humor, a clear fluid which fills the
anterior chamber of the eye.?>2¢ In the avascular anterior chamber the
aqueous plays an essential role in transport of nutrients, growth fac-
tors and waste products for both the cornea and the anterior part of
the lens. 4

The aperture of the eye, the pupil, is defined by a pigmented con-
tractile tissue, the iris, which extends from the ciliary body.?>2¢ Just
behind the iris, suspended from the ciliary body by-a-system of liga-
ments, is the lens, a highly specialized cellular structure with various
roles in producing a sharp visual image.??¢ This image is projected
onto the retina through the gelatinous vitreous body which fills the
rest of the eyeball. Like the aqueous, the denser vitreous has nutritive
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and other transport roles to play.?2¢ The retina consists of layers of
nerve cells and the opsin-containing photoreceptors themselves.?2¢
Curiously, in the vertebrate eye these cells are arranged at the back of
the retina so that light must first pass through the neural layers. Pho-
toreceptor cells function without turnover throughout life. They con-
tinually produce membranous discs containing the opsins and other
proteins of the visual cascade.??¢ Particularly in the rod cells these
form stacks of discs which, as they age, are shed and scavenged by the
retinal pigment epithelium.?>?¢ This light absorbing layer also serves
to eliminate dazzle from internal reflection of unabsorbed light.

Other architectures for eyes, such as the use of directed bundles
of photoreceptor cells perhaps coupled with wave guides rather than
- lenses have been exploited widely, most notably in the compound eyes
of insects.'8?! The eye of the scallop Pecten even makes use of a mir-
ror instead of a lens for light gathering.?® However this is unusual.
Unlike astronomical telescopes in which the dominant form of optics
is reflective, eyes are predominantly refractive.

Although we are most familiar with the idea of paired, symmetri-
cally equivalent eyes many species have several sets of eyes, sometimes
of different types. Many arthropods, such as Drosophila, have both
compound eyes and small simple eyes with concentrating lenses.'®?!
Even vertebrates may have additional eyes. In lampreys, amphibians
and some reptiles a small third (and sometimes fourth) eye, the pari-
etal or median eye (Fig. 1.1), forms from a vesicle of neural ecto-
derm.?”” The posterior part of this vesicle develops photoreceptor cells
to form a “retina” while the anterior part consists of a single layer of
elongated, transparent cells, a “lens.” The function of this eye is un-
known although it seems likely that it has a role in setting diurnal
rhythms. In birds and mammals the parietal eye has evolved into the
pineal, the main source of the hormone melatonin.?®

STRUCTURE AND DEVELOPMENT
OF CELLULAR LENSES

A lens is basically a curved interface between regions of differing
refractive indices. This kind of structure can be achieved in various
ways. For a cellular lens, all that is required is for a monolayer of cells
to elongate while constrained around the edges by contact with other
cells, and for these cells to increase their protein concentration and
hence their refractive index. Indeed, cellular lenses in both vertebrates
and invertebrates are mainly composed of extremely elongated cells
or, in the case of cephalopods, cell processes.?3? Discontinuities be-
tween adjacent cells are minimized and a uniform tissue consisting
primarily of cytoplasm is formed.

The division -into different cells allows the formation of a gradient
of refractive index as protein content varies between layers of cells.3033
Generally this is used to increase the apparent convexity of the lens

i;«y ST o
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and to increase its focusing power. Thus the center of the lens has a
higher protein concentration and hence a higher refractive index than
the cortical regions.?3% There may be a two fold difference in pro-
tein concentration between these two regions. The recent discovery
that the lens in a chameleon acts as if it were concave rather than
convex* suggests that this pattern may have been reversed to fit the
peculiar optical requirements of this species.

Cell elongation, which is probably a largely osmotic process, is a
key feature of lens development.’>3 In vertebrate lenses it is the first
recognizable stage in lens differentiation during embryogenesis (Fig. 1.3).
A patch of epidermal ectoderm overlying neural ectoderm undergoes
cell elongation to form the lens placode.?2631:3% As development pro-
ceeds, there is a coordinate invagination of the lens placode and the
underlying neural ectoderm. The lens placode pinches off from the
surrounding ectoderm to form the lens vesicle. Even at this early stage,
expression of the characteristic lens proteins, the crystallins can be
detected.’># The neural ectoderm layer goes on to form the eye cup
which gives rise to the retina, ciliary body and other structures.

The lens vesicle consists of the original elongated cells of the placode,
now at the posterior of the vesicle, and an anterior layer of undiffer-
entiated, cuboidal cells. This arrangement allows for continual growth
in the lens. The posterior, elongated cells undergo further elongation
and differentiation becoming the primary fiber cells. They extend un-
til they fill the lens vesicle and come into contact with the anterior
layer. The anterior cells comprise the progenitors of the lens epithe-
lium, a stem cell-like population which persists throughout life. While
the central anterior epithelial cells remain rather quiescent more pos-
terior cells migrate towards the lens equator where they enter a prolif-
erative zone and go through mitosis (Fig. 1.4). At the lens equator
cells undergo a dramatic terminal differentiation into enormously elon-
gated new fiber cells. These secondary fiber cells overlay the primary
fibers in concentric layers in a process which continues throughout
life. The original embryonic primary fibers form the so-called lens nucleus:
Later, fully mature secondary fibers may also constitute part of the
nucleus, the densest region of the lens and a frequent locus for cata-
ract formation in humans. Younger secondary fibers, particularly those
which are still metabolically and synthetically active form the lens cortex.

Although cell elongation is essential for lens development, it is
not the only determinant of the shape of the lens. During develop-
ment vertebrate lenses acquire the lens capsule, essentially a basement
membrane surrounding the lens, which helps to constrain its shape.
While the epithelial cells are attached to the capsule the fiber cells
detach during differentiation and -eventually form contacts only with
other fiber cells. This contact is mediated through numerous gap junc-
tions*' and probably also through an abundant lens fiber cell mem-
brane protein called MIP26,2 a member of a large family of water
channel proteins.®
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As fiber cells mature and are overlaid by younger layers their ter-
minal differentiation continues and cellular organelles are lost. Nuclei,
mitochondria and the structures of the endoplasmic reticulum are elimi-
nated at a sharp division in the lens between one cell layer and the
next.* From an optical standpoint the loss of organelles is usually in-
terpreted as a loss of potential sites for light scattering along the opti-
cal axis of the lens. The loss of nuclei also eliminates any possibility
of the fiber cells resuming proliferation, something which would cer-
tainly disrupt lens structure and transparency. However it is possible
that the loss of nuclei is not an end in itself but is simply an inevi-
table part of the program of differentiation in this tissue. Lens cell
differentiation has some intriguing parallels with programmed cell death
mechanisms. Most notably the cell nuclei condense and the chromo-
somal DNA breaks down in a characteristic nucleosomal ladder.?> Even-
tually the nuclei disappear into the cytoplasm. It has been pointed
out that this also has some similarity to an abortive mitotic phase and
the loss of nuclei may be the result of a failure of this phase to com-
plete. %

Whatever the reason for nuclear breakdown, it is clear that ma-
ture fiber cells lose their ability to express genes or to synthesize new
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protein and even decline in general metabolic capability.” Proteins in
the mature fiber cells must survive without turnover throughout life.
Lens proteins which are synthesized in the embryo and persist throughout
life may thus be the oldest in the organism.

GROWTH FACTORS AND LENS DIFFERENTIATION

An unusual feature of the vertebrate lens is its relative isolation
from other tissues. Although the lens may be vascularized during mam-
malian (but not avian) embryonic development the mature lens in all
vertebrates is a completely avascular system.” This is necessary for trans-
parency, but it means that nutrients and waste products must make
their way to and from the lens from surrounding structures by diffu-
sion. The closest structures are the ciliary body, to which the lens is
attached through equatorial connections to the capsule, and the iris.
Anteriorly lies the aqueous humor and the cornea. Posteriorly lies the
vitreous and the retina. These surrounding structures communicate with
the lens by means of diffusible growth factors and hormones and it is
likely that the lens communicates with the rest of the eye in the same
way. Growth of different tissues in the eye needs to be well coordi-
nated and a deficiency in growth of one part, such as the lens, will
lead to a general disruption of growth in the eye and microphthalmia.-5°

The compartmentalization of the eye allows the formation of gra-
dients of growth factors across the lens. This may be a principal mecha-
nism for control of lens differentiation. In the absence of growth fac-
tors, explanted rat lens epithelial cells remain quiescent but at increasing
concentrations of acidic and basic fibroblast growth factors (aFGF, bFGF),
the same cells in culture mimic the differentiation of the lens, they
migrate, divide and finally increase in volume and synthesize differen-
tiation-specific crystallins.>'53 In this model high concentrations of aFGF
and bFGF in the vitreous, lower concentrations in the posterior chamber
(the space between the ciliary body and the lens), and low concentra-
tions in the anterior chamber would be enough to regulate lens cell
differentiation. This idea fits very well with some classic experiments
in which lenses were reversed anterior to posterior in the embryonic
chicken eye.’® When this was done, epithelial cells which were now
positioned posteriorly elongated, mimicking the differentiation of fi-
ber cells. More recently, when a secretable form of aFGF was targeted
to lens in transgenic mice, lens epithelial cells elongated and began to
express differentiation-specific crystallins.>

Undoubtedly other growth factors are also involved in lens differ-
entiation. These include IGF-1 which is important for lens cell growth
in chicken,’® platelet derived growth factor (PDGF) which when de-
livered in pulses maintains the transparency of rat lenses in organ cul-
ture’” and TGFp1 (transforming growth factor) which is localized in
the fiber cells of mouse lens® (Fig. 1.4).
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These growth factors may operate through a common path. A small
protein expressed with moderate abundance in embryonic chick, mouse
and human lens was found to be identical to a protein previously iden-
tified as macrophage migration inhibitory factor (MIF).? In lens the
expression of this protein is associated with the equatorial region
(Fig. 1.4). MIF is expressed in a delayed early response to mitogenic
growth factors including bFGF, PDGF and TGFp1 (which is mitoge-
nic in NIH 3T3 fibroblast).®*! Antisense suppression of MIF in cul-
tured cells blocks cell proliferation while constitutive expression al-
lows cells to grow in the absence of serum.®! MIF may be an essential
part of the growth factor response in lens and other cells.

EVOLUTION OF A CELLULAR LENS

From Darwin onwards an explanation of the development of the
multilayered vertebrate eye by step-wise selective processes has often
been cited as one of the biggest challenges to classical evolutionary
theory.®? Recently a computer modeling exercise has demonstrated a
p0551ble selective path for the evolution of an eye in which each stage
is a functional improvement over its predecessors.®*% This shows that
the evolution of an eye superﬁcially similar to those of vertebrates could
occur rapidly, although since this treatment seems to consider zones
of refractive index rather than discrete cells and tissues its ontogenic
and phylogenetic implications for real eyes are not clear.

The evolution of a lens requires reasonable changes in structures
of the eye with some benefit or lack of deleterious effect at each stage.
A primitive ancestral stage in the evolution of the lens might have
consisted of a single layer of elongated cells. This would resemble in
some ways the so-called lens of the parietal or median eye present in
many reptiles and amphibians?” (although to what extent this struc-
ture acts as a lens is unknown). Such a structure could have served to
protect the retina physically or from harmful radiation. It could also
have begun to act as a concentrator of light.2°

The size of a lens consisting of a single layer of cells is limited by
the extent to which individual cells can elongate. Through the topo-
logical trick of forming the lens vesicle, the vertebrate eye lens is freed
from these constraints and can grow throughout life adding new con-
centric layers of cells. It is by no means obvious how this trick was
performed. It presumably occurred in one step perhaps through a single
mutation in a gene controlling tissue-pattern formation or cell-cell rec-
ognition leading to the separation of lens cells from their surround-
ings. However convergent evolution has produced superficially very similar
lenses in cephalopods, jellyfish and some other invertebrates although
different developmental tricks have been used in different lineages. For
example, in cephalopod lenses the concentric layers of fibers are not
complete cells, instead they are cellular processes extending from a
lentigenic region outside the lens proper.®¢ Yet a very similar look-
ing lens is the result.
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CRYSTALLINS: REFRACTION AND TRANSPARENCY

The refractive power of the lens derives both from its curvature
and its refractive index. The refractive index of the lens is largely a
property of the crystallins, the soluble proteins of the “crystalline,” or
clear, lens which provide its bulk refractive structure.#67% Large amounts
of crystallins accumulate in lens cells, pamcularly in the differentiated
fiber cells (Fig. 1.4). Indeed, these proteins may account for as much
as 80-90% of soluble protein in a highly proteinaceous tissue and, as
such, are clearly structural proteins. Some dense, high refractive index
lenses such as those of fish, rodents or squid, may have a protein con-
tent of 60% wet weight or more, although in many diurnal terrestrial
species, iparticularly birds, the content is less than half this value.

Lens transparency is maintained by short-range order between
crystallins.®*’® Phase changes in the supramolecular structure of the
lens, such as those which occur in cold cataract,”! can lead to opacity
by the creation of light scattering interfaces between zones of different
refractive index. The intermolecular interaction of crystallins which define
their supramolecular organization depend on the sequences and struc-
tures ofithe individual crystallins, as described in subsequent chapters.

Crystallins were originally characterized in a few domestic verte-
brate species.””7? Size fractionation of native proteins revealed a few
conspicuous size species which were named using the Greek alphabet,
a convention which has been continued for vertebrate crystallins. In
mammals, three classes were recognized, the o-, B- and y-crystallins in
descending order of native size, the a-crystallins being large aggregates,
the B-crystallins dimers to octamers and the y-crystallins monomers.
In chickens the y-crystallins were absent, apparently replaced by a dif-
ferent, multimeric crystallin which was named §-crystallin. Subsequently
many more species were examined and a new appreciation of crystallin
diversity has emerged.

Crystallins may now be classified in two broad groups; the ubiq-
uitous and the taxon-specific®’ (Table 1.1). The ubiquitous crystallins

are represented in every vertebrate species examined suggesting that -

they reflect the composition of the ancestral vertebrate lens. They are
the a-crystallins, consisting of two gene products, aA-crystallin and
aB- crystallin the B- crysta'llins which in mammals and birds are a fam-
ily of six genes fallmg into two subgroups, BA and BB; and the y-
crystallins which in mammals form one family of highly similar genes
expressed embryomcally and neonatally and one more distantly related
gene expressed in the cortical fibers of adult lenses. B- and y-crystallins
are related and may therefore share a common origin in the lens. A
hypothetical ancestral vertebrate lens might have contained one a-
crystallin and one ancestral B-crystallin. ,

In contrast the taxon-specific crystallins are major constituents of
lenses only in defined evolutionary lineages (Table 1.1). They arose
later than the ubiquitous crystallins as a result of discrete, indepen-
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Table 1.1. Vertebrate crystallins

Ubiquitous: Stress-related Taxon-specific: Enzymes
o, By A S¢em reptiles, birds
Lnap mammals
p frogs
T scattered distribution

dent recruitment events and were retained in descendant species.?” The
recruitment of taxon-specific crystallins provides an unusual opportu-
nity to study events in the molecular evolution of species still at a
stage of great diversity. Other systems may. have enjoyed similar diver-
sity in the distant past but this may have been obscured by subse-
quent extinctions and “rationalizations” of the pool of diversity.

Differential expression of the multiplicity of crystallins in each lens
allows for establishment of smooth gradients of refractive index which
‘enhance the optical properties of the lens, eliminating chromatic and
spherical aberration.??

CRYSTALLINS AND STRESS

Although several different proteins serve as crystallms many share
the unifying of a connection to stress responses. There is a direct role
for mammalian aB-crystallins in heat and osmotic shock’>7” and other
_crystallins have more or less direct links with heat, osmotic, or various
oxidative stresses®®78-#1 (Table 1.2). This may reflect the stressed con-
dition of the lens itself. A tissue which undergoes enormous cell elon-
gation, must continually maintain its balance of protein and water and
be bathed in light for years on end. Crystallins seem to have been
selected from proteins which are already expressed in the lens.and which
at high levels may have beneficial effects for lens stability. In particu-
lar several crystallms, including enzyme crystallins, may have a protec-
tive association with the cytoskeleton upon which the elongated fiber
cells depend.?77¢ These properties of crystallins are discussed in later
chapters.

PAX-6 AND COMMON ORIGINS -

In spite of the enormous variety and evolutionary inventiveness of
metazoan eyes and the high specialization of their component tissues,
there is remarkable evidence that all these eyes and even derived tis-
sues such as the vertebrate lens share a common origin. In vertebrates,
flies, mollusks and worms the same molecular mechanisms are respon-
sible for initiating the development of what otherwise appear to be
such widely different eyes. Thus a gene responsible for normal eye
development in man (aniridia)®®®? and mouse (small eye)®* turns out
to be directly homologous to eyeless a gene essential for compound eye
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Table 1.2. Crystallin connections

Heat Shock-
aB is a sHSP in mammals
Enolase (1) is a HSP in yeast
Osmotic Stress-
aB is induced by osmotic stress in mammals
B and vy are related to proteins induced by dehydration
p is related to aldose reductase, an osmotic stress protein
Substrates of other enzyme crystallins may be osmolytes
Interaction with Cytoskeleton-
o, B associate with cytoskeleton, plasma membrane
LDH (g), Enolase {t), GAPDH (n) interact with “cytomatrix” in other cells
UV or oxidative stress-
Several enzyme crystallins, €, §, p, p, 7, bind NAD(P)H and sequester reduced
and oxidized co-factors in lens where they could act as UV filters or as redox
reagents *
Chemical detoxification-
Some enzymes used as crystallins are involved in detoxification: § is a quinone
reductase; 11 is an aldehyde dehydrogenase; p is probably an aldo-keto
reductase; squid SL1 is a glutathione reductase

development in Drosophila.® The product of these genes is a tran-
scription factor, known in vertebrates as Pax-6, which belongs to a
family of master-control factors whose expression determines the de-
velopment of complex tissues.8-8

Indeed it seems that Pax-6 may be the “master gene” for eye de-
velopment in both mammals and flies (Fig. 1.1). When either Droso-
phila or mouse Pax-G is expressed ectopically in antenna, wing or leg
of the fruit fly complete compound eyes develop in the targeted tis-
sues.” This is a stunning demonstration of the existence of an ancient
developmental control system which may be common to all eyes.

While ectopic expression of Pax-6 could also be attempted in
transgenic mouse embryos, mimicking the experiments in flies, the situ-
ation is likely to be more complex in vertebrates. After all, Pax-6 is
already expressed in other parts of the CNS¥ and even in pancreas.”
Clearly the interplay of factors in different tissues can modulate the
outcome of such developmental tinkering in less experimentally pliant
organisms than Drosophila. There is also the interesting case of Pax-6
in the eyeless nematode C. elegans. A homologue of Pax-6, vab-3/mab-
18, has been found in this organism (A. Chisholm, personal commu-
nication).”? It is expressed in sensory neurons and has an important
role in correct formation of the “head.”? C. elegans has no eyes but
some other nematodes, such as Mermis nigrescens® do have eyespots
and phototaxis. It would not be surprising to find that Pax-6 plays a
key role in development of these structures. It seems likely that the
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ancestors of C. elegans had eyes which were lost much like those of
blind cave fish. What prevents eye formation in C. elegans? Has it lost
target genes, such as those for opsins, or has it lost other factors down-
stream of Pax-6 in the eye cascade?

Pax-6 operates at such a high level in the developmental cascade
that it is upstream of all genes necessary to form an eye. Many of the
genes which lie downstream of Pax-6 must be different in flies and
mice but the original trigger is the same for both and has been con-
served for hundreds of millions of years. Other members of the cas-
cade are also becoming known. Sine oculis is another homeodomain-
encoding gene which is essential for eye development in Drosophila
and it apparently has homologues in mammals which are also expressed
in eye.” Other pattern-forming genes are also known to be expressed
regionally in developing eyes of various species®® including Notch of
Drosophila®” and numerous homeodomain-encoding genes such as Msx-
I and Msx-2 (formerly Hox-7 and Hox-8)°® and several Hox genes.”

This “eye cascade” must have evolved once early in metazoan evo-
lution conferring the ability to respond to light. This gave the organ-
isms which possessed it such advantages that their descendants came
to dominate the animal world. As those descendant species radiated
over hundreds of millions of years they continued to use the same
ancestral molecular machinery even as the gross structure of their eyes
diversified and adapted. Thus, although the common ancestor of oc-
topus and human eyes is unlikely to have had a lens, its distant de-
scendants both evolved superficially similar structures making use of
some of the same common, inherited mechanisms. ‘

This “master gene” role for Pax-6 also helps explain the overlap in
developmental origins and gene expression between eye and brain. In
addition to eye, Pax-G is also expressed in the central nervous sys-
tem,?” particularly in the diencephalon!® which is so closely related to
eye in development. lts expression in various parts of the eye and brain
is probably also responsible for the phenomenon of transdifferentiation
among these tissues.

EYE AND BRAIN

The eye has often been thought of as an offshoot of the brain (see
ref. 67 for review). This seems logical enough since the optic cup which
gives rise to the retina and ciliary body is derived from the neural
ectoderm. However it has also been suggested that the eye came first.'®!
Indeed it is striking to see that complex eyes are present in organisms,
such as jellyfish, in which it is much harder to identify anything which
could pass for a brain. This “eye-first” idea can be taken to its ex-
treme if we entertain the possibility that the eyespots of protists share
an evolutionary lineage with eyes of more complex organisms. If eyes
came first, the brain could have developed as a center to process the
information from the eye and to integrate it into behavioral responses.
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As the image-forming and color-discriminating potential of the eye
developed, so the brain developed further to make use of the informa-
‘tion available. In this view the brain becomes a developmental exten-
sion of the retina rather than vice versa.

Whichever came first, the developmental unity of eye and brain
are illustrated by the parletal eye of reptiles and amphibians?” and its
evolutionary descendent in birds and mammals, the pineal. In the pa-
rietal or median eye both a retina and a “lens” derive from the same
neural ectoderm which gives rise to only the retina in the lateral eyes
and which also gives rise to brain. Immunohistochemistry has sug-
gested that the parietal eye lens shares molecular components with the
lenses of the lateral eyes'®? but this has not yet been examined in de-
tail at the molecular level. Thus the pineal which is regarded as part
of the brain is descended from an eye similar in many ways to those
with which we are familiar. Indeed, the chicken pineal expresses some
of the same opsins as the retina of the lateral eyes.'®

TRANSDIFFERENTIATION, LENS REGENERATION
AND THE PAX-6 PARADOX

The close connection between differently derived parts of the eye
and between eye and brain tissues is apparent in the remarkable phe-
nomena of transdifferentiation and lens regeneration. In culture, cells
from embryonic chicken adenchypophysis, iris and pigmented and neural
retina can transdifferentiate to give rise to cell types resembling sev-
eral differentiated tissue of the eye.*”!%19% In particular all these sys-
tems can give rise to lens-like cells or lentoid bodies which express
characteristic lens proteins. In many ways this is reminiscent of the
derivation of the retina and lens of the parietal eye from neural ecto-
derm tissue. Lens can also be derived from other differentiated eye
tissues in vivo. After lens removal in some species of newt, the dorsal
and ventral iris, tissues of neural ectodermal origin, can regenerate a
lens which expresses crystallins while in Xenopus laevis lens can regen-
erate from cornea.*’%> Thus these differently derived tissues have the
potential to follow the path of lens development even in the adult.
However lens cells themselves are not capable of transdifferentiation
into any other tissue. In this sense they are the lowest common de-
nominator of differentiation potential in their developmental lineage.

The -important role of Pax-6 in all these tissues may be the basis
for these phenomena. Recent work has shown that lens competence is
a very early stage in development of the animal cap ectoderm and that
earlier work which implied an inductive role for the optic cup was in
error.®® Furthermore, the earliest detection of Pax-G expression in the
chlcken embryo is in a layer of cells which includes the presumptive
lens.!® Later, Pax-6 is expressed in both lens and in neural ectoderm,

including the developing retina and diencephalon.'® Thus in verte-

brates the lens appears to represent the minimal state of eye differen-
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tiation. As other tissues lose expression of downstream components of
the eye cascade they “revert” to the simpler level of the lens controlled
by Pax-G and perhaps a few other high-level factors. Lens may thus be
the minimal state of differentiation under control of Pax-6 in verte-
brates. It would be interesting to see whether pancreas, another site of
Pax-6 expression, could also transdifferentiate into “lens”. The idea of
lens being in some way the most fundamental outcome of Pax-6 ex-
pression appears to be extremely paradoxical since the lens is by no
means the fundamental tissue of the eye in any evolutionary or devel-
opmental sense. Yet, as will be described below, it turns out that ex-
pression of some crystallins, lens-specific or lens-preferred proteins,
depends on binding of Pax-6 to the promoters or enhancers of their
genes.

Crystallins would seem to be the final product of the cascade of
gene expression necessary to form the lens. Similarly the vertebrate
lens is probably the most recently evolved of eye structures. Why then
are at least some crystallin genes under the control of the highest level
eye “master gene”? The simplest explanation for the Pax-6 paradox
seems to be that the evolution of the lens necessitated use of tran-
scription factors already expressed in the eye. As such Pax-6 fits the
bill as much as any other factor in the cascade. At an earlier stage in
evolution Pax-6 may have been principally involved in controlling other
regulatory genes, such as those for other transcription factors, and may
not have had a direct role in expression of eye-specific genes such as
those encoding opsins. However, when the lens evolved, Pax-6 was
co-opted or recruited to a new role in direct control of structural gene
expression in the eye lens. Thus the gene recruitment of crystallins,
described below, depended on the acquisition of Pax-6 binding sites
and the consequent recruitment of Pax-6 itself.

EVOLUTION DYNAMISM AND THE VERTEBRATE
LENS: ENVIRONMENTAL PRESSURES

The eye provides a direct interface between the outside world and
the internal world of perception and response. As an optical system,
the properties of the eye are severely constrained by aspects of the
external environment and the way of life of the organism. Thus the
structure and light sensitivity of the retina differ according to whether
the animal is diurnal, in which case it makes use of low-sensitivity,
color-discriminating cone cell photoreceptors often with associated colored
oil-drops,?® or nocturnal, in which case it makes use of monochro-
.matic vision through highly sensitive rod cell photoreceptors.?® Simi-
larly the refractive properties of the cornea and lens adapt to suit the
needs of a fish, which requires a high refractive index to focus under
water and has little use for vision at a distance, or of a hawk which
needs a lower refractive index, accommodating lens to focus both at
great distances in the air or close up in the nest.® The properties of
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the cornea and lens may also evolve to filter harmful or dazzling ra-
diation as species move from dim to bright light environments.

During the course of evolution vertebrate species have moved from
water to land or from activity by day to activity by night. Perhaps
more than any other organ this has placed unusual requirements on
the eye to adapt and readapt its properties at both anatomical and
molecular levels. Subsequent chapters will concentrate on describing
the ubiquitous and taxon-specific crystallins, their structures and functions
and the molecular biology of their gene recruitment and expression in
the lens. ¢
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CHAPTER 2=

- (GENE RECRUITMENT:
A NovrL MECHANISM
IN MoLECULAR EVOLUTION

MULTIFUNCTIONAL PROTEINS
AND “GENE SHARING”

he greatest surprise in the study of crystallins has been that these

long-lived structural proteins with apparently unique functional re-
quirements in a highly specialized tissue may also be expressed in other
tissues under quite different guises. Most strikingly the taxon-specific
crystallins, those which are restricted to particular evolutionary lin-
eages, have been found to be identical to enzymes.

In the recruitment of taxon-specific crystallins, genes encoding
enzymes which have maintained their metabolic functions for hun-
dreds of millions of years acquire greatly increased expression tissue—
specifically in the lens. As a result, the protein product of the recruited
gene becomes a major structural component of the lens. This protein
now has two completely distinct functions; as a biological catalyst in
many tissues, continuing its role as before, and as a bulk component
of the refractive structure of the lens. There are many examples in
which evolutionarily related proteins fulfill different functions. For
example the B-chain of haptoglobin, an enzymatically inactive serum
protein involved in hemoglobin binding, is structurally related to the
serine protease superfamily which includes trypsin,' while the diverse
members of the immunoglobulin superfamily have many specialized
roles, as antibodies; cell surface receptors and cell adhesion molecules
. among other function.? The enzyme crystallins are different. They are
not merely derived from enzymes but continue to serve that ancestral
function while simultaneously serving as crystallins. The result is that
one protein has two separate and distinct roles in the absence of gene
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duplication. This protein multifunctionality is the key characteristic
of the gene recruitment of crystallins. The term “gene sharing” has
also been used to describe this phenomenon to emphasize that a single
gene gives rise to two protein functions.’

GENE RECRUITMENT OF CRYSTALLINS: MODIFYING THE LENS

There have actually been several distinct phases of crystallin gene
recruitment in vertebrate lenses. The first occurred at the very earliest
stages in the evolutionary development of the tissue. The lens first
became a lens when it acquired a higher refractive index than the sur-
rounding media. This was achieved by increasing the concentration of
soluble proteins in the cytoplasm. As described in subsequent chapters
this seems to have occurred through the recruitment of stress-related
proteins which may have already had important roles in lens cells,
probably involving ‘interactions with cytoskeleton or other vulnerable
and essential systems.6 These initial recruitments involved increasing
the expression of representatives of 'two protein superfamilies, the small
heat shock protein/a-crystallin superfamily*” and the By-crystallin su-
perfamily.#® Over time the recruited genes underwent multiplication
and diversification to produce the proteins necessary for the high-re-
fractive index lenses required for vision under water.

Since the ancestors of vertebrates evolved under water this envi-
ronment had a profound effect on the emergence of vertebrate crystallins.
With the cornea in direct contact with water, almost all the refractive
power of a fish eye must come from the lens which consequently re-
quires a high refractive index.® This is well illustrated by the extremely
hard and dehydrated lenses in modern aquatic species which can have
remarkably high concentrations of proteins (mainly crystallins) up to
as much as 70% wet weight.'%!!

Much later (about 350 million years ago) some vertebrates emerged
from water into air. In this new environment a completely different
kind of lens would have been needed. Rather than a high refractive
index, rigid lens it would have been a great advantage to early terres-
trial vertebrates to have a less myopic and more easily deformable lens
capable of visualizing objects such as food and predators over a wide
range of distances. This was achieved by modifying the protein con-
tent of a lens which had evolved under water. A major contributor to
this process was a new episode of gene recruitment.

The proteins which make the largest contribution to the special-
ization of hard lenses are y-crystallins.!® As described in the following
chapter, their structure, their biophysical properties and their phylo-
genetic and ontogenic distributions suggest that y-crystallins, are needed
to create or maintain a low-water content, high protein density cellu-
lar environment.'>!* The most direct approach to softening a lens evolved

under water would be to reduce the contribution made by the y-crystallins -

and one way of doing this would be to recruit novel, additional crystallins
with more normal hydration properties.®
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Evolution has performed the experiment of softening the lens through
gene recruitment of novel crystallins many times and the results of
these experiments show us that the proteins best suited for this role
are all globular metabolic enzymes.¢ Although at first sight this strict
selectivity might seem surprising, on further reflection it becomes clear
that many other classes of protein would be disqualified from recruit-
ment as crystallins. Crystallins need to be highly stable structures ca-
pable of surviving without turnover for many years. They must retain
solubility in a relatively high protein concentration environment while
avoiding aggregation with other lens components to form light scat-
tering centers. High concentrations of a particular protein should have
no deleterious effects on cell metabolism, signaling pathways, transcription
regulation, cytoskeletal structure or any of the other essential systems
of the cell. For ease of recruitment, the genes for these new crystallins
should already be expressed in the lens, or at least easy to induce.

Most of the proteins which satisfy these criteria turn out to be
enzymes. One feature of enzymes which might be expected to pose
problems following their recruitment as crystallins is their metabolic
activity. High concentrations of some enzymes could disrupt the flow-
of metabolic pathways, sequestering substrate and co-factor molecules.
Indeed, this may disqualify certain enzymes from suitability as crystallins.
Those that succeed are generally involved in non-rate limiting reac-
tions. In the case of at least one enzyme which acts as a crystallin in
some species, o- enolase/t-crystallm, overexpression in lenses and other
tissues of transgenic mice has no evident deleterious effect 15 Indeed it
is possible that lens cells have a “metabolic compartment” separate from
the bulk of the crystallins so that catalytic pathways are insulated from
the overexpression of enzymes.

The other possible drawback of using an enzyme as a crystallin is
its ability to sequester substrate and cofactor small molecules in the
lens. However, this ability may actually be turncd to advantage in cer-
tain circumstances.

Secondary Advantages: Protectmg the Lens

The primary evolutionary pressure on terrestrial vertebrate lenses
may have been to modify the optical properties of the lens. However
secondary effects may also have been very important and these may
even have been the dominant forces in several more recent phases of
enzyme crystallin recruitment. These secondary advantages could take
the form either of additional beneficial properties of a crystallin re-
cruited primarily for refractive reasons or of the secondary recruitment
of an additional crystallin for other purposes. These additional ben-
efits probably include protective or stress related functions such as the
filtering of harmful ultraviolet radiation, participating in maintenance
of the osmotic balance of lens fibers or contributing to antioxidant
mechanisms in the lens. Such properties have been proposed for
_e-crystallin'® and for other nicotinamide adenine dinucleotide cofactor
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binding enzyme crystallins!” which can sequester reduced cofactor in
the lens. Since €-crystallin was recruited into lenses which already had
8-crystallins'® it is likely that properties of the enzyme other than its
contribution to lens softening were important for its recruitment and
maintenance in the lens. Reduced cofactors may act directly as UV
filters or in redox reactions to protect oxidation of lens components.!®!8
The ability of recruited enzyme crystallins to sequester these cofactors
in the lens may have conferred important benefits for some species
such as those moving from an environment of dim light to one of full
exposure to the sun.

Secondary advantages distinct from contributions to refractive index
were probably also important for the original recruitments of a- and
By-crystallins. These stress-related proteins may not only have helped
to make the lens a lens but also may have enhanced the stability of
other more vulnerable lens components, such as the cytoskeleton, the
essential infrastructure of the elongated fiber cell, and transmembrane
channel proteins. Indeed, the enzymes recruited as crystallins may even
share with the stress protein crystallins some aspects of this role in
associating with and possibly stabilizing cytoskeleton. Glycolytic enzymes
in particular have been found to associate with various components of
cytoskeleton, such as actin, and to form part of a “cytomatrix”.}9-2?

WIDER IMPLICATIONS FOR MOLECULAR EVOLUTION

The gene recruitment of enzyme crystallins is a novel mechanism
in molecular evolution but it is probably not unique to the lens. The
peculiarities of structure, stability and evolutionary plasticity in the
lens made the discovery of this form of gene recruitment possible, but
the lessons learned are likely to have much wider applicability for
understanding the origins of the duplicated multigene families and
superfamilies which are such a dominant feature of the genomes of all
organisms.516:23

A classical model in protein evolution proposes that in order for
new protein functions to arise an existing gene must first undergo
duplication?? (Fig. 2.1). This is a purely random event. Following
duplication, selection for the original function maintains one copy of
the gene but the other gene is freed of selective pressures and conse-
quently begins to experience sequence drift. During this period ex-
pression of the unselected gene is likely to cease since it has no select-
able benefits for the cell and may indeed have deleterious effects. By
chance this drifting pseudogene eventually acquires a useful new se-
quence. Also by chance it reacquires the ability to be expressed in a
way which makes use of its new function. The problem faced by this
classical model is that non-functional or non-essential genes are at high
risk of elimination from the genome through deletion, insertion, rear-
rangement and loss of CG dinucleotides through the process known
as “ripping.”? The window of opportunity for the random acquisition
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Fig. 2.1. The “classical” model for new protein functionalities and for gene duplication.

of a new role may be very short, perhaps too short for this process to
be successful.

The gene recruitment of crystallins illustrates a powerful alterna-
tive strategy through protein multifunctionality or gene sharing (Fig. 2.2).
In this scheme a new function arises in the product of a single gene.
In the case'of the crystallins an enzyme or stress protein acquires an
additional structural role in the lens. The protein becomes subject to
two sets of selective pressures but if neither of the functions impinges
on the fitness of the other, protein multifunctionality of a single gene
product may continue indefinitely. However, there may also be cases
where adaptive conflicts occur. This is the situation when changes in
the protein or its expression which are beneficial for one role actually
begin to degrade its performance of the other role. Such adaptive con-
flict would provide a selective advantage-for gene duplication and spe-
cialization. In this scheme, unlike the classical model, at no stage is a
gene drifting without the protective effects of selection, and at each
stage there is the potential for selective benefit.
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Fig. 2.2. The Gene Recruitment model for new protein functionalities and for gene duplication.

OTHER PATHS TO MULTIPLE FUNCTIONS '

In the case of enzyme crystallins the recruitment to a new func-
tion occurs through tissue-specific modification of gene expression.
However a protein could gain an additional function by other mecha-
nisms. For example, neutral drift in amino acid sequences not essen-
tial for the main selected function of a protein could lead to the ser-
endipitous acquisition of a new activity, such as a novel binding site.
Something like this may explain the surprising discovery that the cy-
toplasmic glycolytic enzyme a-enolase has also been found as a plas-
minogen receptor exposed at the cell surface.?”” In this case the bind-
ing activity depends upon the C-terminal amino acid residue of the
enzyme. If this role is indeed physiologically significant the enzyme
may have two distinct functions.

Proteins could also acquire an additional function passxvely, through
modifications to a second protein. For example, a serum protein might
enhance its ability to bind to a cell surface if it happened to gain an
additional binding site for a cell surface protein of previously unre-
lated function. The target protein would then find itself with a new
function as a receptor for the serum protein without having under-
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gone any sequence changes while the serum protein whose sequence
had changed would still have only one function. Whatever the path
followed, the result of recruitment is a single gene which encodes two
or more protein functions. Evolution is inherently pragmatic and will
make use of whatever functionalities or substrates are available. Thus
there is every reason to expect that this sort of molecular opportunism
may be quite widespread. Indeed, a number of well-characterized pro-
teins have surprising “secret identities.” These include the neurotrophic
factor neuroleukin which is also the enzyme phosphohexose isomerase?®
and the protein which has been identified as protein disulfide isomerase,
thyroid hormone binding protein, the B subunit of prolyl hydroxylase
and the glycosylation site binding component of oligosaccharyl trans-
ferase.?

GENE DUPLICATION

Although protein multifunctionality may be quite common, there
are likely to be circumstances under which a gene and protein serving
two masters may not be an evolutionarily stable condition. The re-
quirements of the two roles may place contradictory pressures on the
protein and give rise to adaptive conflict. In the gene recruitment model
this conflict may be resolved by gene duplication, specialization and
separation of function.

It is interesting to consider the possible applicability of this model
to well-known examples of gene duplication outside the lens, such as
the molecular evolution of digestive stomach lysozymes in ruminants.3%3!
Several different lineages of ruminant ungulates, monkeys and even a
bird, the hoatzin,?? have acquired multiple stomach lysozymes for the
digestion of cellulose-metabolizing bacteria at acid pH. These enzymes
seem to have been independently recruited from neutral pH lysozymes
expressed in macrophages and elsewhere in defense against bacteria. In
the classical model (Fig. 2.1) it would be assumed that a gene for a
neutral pH lysozyme duplicated and that one copy drifted in sequence
until it acquired both the attributes of protein sequence necessary for
enzymatic function at low pH and expression in stomach.

However in the gene recruitment model an alternative scenario can
be imagined (Fig. 2.2). For example, the promoter of a gene for a
neutral pH lysozyme could have acquired an element which conferred
additional expression in stomach while mainrtaining its original pat-
tern of expression elsewhere. Since the enzyme was not adapted for
this new low pH environment its activity would have been poor at
best. However, so long as it was able to make some useful contribu-
tion to digestion there could have been enough selective advantage for
this rudimentary gene recruitment to be maintained. Subsequently the
new role of the enzyme could have been improved by selection for
changes in protein sequence which enhances low pH stability and ac-
tivity. However, at some point these beneficial changes for the digestive
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role might have become sufficiently disadvantageous for the original
neutral pH role of the multifunctional protein that an adaptive con-
flict was produced. At this stage a gene duplication of the gene for
the enzyme would have had the great benefit of resolving the conflict
and allowing rapid divergence in function and specialization of lysozymes
for different functions and expression patterns.>’ One gene would have
essentially reverted to the original role while the product of the other
would have been free to acquire even more modifications to enhance
its function in digestion. :

Since the neutral and low pH roles of lysozymes in this hypoth-
esis would have been so different the initial period of protein
multifunctionality or gene sharing would necessarily have been brief
and any sign of it would have been rapidly erased from the genome.
In the lens, however, all the stages of this alternative model from gene
recruitment through .protein multifunctionality, adaptive conflict, gene
duplication and subsequent specialization are illustrated by the varied
examples of taxon-specific enzyme crystallins (Fig. 2.3). Indeed, pre-
sumably because of less serious problems of adaptive conflict in the
lens, the enzyme crystallins frequently seem to be stable for very long
periods at the initial one gene, two functions stage.

ADDITIONAL IMPLICATIONS

In addition to their role in the evolution of new protein functions
and in gene duplication, protein multifunctionality and gene recruit-
ment have some other implications which may be worth considering.
For instance, there is the conferring of a certain degree of economy in
the number of genes required in an organism. Although this is un-
likely to be of major importance in higher eukaryotes it could be of
great significance in smaller genomes, particularly in viruses. From a
different perspective, protein multifunctionality could have a great in-
fluence on the selective constraints experienced by a gene. In a pro-
tein which acquired a new function, sequences which were not well-
constrained by the original function might come under more stringent

selection while formerly well-conserved sequences might actually be

forced to change to accommodate the new role. Clearly this could change
the relative speeds of the “molecular clocks” for genes in different spe-
cies. Indeed the recruitment of lactate dehydrydrogenase B (LDHB)
as e-crystallin in some birds but not others has been cited as the basis
for varying clock rates for this enzyme in avian orders.?

Unexpected additional functions for proteins could also have im-
plications for gene knock-out experiments and even for gene therapy.
Targeting a gene or protein specifically for one known function might
produce unexpected side-effects relating to a second hidden function.
Similarly, taxon-specificity in such multifunctionality could contribute
to some of the marked species differences seen in apparently homolo-
gous gene defects in different species.
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CHAPTER 3=

THe Usiquitous CRYSTALLINS:
STRESS PROTEINS RECRUITED
TO LENS

hree classes of crystallins, belonging to two protein superfamilies,

are represented in the lenses of all vertebrates. These are the a, p
and y-crystallins. The ubiquity of these crystallins suggests that their
recruitment occurred at a very early stage in the evolution of the lens.
Furthermore all three classes of ubiquitous crystallins have at least some
connection with various stress responses.

o-CRYSTALLINS: MEMBERS OF THE SMALL HEAT
SHOCK PROTEIN SUPERFAMILY

a-Crystallins are present in the lenses of all vertebrates; indeed in
many mammals they may be the major protein components of the
lens.' Species as divergent as dogfish (Squalus acanthias) and mam-
mals express the same two a-crystallin subunits, A and aB.# aA-crystallin
is usually the most abundant subunit and indeed may be the single
most abundant gene product in the lens, although the aA/aB ratio
varies considerably among species and aB seems to predominate in
the dogfish lens.">* Both subunits are about 20 kDa in size and have
considerable sequence similarity; in chicken, A% and aB® are 59% iden-
tical. This degree of conservation is reflected in the slow rate of se-
quence change in cA-crystallins’ which has made them useful tools
for molecular phylogenetic studies. aA-crystallin sequences form one
of the most comprehensive databases for this purpose.?12

Both a-crystallin gene products undergo a remarkable array of post-
translational modifications including peptide bond cleavage,':>'3 cAMP
dependent phosphorylation,''® autophosphorylation,!® deamidation,0:2!
transglutamination,?? fatty acylation,?® racemization?® and cytoplasmic
glycosylation.?> The functional and structural consequences of these
modifications are not clear although it seems likely that they could
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have roles in modifying interactions of a-crystallins which each other
and with other lens components.

TERTIARY AND QUATERNARY STRUCTURE

In spite of the growing interest in this family little is known of
the tertiary structure of the protein subunits or their quaternary inter-
actions. CD (circular dichroism) and ORD (optical rotary dispersion)
spectroscopy both suggest that a-crystallin subunits have predominantly
B-sheet structure with only a small content of a-helix.?6?” TH NMR
analysis has found that the C-terminal regions of bovine lens a-crystallin
subunits. are highly flexible and disordered.?® However an x-ray struc-
ture determination is urgently needed.

One of the most notable features of a-crystallins is their propen-
sity for aggregation. Large and variable aggregates form from popula-
tions of one subunit or from mixtures of both.??3*®* A number of dif-
ferent models for the -quaternary structures for a-crystallins have been
proposed ‘in attempts to reconcile data from different experimental
systems. Based on a variety of experiments which suggest that a-crystallin
subunits form distinct populations with regard to accessibility, three-
layer models of a-crystallins have been proposed.’’® From a struc-
tural point of view these models have the unsatisfactory feature of re-
quiring identical subunits to occupy non-equivalent positions. In a
different model the difference in hydrophobicity between the N-ter-
minal and C-terminal regions of a-crystallins inspired the suggestion
that a-crystallin subunits form protein micelles.?

Other experiments on the aggregation behavior of recombinant o-
. crystallin domains® led to the proposal that a-crystallin subunits as-
semble as tetramers or pseudo-tetramers on each face of either a thombic
dodecahedron or a cube,* a model in which all subunits occupy equiva-
lent positions. Finally another model has been proposed based on the
structure of molecular chaperones.’” It seems very likely that a-crystallins
have multiple modes of assembly depending on conditions, with dy-
namic interchange of subunits and easy transitions between alternative
quaternary structures.3638.3

ONTOGENY

a-Crystallins are among the eatliest crystallins to be expressed during
vertebrate lens embryogenesis and continue to be expressed at high
levels throughout life.!442 However the patterns of expression of the
two genes appear to vary among species. For example, in human lens
development oB-crystallin has been detected in the lens placode (see
Fig. 1.2) while aA-crystallin was not observed until the lens vesicle
stage.®? In contrast, in the developing rat lens aA-crystallin appears
first in the lens pit at embryonic stage E12,% similar to the timing of
a-crystallin in mouse,*! while aB-crystallin was not detected until stage
E1l4 in elongating lens fibers.®2 The same authors also found differ-
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ences in the distribution of the two a-crystallins in human and rat
lenses such that aB-crystallin was found in both epithelial and fiber
cells in human lens but was found only in fiber cells in rat lens. In-
terestingly, the work on developing mouse lens suggested that there
was an association between the onset of crystallin synthesis and cell
elongation.?! '

THE SMALL HEAT SHOCK PROTEIN CONNECTION

Although it was appreciated that crystallins must have arisen from
molecular ancestors which predated the existence of the vertebrate lens,?
it was also assumed that a- and other crystallins would be lens-spe-
cific structural proteins derived by gene duplication and specialization
from those non-lens ancestors. The first indication of a non-lens rela-
tionship for crystallins came when the sequences of Drosophila small
heat-shock proteins (sHSP) revealed surprisingly close similarities with
aB-crystallin.®®

The sHSP superfamily is ubiquitous in eukaryotes.#%® Distinct
members of this superfamily are also found as egg antigens in Schistosoma
manson?'>? and muscle-associated proteins in the ascidian Halocynthia
roretzi’® The superfamily is even represented in prokaryotes as surface
antigens in Mycobacterium leprae®® and M.tuberculosis,’> as a ribosomal
associated protein in M.bovis’® and as stress induced proteins in Escherichia
coli,’ Stigmatella aurantiaca®® and Clostridium acetobutylicum.”® Recently
a new vertebrate member has been added to this family, p20 a bovine
" protein with closer sequence similarity to a-crystallins than to any
mammalian sHSP.%® The large scale sequencing project for the nema-
tode Caenorhabditis elegans has also uncovered a gene with closer similarity
to the a-crystallin family than to other sHSP.%!

The significance of the similarity between a-crystallins and the sHSP
family became clearer when, following the discovery of non-lens ex-
pression of taxon-specific enzyme crystallins,®? aB-crystallin too was
detected outside the lens during difference library screening of ham-
ster brains affected with the prion disease scrapie.®® Indeed, this theme
of elevated expression of aB-crystallin associated with neurological -dis-
orders has continued with the detection of high concentrations of aB-
crystallin.in Alexander’s disease,’ Lewy body disease®® and the human
prion associated Creutzfeldt-Jakob disease®® among others.> Lower con-
stitutive levels of aB-crystallin were also found in many adult tissues
in both mammals and birds.>¢77

The connection with the sHSP family was strengthened when it
was discovered that mouse oB-crystallin was induced by heat-shock in
mouse embryonic fibroblasts.”! Thus in this species aB-crystallin itself
is a sHSP. Like other heat shock proteins, aB-crystallin can also be
induced by other insults such as osmotic stress,”>”? ischemia’® and by
expression of some oncogenes.”> However this stress response may be
specific to mammals. In duck embryonic fibroblasts the endogenous
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aB-crystallin gene is neither constitutively expressed nor induced by
either heat or osmotic stress under conditions which elicit a stress re-
sponse and HSP70 induction.”® This correlates with an absence of ca-
nonical heat shock response elements in the promoter of the duck oB-
crystallin gene.”? It seems likely that both heat and osmotic stress
responses in mammalian aB-crystallin genes are mediated through these
elements and that aB-crystallin in the duck has lost this kind of in-
ducibility. If the stress response is an ancestral feature of aB-crystallin
predating its role in lens then it appears that duck aB-crystallin (and
presumably its homologues in other birds) has become more special-
ized for lens expression and has given up a large part of the ancestral
non-lens role. _

There is no evidence for inducibility of aA-crystallin, but very low
levels of the protein have been detected in non-lens tissues, particu-
larly in spleen and thymus.’® In general, however, it seems that aA-
crystallin is much more specialized for lens-expression than aB.

MOLECULAR CHAPERONES OF THE CYTOSKELETON

The functions of heat shock proteins are beginning to become clear.
The large heat shock proteins of the HSP70 family are ATPases with
structural similarity to actin.”” Thése proteins are ubiquitous and highly
conserved from bacteria to vertebrates. They and other families of heat
shock proteins such as the HSPGO class act as molecular chaperones
guiding protein folding pathways and the transport and assembly of
multisubunit complexes.”® They also serve to prevent inappropriate
interactions between partially assembled proteins.”® Recent results sug-
gest that a-crystallins and their sHSP relatives may lack a direct role
in protein folding but may share some of the other aspects of molecu-
lar chaperones. ' ‘

In contrast to HSP70, o-crystallins lack an identifiable ATPase
domain, although there is some evidence for an association between
a-crystallins and ATP.!»7? However there is clear evidence that o-
crystallins can prevent the insolubilization of proteins denatured by
heat stress.®® Unlike the HSP70 family, a-crystallins do not appear to
have a direct role in protein folding or refolding since they are unable
to protect or restore the enzyme activity of heat stressed enzymes.>*
This chaperone-like activity may be a reflection of a physiological role
of a-crystallins in what might be described as an auxiliary chaperone
role. o-Crystallins might participate in the assembly and disassembly
of complex structures without a direct role in protein folding. This
could be regarded as catalyzing a process which would otherwise have
an unacceptably high activation energy due to the formation of incor-
‘rect interactions between constituent subunits of an unassembled struc-
ture.

A likely beneficiary of this chaperone effect of sHSP and a-crystallins
may be the cytoskeleton. There is considerable evidence linking sHSP
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and a-crystallins with management and protection of cytoskeleton in.

lens and in other cell types. For example, an actin depolymerizing protein
of turkey gizzard was found to be a sHSP®! while aB-crystallin itself
can interact with actin,’*#283 desmin® and vimentin.’* Chicken aB-
crystallin has been associated with extensive cytomorphological remodeling
in lens, notochord and myotome during embryogenesis.?> In lens, -
crystallins participate in the ATP-dependent assembly and disassembly
of vimentin and GFAP components of cytoskeleton during lens cell
differentiation.® This role as a chaperone for cytoskeleton may be the
basis for the increased thermotolerance conferred on cultured cells by
overexpression of aB-crystallin.

- THE RECRUITMENT OF A sHSP AS A CRYSTALLIN

It seems likely that a sHSP was recruited as a crystallin in the
primitive lens of an ancestor of vertebrates. This sHSP may have been
associated with cytoskeleton in the elongating cells of the proto-lens.
Shortly after recruitment this gene duplicated to produce the ances-
tors of the modern aA- and oB-crystallin genes. One gene was able to
retain a general stress response role in many tissues in addition to its
role as a crystallin. This gene became the aB-crystallin seen today. In
contrast, the other gene specialized for the lens environment in both
protein sequence and gene expression and substantially lost any non-
lens role. This gene became the modern aA-crystallin. Indeed, although
aA-crystallin and aB-crystallin are equivalent in many ways® there is
evidence that aA-crystallin has some specialized properties which may
have evolved specifically for its role in lens. In particular, some of the
interactions between a-crystallins, lens cytoskeleton and membrane frac-
tions seem to be specific to oA subunits.?! This specialized interac-
tion may be associated with the presence of the unusual “beaded fila-
ments” found only in lens cytoskeleton.%? It seems that the evolutionary
specialization of a-crystallins for lens may be continuing since in birds
the non-lens and stress role of aB-crystallin appear to have been lost.”>

GENE STRUCTURE

Their ubiquity in modern species suggests that the genes for aA-
and oB-crystallin must have arisen by duplication in a distant com-
mon ancestor of all vertebrates.> In man the two genes are found on
different chromosomes, aA-crystallin (CRYA1) on chromosome 21%*%°
and.aB-crystallin (CRYA2) on chromosome 11, which is perhaps
another reflection of the antiquity of their duplication. In spite of this
ancient separation, aA- and aB-crystallins show a high degree of se-
quence similarity and identical gene structures. Genes for aA-crystallin
have been cloned and at least partially sequenced from hamster,%” mole
rat,”® mouse,”®'® human!®"1% and chicken.® Genes for aB-crystallins
have been cloned from hamster,®® mouse,%'% rat,® human!% and duck.”
All these genes have the same general structure of three exons, with
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the interesting exception that mammalian aA-crystallin genes also contain
an alternatively spliced insert exon or pseudoexon in the first intron®”-9%10!
(Fig. 3.1).

THE INSERT EXON OF MAMMALIAN oA-CRYSTALLINS

In spite of the close similarity in exon-intron structure of a-crystallin
genes in mammals and birds and the high degree of conservation of
sequence in a-crystallins, mammalian aA-crystallin genes have an in-
teresting peculiarity. This was first discovered when a minor form of
aA-crystallin in rat lens was found to contain an insertion of 23 amino
acids in an otherwise perfectly conserved sequence.'”-1% Gene sequencing
showed this insertion was due to alternative mRNA splicing of an in-
sert exon in the first intron of rodent aA-crystallin genes.”9%110 Per-
haps because of a slightly sub-optimal splice site recognition sequence
(GC for GT) this alternative or insert exon was found to be spliced
into mRNA in only about 10% of mature processed transcripts.?10
The function of the insert peptide is still unknown and the aAi sub-
unit behaves' much like aA-crystallin in assembly studies.?®

The oA™ subunit was originally thought to be a curiosity of the
murine rodents, however its distribution has turned out to be more
extensive (Fig. 3.2). By western blotting it has been detected in lens
extracts of several other rodents, the European hedgehog (Erinaceus
europaeus), elephant shrew (Elephantulus rufescens), both mega- and
microchiropteran bats and in a marsupial, the tamar wallaby (Macropus
eugenis).'92111112 Tt was not detected in the lenses of many other mam-
mals or in any non-mammals. At the level of the genome, the alterna-
tive insert exon has also been detected by hybridization in elephant
shrews, rodents, bats, marsupials and even the spiny anteater (Echidna
$p.), a2 monotreme.'%? Again, there was no hybridization of alternative
exon probes with birds, reptiles or amphibians'®> while gene sequenc-
ing of chicken aA-crystallin confirms the lack of a recognizable insert
exon.> aAi™ may thus constitute a synapomorphy which distinguishes
all mammalian lineages from other vertebrates.

The aA™™ subunit is not found in human or other primate lenses.
Nevertheless, when the human gene for aA-crystallin was cloned a se-
quence very similar to the insert exon was found in the first intron.!?!

Although closely matching the insert exon of rodent aA-crystallin genes

this part of the human gene contains a number of non-silent sequence
changes and a deletion which would cause a shift of reading frame if
translated. Thus the insert-exon sequences in the human aA-crystallin
gene constitute a pseudoexon which, like a pseudogene unprotected
by selection, is undergoing accelerated sequence drift. DNA hybridiza-
tion studies suggest that similar pseudoexons are also likely to be present
in chimpanzee, Old World monkey and rabbit which, like humans,
do not express the aA™ subunit while in ungulates it appears that any
sequences related to an ancestral insert exon have been lost.10
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ig. 3.1. Gene structure in the a-crystallins, The general structure of a mammalian aA-crystallin gene. Exons
are shown as boxes, coding sequences are shaded. The alternative insert exon in intron 1 is peculiar to
mammalian oA-crystallins. With this exception, aB-crystallin genes have the same general structure.
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Fig. 3.2. Detection of the aA™ subunit in lenses of some mammals. Proteins were
separated by SDS PAGE (left) and subjected to western blotting (right) with antisera to
mouse oA-crystallin.?*! Lens extracts are from Rhea (Rhea americana) a bird; an elephant
shrew {Elephantulus rufescens); mouse (Mus musculus); Rock cavy or moco (Kerodon
rupestris); Raccoon (Procyon lotor). Migration positions of oA-crystallin and aA™
subunits are marked. Two taxon specific crystallins, 5 and v, are also marked.
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It thus appears that far from being a recent evolutionary experi-
ment in murine rodents the insert exon and the encoded peptide have
a much more ancient origin in mammalian evolution. Since its se-
quence is so well conserved it seems reasonable to suppose that aA™

has a useful function when expressed. However, many modern placen- -

tal species have abandoned its use altogether. It seems that this experi-
ment in protein engineering answered a particular requirement of the
lens in a common ancestor of monotreme, marsupial and placental
mammals, a requirement which has been superseded by more recent
evolutionary developments in many lineages. The story of aA™ is an-
other example of the dynamic molecular evolution of crystallins in the
complex history of mammals.

IMPLICATIONS OF GENE STRUCTURE FOR PROTEIN STRUCTURE

The region of closest similarity in protein sequence between o-

_crystallins and other members of the sHSP superfamily corresponds to
sequences coded by exons 2 and 3 of a-crystallin genes*!'? (Fig. 3.1).
This region of similarity is also that most highly conserved among all
members of the superfamlly, suggesting that it corresponds to an an-
cestral functional unit or structural domain. In p40 of 'S.mansoni there
are actually two of these structural units in tandem.®’! In contrast,
N-terminal protein sequences, which correspond to exon 1 of a-crystallins,
are much more variable throughout the superfamily. In the a-crystallins
themselves there is evidence for a two fold repeat in this region which
contains limited patches of similarity with some vertebrate sHSP se-
quences. 113114

It has been proposed that the exons of a-crystallins encode dis-
crete structural units.!’® The two fold repeat encoded by exon 1 in the
a-crystallins suggests that this exon may have arisen by duplication
and fusion of an ancestral motif. Intron 1 neatly separates the more
variable N-terminal sequences from those which are universally con-
served among members of the sHSP superfamily. Furthermore, when
the sequences encoded by exons 2 and 3 are aligned according to in-
tron positions another weak two fold repeat is observed. This repeat is
also apparent in Drosophila sHSPs which themselves come from intronless
genes.!'3 This has been interpreted as reflecting the presence of two
related structural motifs in the C-terminal domain of a-crystallins which
are the result of an ancient duplication of a gene corresponding to
one exon.

The observations of possible mapping between exons and protein
sequence motifs led to the suggestion that o-crystallins and sHSPs have
a bipartite structure consisting of a variable N-terminal domain which
may or may not have its own internal symmetry, and a C-terminal
domain (or pair of domains) with two fold symmetry.!'* The proposed
.C-terminal domain contains the most important conserved structural
features of the sHSP family. This two-domain model was investigated
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by cloning and expressing the putative domams of bovine aA-crystallin.?
The C-terminal domain behaved as a well-folded discrete structure capable
of forming dimers or tetramers while the more hydrophobic N-termi-
nal domain tended to assemble in large aggregates. It was these re-
sults which led to the idea that a-crystallins may be able to form
tetramers or pseudo tetramers which in turn assemble into larger
aggregates through non-specific interactions of the more hydrophobic
N-terminal domain.

Like a-crystallins other sHSP are also synthesized as protein sub-
units of about 20 kDa size and aggregate to form large multimeric
complexes very similar to those formed by a-crystallins.!'5-117 Typically,
for both sHSP and o-crystallins, these aggregates are spherical assem-
bli€s of 300-800 kDa, although a variety of complex sizes and shapes
can be observed under different conditions.> Whatever the methods of
subunit assembly, they are promiscuous enough to allow the forma-
tion of mixed assemblages of aA- and aB-crystallins with mammalian
hsp27"16118 and with the recently discovered p20 proteins.®® The abil-
ity of these disparate proteins to multimerize is further evidence that
assembly is primarily dictated by the evolutionarily conserved C-ter-
minal domains.

gy

INTRON POSITIONS IN THE SHSP/a-CRYSTALLIN SUPERFAMILY

The origins and functions of the introns which divide the coding
sequences of most vertebrate genes have been the subjects of consider-
able speculation and controversy.''*'?! In many genes introns map very
‘closely to structural divisions in protein sequences. This has led to the
“introns early” hypothesis that introns were present from the earliest
time when these genes were assembled and indeed that introns were
résponsible for the assembly of modern genes.'®'?2 For others how-
ever the mapping of introns and protein motifs is a statistically insig-
nificant “hopeful illusion.” In this view introns were inserted randomly
relatively late in the evolution of the eukaryotic genome.!?! An inter-
mediate hypothesis has also been proposed which accepts the special
positions of introns in many genes but suggests that they could still
have been the result of “introns late” insertion.'?? This scheme envis-
ages that intron insertion could have been directed by RNA structure
retained from ancestral RNA “genes.”

Although the tertiary structure of o-crystallin subunits is unknown,
there are indications that the exons of a-crystallins do in fact corre-
spond to structural motifs. Introns delineate regions of duplicated se-
quence and in particular they separate the sequences most highly con-
served among o-crystallins and small heat shock proteins (sHSP) from
more variable regions.#!'> Thus exons 2 and 3 are hypothesized to
correspond to a structural domain conserved in the superfamily!!?® and
this prediction has received support from recombinant studies express-
ing the isolated domains.?
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positions and phases of introns indicated. CeaB: predicted product of an “aB-like” C.elegans gene;®’ DaB: predicted product of duck aB-crystallin;’?
HSP27: predicted product of human HSP27 gene.*
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Although the introns in a-crystallin genes seem to correspond to
structural divisions they are not consetved in position or phase in the
sHSP genes of mammals,®45¢ while several sHSP genes-in yeast, plants
and various vertebrates contain no introns at all.%® It is not clear
whether all these intronless genes are functional or may instead be
processed pseudogenes.’® However, some other sHSP family genes do
share intron positions with a-crystallins. The relative position and splicing
phase of the first intron of a-crystallin genes is exactly conserved in
the hspl6 genes of C.elegans®®113124 and in the muscle-associated 29
kDa protein of H.roretzi.>® Even greater similarity is found in an “aB-
like” C.elegans gene discovered by large scale sequencing.®! This gene
has two introns both of which are in the same phase (0) as in «-
crystallins (Fig. 3.3). The first is identical in position to intron 1 of
a-crystallins and hsp16, while the second is displaced. relative to a-
crystallin intron 2 by only 3 codons.

In contrast the two introns of human hsp27 and mouse hsp25
genes do not closely correspond to the position of either a-crystallin
intron and are in'different phases (1 and 2 respectively)®%° (Fig. 3.3).
This makes it highly unlikely that they are related to the a-crystallin

"introns by positional slippage. The 29 kDa protein gene has an intron
at a relative position 6 codons downstream of intron 2 in a-crystallins.’?
This intron is in phase 2.

The following scenario for the evolution of gene structure in the
sHSP/o-crystallin gene superfamily can be envisaged. The intron posi-
tions in a-crystallins may reflect the ancient assembly of a proto-sHSP
from small fragments of RNA or DNA genetic material which in turn
coded for protein structural motifs. This could have occurred either
by intron-mediated assembly!!? or by subsequent intron insertion into
RNA genes or transcripts at linker regions between ancestral folded
RNA structural domains.'?® In an ancestor of the C.elegans hsp16 gene
the equivalent of intron 2 was lost. In the gene for the 29 kDa pro-
tein such a lost intron may have been replaced by subsequent nearby
insertion. In other lineages both introns were lost, perhaps via pro-
cessed pseudogene intermediates. In some vertebrate sHSP genes there
was then a reinsertion of introns which might have occurred directly
at the DNA level with no potential for directed insertion. In this hy-
pothesis the genes for a-crystallins and the aB-like sequence of C.elegans
retained the ancestral structure mapping protein motifs and exons.

B- AND y-CRYSTALLINS: A SUPERFAMILY
IN THE VERTEBRATE LENS

In addition to the a-crystallins there are two other classes of ubiq-
uitous crystallin which are represented in all vertebrate lenses. These
are the B- and y-crystallins. Several physico-chemical criteria led to the
separate designation of these two classes.!'%-127 The B-crystallins, with
one interesting exception, were multimeric while the y-crystallins were
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monomers; the B-crystallins had blocked N-termini while those of y-
crystallins were free and the B- and y-crystallins of mammals had dif-
ferent ranges of pl. Nevertheless, the B- and y-crystallins have turned
out to be more closely related than expected and belong to the same
protein superfamily, the Py-crystallins.!?513° Furthermore, one original
B-crystallin, Bs-crystallin, is now redefined as a y-crystallin.!31132

B-CRYSTALLIN POLYPEPTIDES

The first completely characterized set of B-crystallin polypeptides
were those from bovine lens.!?® Several homologues from other spe-
cies, including clear homologues in chicken, have also been se-
quenced.5129130.136135 Al the B-crystallin polypeptides have sizes in the
range 22-28 kDa. They are subclassified into BA (relatively acidic) and
BB (relatively basic) subunits, although all B-crystallins have isoelectric
points between 5.7 and 7.0.! In the bovine lens there are four BA
polypeptides; BAl, A2, A3 and A4, and three BB polypeptides, BB1,
B2 and B3.13%133 The same nomenclature has generally been adopted
for all B-crystallins in mammals and birds. Protein and nucleic acid
sequencing has shown that BA1 and BA3 are products of the same
gene and result from use of alternative initiator methionines.!33136-138
Remarkably this feature of unknown utility is conserved in mammals,
birds and frogs.!37-13

All B-crystallin form dimers and higher aggregates of mixed com-
position.” The major B-crystallin, B2, forms stable homodimers.'° BA3/
Al is also able to form homodimers in vitro'¥! but otherwise mixed
multimers involving interactions between BA and BB subunits seem to
be favored.'®® Dimers, trimers and perhaps tetramers of B-crystallin
subunits form a B-crystallin fraction called BL (for low) in a native
size range between about 40-100 kDa. In mammalian lenses larger
aggregates of up to 200 kDa form the BH (for high) fraction which is
dominated by octamers'¥>!43 containing up to 20% BB1 subunits and
up to 35% PBB2 subunits.'¥ .
Taxon-specific Differences

In spite of the conservation of clear homologues among the p-
crystallins of mammals and birds there are some interesting differences
in their properties which may relate to differences in lens structure
and composition. This is illustrated in some taxon-specific variation
in properties of pB1-crystallins. The pB1- -crystallin of the chicken lens
was ongmally called B35-crystallin for its apparent size in SDS PAGE.'s
This is considerably larger than the BB1-crystallins of mammals and
larger than the 27 kDa deduced from its cDNA sequence. 134 Further-
more, the apparent size of this polypeptide even varies among birds,
falling into two major mobility classes.!® This anomalous behavior
appears to be due to an essentially quantitative, post-translational modi-
fication involving some form of cytoplasmic glycosylation.!6 While there
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is no evidence for any similar post-translational modification of B-
crystallins in mammals, their BB1-crystallins have their own peculiar-
ity. As discussed in detail below, mammalian BB1-crystallins alone among
members of the By-crystallin superfamily have a unique sequence change

in one of their characteristic structural motifs. Again, this may have

altered the surface properties of the protein in a taxon-specific man-

ner. .

Other possible taxon-specific differences among B-crystallins of birds
and mammals may be found in their phosphorylation patterns. In bovine
lenses pB2-crystallin seems to be partially phosphorylated'¥” while in
chicken lens the only B-crystallin subject to this post-translational
modification is BB3-crystallin.'®® Finally there may be taxon-specific
differences in the relative abundance of certain B-crystallins. For ex-
ample it has been suggested that the level of BA4-crystallin is lower in
chicken than in bovine lens.'®

The consequences of these differences is not known. However they
may ‘relate to the differences in protein content and “softness” of avian
and mammalian lenses. In the bovine lens there is evidence that BB1-
crystallin has an important role in the formation of BH.'* The differ-
ences in BBl-crystallin among birds and mammals and perhaps even
the differences in phosphorylation behavior of other pB-crystallin sub-
units may affect this aggregation into octamers such that bird lenses
may not achieve these larger, more densely associated aggregates. This
in turn may contribute to the greater hydration and softness of the

bird lens.

v-CRYSTALLIN POLYPEPTIDES

y-Crystallins were originally characterized as the major components
of a low molecular weight fraction in mammalian lenses."’*® In con-
trast to B-crystallins, they are strictly monomeric under in vitro condi-
tions. Six y-crystallins genes and their products were identified in the
rat.'’’1152 They were named yA-F and these systematic names have gen-
erally been applied to the y-crystallins of other mammals, although
not without certain problems (see below). This group of six y-crystallins,
constitute the originally defined y-crystallm fraction of lens soluble
proteins and they meet the original criterion of unblocked N-termini.

Although the best defined y-crystallins are those found in mam-
mals, multiple y-crystallins have also been identified in the amphib-
ians Rana'>® and Xenopus,' in the crocodilian Caiman'*® and in fish.!36157
In all cases the multiple y-crystallins are more similar within than among
species, suggesting independent radiations or else highly constrained
modifications to suit the requirements of each species. In the carp
(Cyprinus carpio) y-crystallins have remarkably high contents of me-
thionine residues and this may be associated with the extremely high
protein density of fish lenses.
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In addition to the “classical” embryonic y-crystallins there is an-
other monomeric crystallin which is more widely distributed and bet-
ter conserved in vertebrates and which was only recently redefined into
this family. This is Bs-crystallin, the protein which was formerly de-
scribed as a monomeric B-crystallin.! By other criteria, such as the
presence of a blocked N-terminus, this polypeptide seemed to be closer
to the P-crystallins than to the y-crystallins. However, protein, cDNA
and gene sequencing has now shown that ps-, renamed ys-crystallin, is
actually a more distantly related member of the y-crystallins.!3"132 ys-
Crystallin is expressed in fish, mammals and birds and is well con-
served in sequence.!31%8160 Indeed, while there are no clearly homolo-
gous relationships between any other fish or amphibian y-crystallins
and those of mammals, ys-crystallin is 70% identical between carp and
bovine lens.'?"'5® y-Crystallins were thought to be absent from birds,
however the reclassification of Bs-crystallin, which is expressed in birds
has altered this perception and allowed y-crystallins the claim of ubiq-
uity in vertebrates.'1162 Even so, the absence of the classical y-crystallins
from bird lenses is striking and _probably highly significant for the
properties of the soft avian lens.

EXPRESSION PATTERNS

The expression patterns of B- and y-crystallins in the developing
vertebrate lens reveal something of their roles in building and main-
taining the optical properties of the tissue. Both classes are expressed
predominantly in the fiber cells. The y-crystallins and certain B-crystallins
such as BB1-crystallin are particularly strict in their preference for these
terminally differentiated cells.!¢*1%? Although B-crystallins are expressed
from early developmental stages in the lens, their expression continues
and rises after birth so that the highest concentrations are usually found
in the lens cortex. However, the pattern of expression varies among
the individual B-crystallins. In contrast, the main group of mamma-
lian y-crystallins are expressed predominantly during embryogenesis,
although some continue to be expressed for a time after birth, and
there is species variability such that yD is the last to be active in hu-
man lens while in rat the last is yB.152.165.166.170

The result is that the highest concentrations of yA-F-crystallins are
found in the central regions of the lens, the so-called lens nucleus
which represents the embryonic lens. As the expression of the lens
nuclear y-crystallins declines ys-crystallin; the outlying member of the
family, 'replaces them.'” This led to its early identification as “cattle
¥" a y-crystallin peculiar to the mature, as opposed to the embryonic,
bovine lens.’”! Thus ys-crystallin is found in the younger, more hy-
drated cortical fiber cells while the main group of mammalian y-crystallins
is associated specifically with the densest, highest refractive regions of
the lens.
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In the distribution of y-crystallins, ontogeny seems to match phy-
logeny. Among species, the highest abundance of y-crystallins is found
in the hard lenses of fish as well as in nocturnal, burrowing rodents
such as rats and mice. Only the cortical ys-crystallin is found in birds'®
and in human lenses only two out six y-crystallin genes produce sig-
nificant amounts of protein.!”*'72173 Embryonic y-crystallins appear to
have a specialized role in maintaining the stability of a low-water, high-
protein concentration environment. In contrast, ys-crystallin and some
of the B-crystallins help to maintain-an environment of lower protein
concentration. The result is a lens with a refractive index which de-
clines from center to periphery. This increases the apparent convexivity
of the lens and can also eliminate the spherical and chromatic aberra-
tion which afflicts lenses of uniform substance.!74

This specialization of y-crystallins seems to be borne out by the
lack of evidence for any functional role for them outside the lens.
Although sensitive RNA protection methods have detected non-lens
expression of y-crystallin family genes in Xenopus larvae, there has so
far been no detection of y-crystallin protein outside the lens.”>* In contrast,
there is recent evidence that some B-crystallin proteins are expressed

Fig. 3.4. The structure of bovine yB-crystallin'’s'”? illustrated as a ribbon tracing of the polypeptide chain.
(A modification of a drawing by Jane Richardson.)?® The first two motifs of the N-terminal domain are
shown as y1 and y2 with their p-strands lettered a-d and a’-d’ respectively.
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in non-lens tissues of newly hatched chickens, especially in retina, brain
and kidney.!”> Their function in these tissues is not yet known.

PROTEIN STRUCTURE

Although little is known about the non-lens or ancestral function
of the By-crystallin superfamily, a great deal is known about the three
dimensional structure of the proteins and the gene organization of its
members. This knowledge suggests a rich and complex evolutionary
history. Since structure is so important in an understanding of this
superfamily it will be described in some dertail.

X-ray crystallography has determined the tertiary structures of sev-
eral B- and y-crystallins in detail. The first example solved, which has
become the archetype of the class, was bovine yII-crystallin!’67° (which
now has the systematic name yB-crystallin) (Fig. 3.4). Very similar
structures have also been determined for bovine yIIIb (yD)!#%!# and
yIVa (equivalent to rat YE or mouse vF) crystallins.’®? Bovine yB-crystallin
has a remarkably symmetrical structure of two domains, each contain-
ing a further two fold repeat of a characteristic structural motif. This
y-crystallin motif fits the structural category of a modified “greek-key.”
This same pattern is seen in BB2-crystallins for which an x-ray struc-

" ture analysis is now also available.’®*!8 Each motif bears a distinctive

sequence signature which is required for correct folding of the polypeptide
chain. :

The structural motif of the By-crystallin superfamily consists of four
antiparallel B-strands, a-d'77 (Fig. 3.4). The By motif fold is achieved
as follows. Using the numbering scheme for motif 1 of bovine
yB-crystallin as reference (Fig. 3.5), the first pair of strands, 2-6, form
a B-hairpin with an unusual turn between the strands which folds back
onto the hairpin, burying some side chains. This is the principal dis-
tinguishing feature of this superfamily and requires certain key amino-
acid residues. At position 6, on strand 4, is an aromatic, usually ty-
rosine, which is buried by the folded back loop. At position 11 on the
bend itself is another aromatic whose side chain also contributes to
the interaction with the hairpin. At position 13 is an absolutely con-
served glycine residue. As the polypeptide backbone negotiates the bend
it adopts several positions of unusual ®/y angles, this puts residue 13
in such a position that there is no room to accommodate a side chain,
hence the requirement for glycine. After the @-4 hairpin, strand ¢ bends
away from the plane occupied by the other three strands, crossing over
to the other side of the protein domain. This strand is usually short
and leads into the most variable part of the motif, a long ¢-4 loop

‘which crosses back over the “top” of the motif to the B-sheet in which

the 4,6 and 4 strands of the motif lie.

As it bends back into the & strand which is hydrogen bonded to
strand 4 in a B-sheet, the polypeptide backbone again encounters the
unusual structure formed between strands'a and & which actually bur-
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ies the first residue of strand a' at position 34. There is only limited
space for the side chain of this residue. Furthermore the side chain is
in a position to hydrogen bond to the peptide backbone amide of
residue 11 which would otherwise be unbonded and shielded from
water, an energetically unfavorable situation. Only a serine residue can’
fit both requirements for size and hydrogen bonding and indeed serine
is almost always found at this position. However, glycine and alanine
could also fit into the pocket although they would be unable to form
hydrogen bonds. It turns out that evolution has already performed
this structural experiment in the fourth motif of mammalian
BB1-crystallins.!?>185 These polypcptldes, unlike their homologue in
chicken'® have alanine rather than serine at position 34 (Fig. 3.5).

The structural consequences of this substitution are not clear. It seems
probable that it would lead to looser packing of the folded hairpin.
Since this change has been conserved among mammals it may modify
the surface properties and intermolecular interactions of BB1-crystallin
to fit the supramolecular organization of mammalian lenses.

The complete folding pathway results in a supersecondary struc-
tural motif with a three stranded B-sheet, 6-2-d, and a lone B-strand c.
This structure leaves exposed most of the hydrophobic side chains and
it seems unlikely that it could exist in isolation. A complete globular
domain is formed by assembly of two motifs around a pseudo-twofold
axis such that the lone strand ¢ of one motif interacts with strand 4 of
the other. This forms a single globular domain, a wedged shaped structure
of two B-sheets with strand patterns 6-a-d-c’ with a compact hydro-
phobic core between the two B-sheets (Fig. 3.4). Each B- and y-crystallin
monomer contains two of these domains.

MONOMERS AND DIMERS

The two domains of yB-crystallin are highly stable structures which
are able to fold independently.'®¢ In the monomeric y-crystallins, the
two of these two-motif domains in the same molecule associate about
another pseudo-twofold axis, joined by a bent connecting peptide so
. that symmetry related motifs 2 and 4, interact!'’6!77 (Fig. 3.6). In spite
of their independent- folding pathways, interaction between the two
domains seems to be necessary for maximal stability.’¥” Most of the
residues of a y-crystallin polypeptide are contained in the globular
domains. Apart from the residues of the connecting peptide, the only
other residues outside the globular domains are in the short, exposed
extension at the C-terminus which is available for intermolecular in-
teractions, perhaps acting as a “spacer” as suggested for B-crystallin
extensions.'® At the N-terminus in contrast there is no extension. The
sequence begins with the first residue of strand 4, a conserved glycine,
and its amino terminus does not protrude from the surface of the
N-terminal domain. This presumably explains the lack of N-terminal
acetylation in y-crystallins since their N-termini provide no target for -
aminopeptidase activity.
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Fig. 3.5. Sequence alignment of B- and y-crystallins. Three bovine protein sequences taken from the databases, BB1-crystallin, BA3/A1-crystallin and vB-
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B-crystallins are different. They can form homo- and heterodimers,
and they do this by a unique mechanism revealed by x-ray analysis of
bovine pB2-crystallin.'®!# The basis of the intermolecular interaction
is essentially the same as the interdomain interaction in a y-crystallin
monomer except that this time the two domains come from different
molecules. Each subunit has a very similar domain structure to y-
crystallins. However, instead of a bent connecting peptide and contact
between two domains in the same molecule as in y-crystallin, the con-
necting peptide of PB2-crystallin adopts an extended conformation
(Fig. 3.6) which allows both domains to interact with another subunit
through motif 2/motif 4’ contacts across a two fold axis (Fig. 3.7).

B-Crystallins also differ from y-crystallins in having long, relatively
unstructured extensions. The BB family have extensions at both the
N- and C-termini (Fig. 3.5). In contrast BA subunits have only an
N-terminal extension while their C-termini are actually shorter than
those in y-crystallins. It has been hypothesized that either the terminal
extensions or the connecting peptides provide the basis for the differ-
ent conformations of B- and y-crystallins.'®>!8 This question has been

Myxococcus xanthus Protein S BB2-Crystallin (monomer)

Fig. 3.6. Chain traces of three pdlypeptides of the By-crystallin superfamily. Coordinates were
taken from the Protein Data Bank and displayed using the program Quanta on a Silicon Craphics .
workstation. (See text for references.)
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Fig. 3.7. Chain tracing of a bovine BB2-crystallin dimer.

addressed by numerous studies involving proteolytic modification of
B-crystallins,'®® x-ray analysis,!8>184188 TH NMR spectroscopy’***”! and
synthesis of chimeric recombinant crystallins,!4!.187.192-194

Early model-building'® and proteolysis studies'*® had suggested that
the N-terminal arm of BB2-crystallin was important for dimerization.
However more recent studies -have contradicted this idea. NMR and
x-ray structure analyses'##!8319! find that the extensions of BB2-crystallin
are highly flexible and unstructured. Recombinant protein experiments
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also show that dimers of BB2 or BA3/Al can form in the absence of
either or both extensions.!”2!% However x-ray structure analysis does
suggest that at least part of the N-terminal extension may be involved
in formation of BB2 tetramers.!®® There is less consensus about the
role of the connecting peptide. Transposition of the PB2 connecting
peptide into yB yields a monomeric protein'®” while similar transposi-
tion of the yB connecting peptide into mouse BA3 does not affect the
ability of the recombinant protein to dimerize.!”> These results suggest
that monomer or dimer formation is independent of the connecting
peptide. However when the yB connecting peptide was transposed into
BB2, the recombinant protein was found to be monomeric.'% These
apparcntly contradictory results await resolution. '

FORM FOR FUNCTION: THE ROLE IN LENS

Many of the structural features of B- and y-crystallins can be in-
terpreted in terms of the functional requirements of their role as
crystallins.

y-Crystallins need to be highly stable proteins capable of existing
in the highest protein concentration regions of the lens throughout
life. Aiding them in this role, they have compact globular domains
with few protruding loops exposed for proteolysis. Bovine yB-crystallin
is extremely symmetrical, yet the domains achieve an extra degree of
close packing between the two four-stranded B-sheets of each domain
through adoption of a slight asymmetry.'”” This allows rows of hydro-
phobic residues from opposing B-sheets to interdigitate, something which
a perfectly symmetrical structure could not do. \

Another somewhat unusual feature of y-crystallins is their aminoacid
composition. The core residues of y-crystallins are rich in aromatic
and sulfur-containing residues. The high content of cysteine residues
seems paradoxical for a lens protein since oxidation is regarded as a
major threat and potential cause of cataract.! This suggests that the
sulfur atoms of y-crystallins are present for important structural and
“functional reasons. One possibility which has been suggested!”” is that
the d-orbitals of these atoms together with n-orbitals of aromatic resi-
dues are involved in formation of molecular bonds, shared networks
of electrons binding the hydrophobic core. Some of the cysteine resi-
dues are actually exposed on the surface where they might be involved
in similar interactions with other molecules in the densely packed re-
. gions of the lens. Interestingly, in fish y-crystallins, which achieve even
higher concentrations than those of mammals, the sulfur content, par-
ticularly of methionines, is even higher.!’¢!5” This may also reflect a
use of polarizable electrons for non-hydropho‘bic contacts in low water
concentrations.

X-ray analysis of bovine yB crystallin under somewhat oxidizing
conditions also revealed another possible useful function of some cys-
teine residues. Under these conditions, the protein forms a disulfide
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bond between a cysteine in strand ¢ and on in the ¢-d loop.'”” This
tightens up a bend, but otherwise does not disrupt the structure. Thus
this protein has the ability to. absorb oxidizing potential harmlessly
without forming any intermolecular bonds. This could provide an ad-
ditional protection for the lens from oxidizing insult.

A final feature of amino acid composition is the very low lysine
content of y-crystallins (2 residues in bovine yB) compared to a con-
siderably higher level of the other basic residue, arginine (20 in yB).
Lysine is usually one of the most common residues in animal pro-
teins. Its diminished content in y-crystallins may help to reduce the
potential for various kinds of post-translational modification which have
been postulated to lead to cataract, such as carbamylation.!

The surface properties of y-crystallins are key to its interactions
with water and with other proteins. Bovine yB-crystallin has about half
of its surface polar and charged side chains involved in intramolecular
ion pairs or hydrogen bonds,76177 accounting for one. third of the to-
tal molecular surface.’® This is an unusually high fraction. It reduces
the potential for binding shells of surrounding water molecules and
may contribute to the usefulness of y-crystallins in a relatively dehy-
drated environment. Because of their surface features, y-crystallins may
be less susceptible to certain kinds of phase separation at the high
concentrations found in lens. Since they do not bind as much water
as other proteins, their presence allows the maintenance of a low-wa-
ter concentration and hence a high refractive index.

The surface properties of y-crystallins may explain some unusual
aspects of their biophysical behavior. Although they maintain their
solubility at high concentrations, three of the mammalian y-crystallins,
¥D, vE and YF whose genes form a consecutive group in the gene clus-
ter, have a temperature sensitive phase separation.'s217319 This so-called
“cold cataract” occurs when a solution of crystallins is cooled and is
reversible. It suggests that the affinity of these proteins for a more
hydrated environment is not strong and that energetically they are close
to favoring a phase with more protein-protein interactions. In fact there
is apparently an overall attraction among y-crystallins while in con-
trast o- and P-crystallins have repulsive interactions.!”” Indeed, recent
NMR studies suggest that at the concentrations of the lens nucleus, y-
crystallins may not be truly monomeric but may enter a state of “mac-
romolecular crowding 7198 This is presumably essential for achieving
the high protein concentrations and hence high refractive mdex of the
lens nucleus without precipitation.

Chemical modification studies suggest that exposed cysteine resi-
dues may be involved in the phase separation which occurs in cold
cataract and hence in attractive interactions among y-crystallins.’® In-
terestingly, in' humans two of the four “cold cataract” crystallins, YE
and vF, are pseudogenes.’’%2 Their inactivation probably contributes
to the softening of the human lens relative to those of rodents in which
all six y-crystallins are expressed.

Vatl
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y-Crystallins also have another odd behavior. On simple column
separations they tend to elute as if they were smaller than half their
actual molecular size.?”! The smaller than expected apparent size of
the molecule in solution might be due to the presence of 2 more loosely
held shell of water molecules than would be typical for other soluble
proteins. Another possibility is that the two domains move rather in-
dependently in solution. This is something which could be answered
by NMR solution structure analysis of the kind which have been per-
formed for Protein S of Myxococcus xanthus.2°2%

B-Crystallins have many similarities with y-crystallins in domain
structure.'®? However they have fewer surface ion-pairs and hydrogen
bonds consistent with a role less specialized for a low-water environ-
ment. They are able to form various sizes of aggregates by forming
dimers and higher multimers with subunits arranged in antiparallel
“bunches.”'®® This permits flexibility in supramolecular structure ac-
cording to the requirements of different regions of the lens.

What is the function of the B-crystallin extensions? They may be
involved in higher quaternary structures through direct protein inter-
actions.'®® However it has also been suggested that these exposed polypep-
tides may act as “spacers” in the supramolecular structure of the lens.!®®
Another possibility is that they have a principally entropic role in
maintaining the solubility of large B-crystallin aggregates. The free ex-
tensions seem to be highly mobile in solution. This freedom would be
lost in a precipitated phase. Thus the extensions, spinning like propel-
lers on the outside of B-crystallin multimers, may contribute to an
entropic component of the free energy of solution, opposing super-
aggregation, phase changes and opacity. Indeed, proteolytic cleavage
of the N-termini of B-crystallins reduces their solubility.2 In the rat
lens this cleavage occurs as part of a normal maturation process which
seems to contribute to the hardening of the lens nucleus and to its
high refractive index.?*

A WIDER SUPERFAMILY -

The characteristic structural signature in the protein -sequence of
By-crystallin superfamily members (Fig. 3.5) has allowed the detection
of non-lens members whose sequences are in the databases. Two of
these proteins are expressed during spore or cyst formation in response
to stress in certain micro-organisms.

The sequence of Protein S of the bacterium Myxococcus xanthus
suggested the presence of a four motif, two domain structure similar
to those of B- and y-crystallins.??® This was recently confirmed by a
solution NMR analysis which revealed a structure remarkably similar
to that of y-crystallin2°220 (Fig. 3.6). There were two notable differ-
ences. First, the long ¢-d loops of motifs 1 and 3 in Protein S form
regular a-helices, reminiscent of but much more ordered than the ir-
regular helices of motifs 2 and 4 in y-crystallins. Second, the interdomain
contact in the bacterial protein resembles neither that of a y- or
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B-crystallin. It is unsymmetrical, involving contact between motifs 2
and 3 while that in y-crystallin is highly symmetrical and involves motifs
2 and 4. This difference may be due to the calcium binding proper-
ties of Protein S.

Spherulin 3a is expressed in the eukaryotic slime mold, Physarum
polycephalum.® It too bears the signature required for folding of the
By-crystallin superfamily motif. However, uniquely for known mem-
bers of this superfamily, instead of four motifs and two domains spherulin
3a has only two motifs and one domain. It thus illustrates an earlier
stage in molecular evolution than related proteins, predating the sec-
ond internal duplication of sequence. Intriguingly, although it is only
a one-domain structure, spherulin 3a has a fairly long N-terminal ex-
tension suggestive of those found in B-crystallins. By analogy, this might
be expected to participate in higher order quaternary interactions.

The functions of these two proteins are not known. However, un-
like more closely related species, prokaryotic M.xanthus and eukary-
otic P.polycephalum share an unusual stress response. Both of them
sporulate in response to osmotic.stress induced by polyols, sugar alcohols.
Since both organisms also share expression of members of the By-crystallin
superfamily when undergoing spore or cyst formation it is possible
that these two phenomena are related and that the ancestral role of
the By-crystallin superfamily may have been to act as osmotic stress
proteins, 62206

~ Until recently, no non-crystallin members of this superfamily were
known in vertebrates. However, a candidate for this class has now been
proposed.?”” An epidermis differentiation-specific protein (EDSP) in
embryos of Cynops pyrrhogaster, an amphibian, has been cloned.?%® The
N-terminal half of EDSP contains four, somewhat divergent, By-like
motifs which suggest a two-domain, four motif structure like that of a
y-crystallin. 2’ At the protein sequence level, EDSP is more similar to
B- and y-crystallins (28-30% identical) than to Protein S (25%).

EVOLUTION OF THE SUPERFAMILY

The remarkable internal symmetry of each member of the By-crystallin
superfamily suggests that they are derived from an extremely distant
ancestor corresponding to a single structural motif. Such an isolated
structure would probably be unable to satisfy hydrogen bonding re-
quirements or to exclude water from its hydrophobjc residues. It could
achieve a stable conformation only by forming a homodimer. How-
ever the x-ray analysis of yB-crystallin shows that a heterodimeric as-
sociation of two similar but different motifs, as in a y-crystallin do-
_main, produccs a closer packing of core residues than would be possible
in a perfectly symmetrical homodimer.'”” The added stabiliry of such
a heterodimeric structure could have been attained by duplication of
the ancestral “motif gene” followed by sequence divergence to yield
two isolated motifs, A and B (Fig. 3.8). These would have been re-
quired to fold together. The efficiency of the folding of each motif
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Fig. 3.8. Internal duplications in the evolution of the By-crystallin superfamily.

and their dimerization into a stable globular structure would have clearly
been enhanced by fusion of the two proto-genes. The resultant fused
gene would have coded for a one-domain protein with motif pattern
AB, similar to one domain of a y-crystallin or to spherulin 3a. At this
stage there would have been no obvious mechanism to determine the
order of fusion of the two motifs, so that AB and BA would have
been equally likely.

Further duplication would have created the ABAB pattern seen in
B- and y-crystallins in which motifs 1 and 3 are both A-type while
motifs 2 and 4 are B-type. In the crystallins, the B-type motif gener-
ally has a slightly longer ¢-d connecting loop which tends to adopt an
irregular a-helical conformation. Cynops EDSP seems to lie on the same
evolutionary pathway as the crystallins and also has the ABAB motif
pattern.?” In M.xanthus Protein- S, one pair. of motifs. also exhibits
slightly longer ¢-d loops which in this protein adopt the form of regu-
lar a-helices. However, these are motifs 1 and 3, not 2 and 4. This
gives Protein S a BABA pattern of motifs,20220 suggesting an indepen-
dent history of duplication and fusion starting from a very early stage.
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INTRONS AND INTERNAL DUPLICATIONS
IN B- AND y-CRYSTALLIN GENE EVOLUTION

Further support for the idea that there were multiple independent
gene duplication and fusion events in the evolution of this superfam-
ily comes from the gene structure of the B- and vy-crystallins them-
selves.1?

In vertebrates, the genes for the related families of B- and y-crystallins
exhibit striking examples of mapping between repeated protein struc-
tural motifs and exons. However this mapping is coupled with a clear
history of internal duplication and it is by no means easy to discern
the path taken in the assembly of each gene family. As we have seen,
the members of the protein superfamily have a repeated structure of
conserved motifs. Two motifs -assemble into one domain and in most
cases two domains are linked by a connecting peptide. N- and C-
terminal peptide extensions may also be present. In B-crystallins, each
of the four conserved structural motifs is encoded by. a separate exon
while one or two additional exons encode the N-terminal extension
(Fig. 3.9). In vy-crystallin genes, in contrast, instead of each motif be-
ing encoded in separate exons the motifs are encoded in pairs so that
one exon corresponds to a complete domain of two motifs.

For comparative purposes the exons and introns of B- and y-crystallin
genes can be labeled according to the motif structure of the proteins
encoded so that homologous exons have similar names (Fig. 3.9). In
this scheme the numbering of exons reflects the encoded motifs. Thus
the third exon of a B-crystallin codes for motif 1 and can be desig-
nated exon 1. In y-crystallins the second exon codes for motifs 1 and

B—crystallin _
-2/-1 - 1/2 2/3 34 Introns
-2 -1 1 2 3 4 Exons
| | (1) (0) @) 0) @ Phase
Y--CrySta"'n © -1 2/3 Introns
-1 1.2 : 3.4 Exons
0) (0) Phase

Fig. 3.9. Schematic gene structures for typical B- and y-crystallins. Exons are shown as boxes. Coding
sequences are shaded. In some B-crystallins the first exon is non-coding. Introns and exons are numbered
to show similar mapping relative to protein motifs. Intron phases are shown in parentheses.
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.2 and can be designated exon 1.2. Introns can then be designated
according to the flanking exons so that the interdomain intron of both
B- and y-crystallins is intron 2/3. Upstream exons have negative num-
bers. The first three codons of y-crystallin motif 1 are contained in
exon -1 which has some similarity to both exons -2 and -1, which
encode the N-terminal extensions of B-crystallin genes.'?

In B-crystallins the introns which delineate motifs form two pairs
(Figs. 3.5, 3.9). Introns -1/1 and 2/3 are in phase 0. Intron -1/1 di-
vides the N-terminal extension sequences from those of motif 1 while
2/3 divides motif 2 sequences from the connecting peptide. In spite
of these differences there are intriguing similarities in the positions of
these introns relative to the repeatcd motif structure (Fig. 3.5). The
introns forming the other pair, 1/2 and 3/4, fall between motifs in
each domain. Their positions relative to the motif structure are close
to ‘that of the other pair but not identical (Fig. 3.5) and they have
phase 2. Introns -1/1 and 2/3 in y-crystallins correspond precisely to
those in B-crystallins. The y-crystallin genes lack introns 1/2 and 3/4.

These two families of genes clearly share common ancestry. The
“introns early” model would predict that the original common ances-
tor gene would have arisen by the intron-mediated assembly of two
“motif genes.” Duplication of this gene gave rise to the p-crystallins
such that introns 1/2 and 3/4 of B-crystallins represent the original
intron. y-Crystallins would have arisen by independent duplication of
a copy of the two-motif gene in which the ancestral intron was lost.'?
The general similarity of introns -1/1 and 2/3 could reflect shared
ancestry such that one represents a duplication of the other resulting
from an unequal crossover between two copies of the same gene. However
this occurred, it would have been necessary to generate the extra se-
quence of the connecting peptide at the N-terminal end of motif 3.

All two-domain members of the superfamily, including B- and
y-crystallins, Protein S of M.xanthus and EDSP of Cynops have con-
necting peptides of 4 or 5 residues between domains. From a struc-
tural view it seems unlikely that a protein of this family could have
two domains and no connecting peptide. Thus when the last round of
duplication occurred the connecting peptide must have been present
immediately. It could have arisen from an N- or C-terminal peptide
of a one-domain precursor, but agam it is not simple to reconcile the
precise consetvation of intron 2/3 in both B- and y-crystallin families
with a model of independent duplication. In fact the simplest expla-
nation for the identical positioning of this intron is that it was al-
ready present in a common ancestor of both families. Otherwise this
intron could be the result of directed insertion at a special position
perhaps delineated by conserved RNA structure.!??

Spherulin 3a of the eukaryote P.polycephalum is a one-domain
‘member of the By-crystallin superfamily resembling an ancestral stage
before the last internal duplication which gave rise to the crystallins.
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The gene for spherulin 3a lacks introns. If introns are ancestral in this .

family, they were lost in spherulin 3a and in Protein S, partially lost
in y-crystallins and retained in B-crystallins. Alternatively, introns were
not present ancestrally but were progtessively added to vertebrate crystallin
genes. As more members of this superfamily are uncovered, it will be
interesting to see what patterns of introns their genes possess. Possibly
the ancestral genes of B- and y-crystallins were intronless even at the
four motif stage. Introns may have been gained by directed insertion
and then became duplicated within a gene through gene conversion
mechanisms. The two families may have diverged prior to the last round
of intron insertion and propagation in the ancestral B-crystallin gene.

The additional 5" exon -2 and intron -2/-1 of B-crystallins c¢ould
have arisen by a variety of mechanisms. Some similarity has been noted
between first and second exons of B-crystallins and between these se-
quences and the first exons of y-crystallin genes.!? This has led to the
suggestion that there was a duplication of the first exon in B-crystallins.'®
In BA3/A1 both duplicated initiator methionines were retained while
in BB1l-crystallin the first initiator was lost causing the first exon to
become non-coding.’® However intron -2/-1 is in phase 1 so it seems
unlikely that it represents a duplication of intron -1/1.

GENE MULTIPLICATION IN THE EVOLUTION
OF - AND y-CRYSTALLINS

Distinct families of B- and y-crystallin are found throughout the
vertebrates, from fish and (probably) lampreys to amphibians, reptiles,
birds and mammals. This suggests that the molecular lineages of the
two families were well established at a very early stage in lens evolu-
tion. Possibly both families pre-date the vertebrate lens and were re-
cruited together. However a more parsimonious hypothesis is that an
ancestral B-crystallin was recruited as one of the ongmal crystallins.
Subsequent gene duplications and divergence give rise to multiple
B-crystallins and to the more lens-specialized y-crystallins.

Homologous PA- and BB-crystallin genes are found in both birds
and mammals. In the human genome the genes for pB2, pB3, BA4
and a pseudogene for pB2-crystallin genes are closely linked on chro-
mosome 22.29%212 BB2, BB3 and PBA4 are linked on mouse chromo-
some 52!3 while BB2 and BB3 are known to be linked in rat.2®® In
chicken BB1 and BA4 are arranged head to head only 2 kb apart.’®
However human BA3/Al-crystallin is located on chromosome 17.214215
This suggests that there might at one time have been a single B-crystallin
cluster which is now beginning to disperse.

BA3/Al- and BA4-crystallins have been observed in amphibians®*1%
and hybridization studies suggest the existence of BA- and pB-crystallin
related sequences in all classes of vertebrates.2’® Thus the BA- and
BB-crystallin families also seem to have had a very early origin. In the
course of surveying fish for possible taxon-specific crystallins, we have
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obtained several tryptic peptides of B-crystallin subunits from the lens
of a teleost fish, the surf perch (unpublished). All the peptides clearly
belong to the BB family. However it is less easy to assign these pep-
tides to specific family members since individual peptides share some
sequence hallmarks of different mammalian/avian BB-crystallins. This
preliminary analysis confirms the presence of BB-crystallins in fish but
raises. the possibility that this family underwent independent radiation
in fish and in terrestrial vertebrates.

ANCESTRAL B-CRYSTALLINS?

It is possible that one of the existing B- crystallms is directly ho-
mologous to the ancestral B-crystallin which gave rise to the whole
B-crystallin family and perhaps even to the y-crystallins. Several fea-
tures of PB2-crystallin suggest that it has a special structural and evo-
lutionary significance. pB2-crystallin is the most highly conserved of
the BB-crystallin subunits.? In those vertebrate lenses which have been
examined it is the major B-crystallin subunit’? and it plays a role in
organizing other B-crystallin subunits.’®® Unlike other B-crystallins, pB2
shows a strong propensity for formation of highly stable dimers!40.183
and can therefore exist in a stable form in the absence of other B-crystallin
subunits. Indeed, BB2-crystallin has the highest thermal stability of
any B-crystallin.2172'® Furthermore, PB2 appears to be the B-crystallin
subunit with the highest non-lens expression and is the first crystallin
to be detected at elevated level in transdifferentiation of chicken neu-
ral retina.’”” In most of these “special” categories BB2 is closely fol-
lowed by BA3 which also happens to be even more highly conserved
.in amino acid sequence.’>?' Could one of these proteins be the mod-
ern homologue of the pre-lens ancestor of this family?

v-CRYSTALLINS

v-Crystallins present a more’ complicated picture. The single
y-crystallin of the adult mammalian lens, ys-crystallin is well conserved
among mammals and fish.!3"18 In contrast the six embryonic y-crystallins,
YA-F, are highly conserved in mammals,'? absent from birds!$2?2° and
apparently non-homologous to y-crystallins in amphibians and fish.!5315¢
The six embryonic genes of mammals form a tight cluster on a single
chromosome, 2 in man,???2 1 in mouse?? and 9 in rat.’’"225 Their
products are highly similar to each other, ranging from about 75% to"
98% identical. Analysis of the rat y-crystallin gene cluster has yielded
evidence of gene conversion.??6 Nevertheless, clearly homologous genes
are present in different mammals. The distantly related but evolution-
arily conserved ys-crystallin is not linked to the y-crystallin cluster and
in the human genome is located on chromosome 3.!3

It seems likely that all modern placental mammals have six ho-
mologous embryonic y-crystallin genes although since only in rat, mouse
and human have all six genes been characterized,'?>?? this view is subject
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Fig. 3.10. Cladogram comparing protein sequences for mouse and rat ycrystallins. Sequences
taken from Swissprot database. Tree was constructed using the UPGMA p-distance option in the
program MECA.2? Scale represents 1% difference. (Figure kindly provided by Dr. Cynthia
Jaworski). Note that the high-phase separation temperature cryoproteins ¥D,E and F (152) are on
the same branch and that rat yE and mouse ¥F are identical.

to revision. In rat and mouse four y-crystallins, YA-D, are clearly ho-
mologous as judged by both gene and protein sequence!”*??” (Fig. 3.10).
This suggests that these four genes were established prior to the sepa-
ration of murine rodents 10-20 million years ago. yE- and yF-crystallins
are a different story. These two proteins are the most similar pair of
y-crystallins, 98% identical in rat and 96% identical in mouse. How-
ever, designating homologues for this pair of crystallins berween rat
and mouse is not straightforward. When application of a rationalized
nomenclature for y-crystallins was attempted it seemed clear that the
protein coded by the cDNA originally named mouse y2-crystallin was
identical to that coded by rat yE-crystallin.'® However, when gene
sequences and relative positions in the y-crystallin gene cluster were
compared it appeared that the mouse y2-crystallin gene was actually
more equivalent to the gene for rat yF-crystallin.'? Consequently, since
it was felt that genomic organization should have precedence over protein
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sequence, the genes now known as rat yE and mouse yF-crystallin pro-
duce an identical protein (Fig. 3.10).

There are two possible reasons for this paradox. The first is that
gene conversion has shuffled the identities of the y-crystallins. The
second explanation is that a prototype YE/F crystallin was present in
an ancestor of rats and mice. Just before these species diverged the
gene duplicated and untranslated sequences diverged rapidly establish-
ing YE and YF genes with essentially identical protein products. After
divergence of the species, the protein products of the two daughter
genes diverged in sequence more slowly in response to particular se-
lective pressures. These pressures led to certain coordinated sequence
changes in one protein, equivalent to the sequence of rat yE-crystallin.
However, in mouse these changes were produced in the yF-crystallin
gene, giving the remarkable result of an identical protein produced by
a different gene in a closely related species.

The human genome also contains six complete genes for
y-crystallins.'”® In protein sequence, the products of YA-D genes again
seem to be homologues of the equivalent rodent genes, suggesting that
these proteins and their genes predate the radiation of modern placen-
tal mammals. Humans also have two pseudogenes, superficially equivalent
to the yE and vyF genes of rodents.’’%2% Thus there may have been six
y-ctystallin genes in the common ancestor of primates and of rodents.
The human genome also contains a fragmentary y-crystallin gene se-
quence and it has been suggested that this represents a lost copy of
one of the YE/F genes, possibly the true homologue of rat yF, which
has been deleted in primates.'”® The remaining gene may have then
duplicated again to restore the complement of genes to six. However
the history of these genes is by no means unambiguous. Insertion of
repetitive elements, gene conversion, sequence drift in pseudogenes and
perthaps varying pressure on expressed genes in species whose lenses
are as different as humans and rats have all had their effect.!?®

v-CRYSTALLINS AND THE EVOLUTION OF THE LENS

The y-crystallins of mammals are much more similar to each other
than are the multiple y-crystallins of a frog, which generally show the
same degree of conservation and therefore the same apparent age as
B-crystallins.'?® Thus the mammalian y-crystallins appear to be a much
younger family than either B-crystallins or the y-crystallins of an am-
phibian. Part of this similarity may be due to gene conversion result-
ing from the tight clustering of y-crystallin genes in mammals. How-
ever, -both the clustering and the conservation of sequence could also
be the result of a relatively recent re-invention of y-crystallins, perhaps
a series of duplications of a single gene, the most recent of which gave
rise to the YE/vF pair.

In this hypothesis, y-crystallin gene expression in the distant rep-
tilian ancestors of mammals would have declined just as it did in the
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ancestors of birds and for the same reasons. Later in evolution how-
ever, the ancestors of modern placental mammals seem to have aban-
doned the diurnal habit which evidently favors soft lenses and instead
adopted a nocturnal, burrowing habit similar to that of mice and rats
today. This idea is supported by certain features of the mammalian
visual system. In particular, most mammals are essentially color blind,
lacking cone cell photoreceptors required for color discrimination and
instead relying on the rod cells which are specialized for dim-light
vision.??® Indeed, all placental mammals lack the colored oil-drop bodies
which are associated with cone cells in the retinas of fish, reptiles and
birds and even in non-placental mammals such as marsupials.?2822

Due to the low photosensitivity of cones, color vision requires bright
light. It therefore has no value to animals which are active in dim
light and in such species there is no selective pressure .for its reten-
tion. In the same way, animals living as mice do now have no need of
a soft, accommodating lens. As rats and mice demonstrate, a harder,
spherical lens is more useful, perhaps because its short focal length
permits detailed examination of objects at close quarters.

Nocturnal, burrowmg ancestors of placental mammals may have
lost both their color vision and their soft, diurnal lenses. They may
have essentially re-invented the hard lenses of their distant aquatic
ancestors by increasing the expression of y-crystallins. If y-crystallins
were already on the path to elimination, their revival could have easily
been achieved by multiplication of a surviving gene to regenerate a
family of y-crystallins forming a tightly linked cluster of recently du-
plicated genes. Later, when descendent species became diurnal or par-
tially diurnal once more, this dynamic evolutionary process would have
reversed yet again, recapitulating the softening of the lens. Thus, while
all six y-crystallin genes are expressed at high levels in rat, only two
out of six y-crystallin genes, yC and yD, are expressed at significant
levels in human lens. Two other human y-crystallin genes, yE and ¥F,
are pseudogenes while YA and yB are expressed at very low levels.17172173
As a result the soft human lens has no more than one thlrd the y-
crystallin content of the hard rodent lens,!52.23

Modulation of y-crystallin content seems to be one of the key
mechanisms for modifyirig the properties of the vertebrate lens. This

strategy for molecular engineering of the optical properties of the lens.

has also been hypothesized to be the underlying reason for the re-
cruitment of taxon-specific enzyme crystallins.®? The introduction of
these new proteins into the lens may serve to dilute or replace the y-
crystallins and hence contributes to a lower protein concentration in
the lens of terrestrial vertebrates.
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CHAPTER 4=

- THE GENE RECRUITMENT
OF ENZYMES AS CRYSTALLINS

axon-specific enzyme crystallins are found in all reptiles and birds

which have been examined, in amphibians of the genus Ranz and
in several species of mammal (Fig. 4.1). One atypical enzyme crystallin
is also found in certain fish, lamprey, turtles and some other reptiles
and birds. With this last exception, all the taxon-specific crystallins
can be localized to specific lineages and their recruitment can be at-
tributed to a single event in the ancestry of each lineage. Taxon-spe-
cific crystallins may modify the properties of the lens either through
“diluting” the effects of y-crystallins which contribute to hard, high-
refractive index lenses, or through secondary protective effects such as
UV filcration or contributions to protecting against oxidative or other
stresses.

e-CRYSTALLIN

Our understanding of crystallin gene recruitment and the occur-
rence of enzymes as taxon-specific crystallins began with e-crystallin
and in many ways this protein remains an archetype. It was discov-
ered as a major component of the lenses in many birds and in all the
crocodilians examined.! e-Crystallin can be extremely abundant. In the
lens of a hummingbird (Calypre ana) it was found to make up more
than 40% of total soluble protein? (Fig. 4.2). In many other species,
particularly seabirds, water fowl and others which hunt their food in
bright light, e-crystallin is 10-25% of total soluble protein.* The big-
gest surprise about e-crystallin came when the protein from duck (4Anas
platyrbynchos) lens was partially sequenced and was found to be very
closely related to lactate dehydrogenase B (LDHB), the heart muscle
isoform of the glycolytic enzyme.!* Peptide sequences of purified duck
heart LDHB and duck lens e-crystallins were identical except for age-
related deamidation of two asparagine residues in the much older lens
protein and e-crystallin was found to have LDH activity.? Subsequently
the identity of LDHB and e-crystallin was confirmed by ¢cDNA and
genomic cloning which showed that the heart and lens proteins are
indeed the products of the same single gene.*’
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M Wb Es Rb Cv AmBd Sf Hb

Fig. 4.2. Taxon-specificity in crystallins. SDS PAGE? of lens exiracts from some
mammals and birds. Some major taxon-specific crystallins are indicated. M: size
markers; Wb: tamar wallaby (Macropus eugenii); Es: elephant shrew (Elephantulus
rufescens); Rb: rabbit (Oryctolagus cuniculus); Cv: rock cavy (Kerodon rupestris);
Am: american merganser (Mergus merganser); Bd: black duck (Anas rubripes);
Sf: chimney swift (Chaetura pelagica); Hb: Anna’s hummingbird (Calypte anna).

This was a remarkable and unexpected discovery. Instead of being
a specialized lens structural protein, LDHB/e-crystallin is the product
of hundreds of millions of years of evolution as a glycolytic enzyme.
It has become a crystallin by direct gene recruitment without prior .
gene duplication. This means that the same protein produced by a
single gene is performing as a crystallin in the lens while still main-
taining its normal pre-recruitment role as an enzyme in other tissues.
Thus, in addition to the selective forces acting on this protein in its
role as an enzyme, it now experiences another set of pressures from
the new role in lens.

SEQUENCE CHANGES AND ADAPTIVE CONFLICT.

The effect of such pressures are apparent in LDHB/e-crystallin it-
self. Although both enzyme and crystallin are identical in the same
organism, sequence comparison with the LDHB polypeptides of other
species reveal some unusual changes. In particular, two amino acid
residues, Asn 114 and Phe 118, which are conserved in both LDHA
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and LDHB sequences from species throughout the vertebrates, are
changed to glycines in most species which have recruited the enzyme
as a crystallin.!34 These two residues are close together on the surface
of the protein, lying on the same side of an a-helix which runs across
the top of the active site cleft in the LDH subunit (Fig. 4.3). The
phenylalanine reside in particular forms an exposed, hydrophobic bump
on each of the four subunits of the LDH tetramer. In duck LDHB/e-
crystallin, the substitution of glycines at positions 114 and 118 cre-
ates instead a flat patch on each subunit. This evidently has no ben-
eficial effect on enzyme activity since it has never appeared in other
vertebrate LDH sequences. Instead it must be due to the second role
in lens. Given the critical aspects of protein-protein interactions in
the lens it is likely that the modification serves to remove a potential
site for protein. aggregation.

This substitution of Phe 118 is found in many birds and in the
crocodilian' sequences which have been examined. Since one gene en-
codes both enzyme and crystallin, in those species which have recruited
e-crystallin, the LDHB enzyme in heart muscle also has this unusual
sequence change. In most species which use e-crystallin it appears that
the modified LDHB functions well enough that these changes do not
exert a significant evolutionary burden. However, there are two spe-
cies of bird which have not followed this path. Both the chimney swift

Fig. 4.3. Sequence modifications in an enzyme recruited as a crystallin. The exposed positions of Asn 114
(N) and Phe 118 (F) shown on a backbone trace of an LDH subunit.’°
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(Chaetura pelagica) and Ana’s hummingbird (Calypte ana) have high
levels of e-crystallin in their lenses. These two species, although super-
ficially very different, belong to the same order, Apodiformes.® They
also share the characteristic of very energy-intensive life styles. Swifts
spend a large part of their life on the wing at high speed in pursuit of
insects while hummingbirds maintain an extremely high metabolic rate
as they hover to collect nectar from flowers. When the e-crystallins
from the lenses of these two species were sequenced it was found that
the Asn 114/Phe 118 combination of residues was still present.2 Con-
ceivably, in these species even a small decrease in the function of LDHB
as an enzyme might have measurable consequences for the animal. As
a result there may have been particular pressure for LDHB sequence
to have been maintained to optimize its enzymatic role.

However, if the sequence changes in other species are indeed a
response to selective pressures in the lens, then in swifts and hum-
mingbirds there must have been a different response to accommodate
these pressures. This may well have been the case, for both these spe-
cies have reduced the content of another crystallin in their lens. In
the case of the swift, 3-crystallin is completely absent as a detectable

The Lens of the Swift Lacks &-crystallin

SDS PAGE & Ab 7 Ab

D S D S

fig. 4.4. The swift (Chaetura pelagica) lacks 8-crystallin. SDS PAGE?* and western blots of lens
extracts from embryonic duck (Anas platyrhynchos) (as control) and from adult swift.
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crystallin (Fig. 4.4), while in the hummingbird it has been reduced to
much lower levels than in other birds? (Fig. 4.2). One possible inter-
pretation of this coincidence is that unmodified LDHB may interact
with abundant 8-crystallin, perhaps through Asn114/Phel18, in a way
which is detrimental to the lens. This can be overcome by a sequence
modification to LDHB/e-crystallin. However, if that solution is not
advantageous an alternative would be to remove or reduce the S-crystallin.
A third solution which may also have been employed by many species
of bird, is the reversion or loss of the e-crystallin phenotype by LDHB..
Many modern birds do not have abundant e-crystallin in the lens. Since
e-crystallin is also present in crocodiles it was probably first recruited
in a2 common ancestor of all archosaurs, including crocodiles, birds
and’ dinosaurs. This implies that avian species which do not use this
crystallin must have lost its expression after the divergence of birds
and crocodiles.

This raises some interesting questions about the recruitment of e-
crystallin. It arose in lenses which already had 8-crystallin and which
therefore had already adapted for the terrestrial environment. It must
therefore have conferred some important secondary benefit to lens in
order to have been retained by so many descendent species for so long.
If the sequence modifications to LDHB were important they must have
been made early on. This condition would have been retained in croco-
diles, ducks and other birds to the present. Other birds, like chicken
which lacks e- crystallm, must have lost e-crystallin expression and
undergone a reversion in their LDHB sequence, suggesting that there
is indeed a real advantage to the function of LDHB in having the Asn
114/Phe 118 sequence. In contrast, as the ancestors of swifts and hum-
mingbirds increased their energy budgets they too underwent a rever-
sion in LDHB sequence but this was compensated by an alternative
strategy which preserved high expression of e-crystallin but reduced or
removed §-crystallin.

PROTECTIVE ROLES FOR ENZYME CRYSTALLINS

What special benefit could e-crystallin bringto a lens? One suggestion
is that although high levels of LDHB are not needed in lens for the
purposes of glycolysis, the selective value of the protein comes from
its ability to bind its cofactor NADH.? The reduced form of NAD+
(nicotinamide adenine dinucleotide) absorbs strongly in the near ultra
violet at around 340 nm. Unlike those of mammals, bird retinas con-
tain cone cell photoreceptors which have a peak sensitivity of 370 nm’
allowing birds to see in the near UV. While this is undoubtedly use-
ful under many circumstances it could also cause problems. Shorter
wavelengths are scattered more efficiently by dust particles in the air,
which is why the sky appears to be blue to our eyes. The blue-end of
the spectrum thus contributes disproportionately to glare in bright light.
For birds hunting insects against a brightly lit sky UV glare could be

w .
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a problem. It would also be a problem for birds and even crocodiles
looking down through water for prey. UV glare would reflect off the
surface while there would be little transmitted UV in the images from
under the surface. Under these conditions it might be advantageous to
filter out some of the UV. This could be achieved by sequestering
NADH in the lens through binding to LDHB/e-crystallin.

Strikingly, all the birds which use LDHB/e-crystallin seem to fit
this profile. They consist mainly of water hunters such as herons, gan-
nets and gulls and bright light feeders such as swifts and humming-
birds.!> Most birds which lack e-crystallin, such as sparrows, chickens
and owls feed on the ground, in low light or, in the case of penguins,
entirely under water. Indeed, there is a fascinating correlation between
the presence of e-crystallin and an enigmatic feature of the avian retina,
the pecten.® This is a folded, conical structure which protrudes from
the back of the eye toward the lens. Unlike the rest of the avian retina
it is vascularized and it is thought that it acts as a means of delivering
nutrition to the eye. Interestingly, the degree of involution and hence
the surface area of the pecten is higher in just the kind of bright light
feeders which have e-crystallin in their lenses.® Could one function of
the pecten be to deliver nutrients to the lens to increase its content of
NADH? Unfortunately there is no direct evidence to support this idea
and the design of experiments to investigate it further has been daunt-
ing. However such a mechanism would allow birds dynamic control
of the UV absorption of their lenses in response to environmental
conditions.

6-CRYSTALLIN

If e-crystallin is the archetype for gene recruitment, gene sharing
and the secondary benefits of recruitment, §-crystallin has the same
significance as a new model for gene duplication.

Although it was through e-crystallin that the realization of the nature
of taxon-specific enzyme crystallin came about, the first example of
this class was already known though unrecognized as such. §-Crystallin
was observed as the first and most abundant of the soluble proteins of
the developing chicken (Gallus gallus) lens.>'' Since these lenses also
lack the y-crystallins (as originally defined), 8-crystallin was seen a re-
placement for y-crystallins in birds. In fact 8-crystallin is probably the
most widespread and one of the oldest taxon-specific crystallins. Al-
most all birds, with the exception of swifts,? and probably all the rep-
tiles which have been examined have abundant 8-crystallin (Fig. 4.2).
It must therefore have been recruited at a very early stage in the rep-
tile/bird lineage. At first it probably served to dilute the y-crystallins
which were present in reptilian lenses and are still present in at least
some species today. Later, in the birds, 3-crystallin completely replaced
the embryonic y-crystallins and by itself formed as much as 90% of
the soluble protein of the central, nuclear regions of the lens. The
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difference in protein content and properties between the lens of a fish
and that of a bird are striking. Bird lenses are among the softest and
most hydrated known with typical protein contents of as little as 20%.1°
They often exhibit remarkable powers of accommodation and contrib-
ute to the unmatched visual acuity of birds.

3-Crystallin is very different from y-crystallin. It forms tetramers
of 50 kDa subunits, giving it a native molecular size of 200 kDa,
similar to that of the BH fraction. Unlike o-, B- and y-crystallins which
have predominantly B-sheet conformation, 8-crystallin has a high con-
tent of a-helix.!>! Only one form of §-crystallin was ever cloned from
chicken lens, but two similar genes, designated 81 and 82 were found
closely linked in the chicken genome.'*'7 The predicted amino acid
sequences of the products of these two genes showed 91% identity,
and there was further strong similarity in non-coding sequences such
as introns and untranslated regions of gene transcripts. 81-Crystallin
was the gene expressed at high levels in lens. 82-Crystallin was named
for its similarity to 81 although there was no evidence thart it actually
served as a crystallin and its expression in lens was much lower than
that of 81-crystallin.?® :

When the first sequences for chicken §-crystallin were produced

no similarity to other proteins was noted. Coincidentally the sequence
for yeast argininosuccinate lyase (ASL) was published at the same time.? |

However, at this early stage in the development of sequence databases
the two sequences were not compared. It was not until the cDNA for
human ASL was determined and entered into a database that the close
similarity between chicken 8-crystallins and ASL was realized.?-23 ASL
is usually associated: with the urea cycle in ‘mammals but is also ex-
pressed in non-ureotelic tissues such as those of the eye,?! and may be
involved in various pathways such as nitric oxide synthesis.?> Sequence
comparisons showed that in fact it was 82-crystallin which was most
similar to the ASL enzymes of human and yeast.? Southern blot hy-
bridization of chicken genomic DNA showed that the two §-crystallin
genes were the only ASL-like sequences present.26 This suggested that
82-crystallin was actually chicken ASL. But what about 81-crystallin?

ASL enzyme activity was higher in embryonic chicken lens, which
contains more than 80% 8-crystallin, than in other tissues?® but this
activity was very low compared to that of the purified human enzyme,
showing that the chicken lens crystallin was not a fully active ASL
enzyme. From these results it seemed that there had been a duplica-
" tion of the ASL gene in birds. While one gene maintained the func-
tion of an enzyme, the other diverged and specialized as a crystallin.
Since enzymatic activity was not essential for this new, structural role,
81-crystallin lost its ancestral ASL activity. Thus chicken $-crystallin
appeared to follow a different model for taxon-specific crystallins from
that exemplified by LDHB/e-crystallin, a model without protein
multifunctionality. Although the term “gene sharing” was first used in
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connection with these proteins, the chicken 8-crystallins, unlike duck
LDHB/e-crystallin, have separate, specialized functions encoded by sepa-
rate genes. However, chicken 8-crystallins do not tell the whole story
of this family.

Previous work comparing the 8-crystallins of chicken with those
of the duck (Anas platyrly_yncbos) had suggested that more isoforms of
3-crystallin were present in the duck.?”” Given the presence of two genes,
this raised the possibility that in duck both genes were being expressed
as crystallins. The first indication that this was correct came when
crude duck lens extract was measured for ASL activity and was found
to possess fully a quarter the activity of the purified human enzyme.26
Thus in duck, unlike chicken, ASL/82-crystallin is indeed a multifunc-
tional, taxon-specific enzyme crystallin. Later, full length cDNAs for
both 31- and 82-crystallin were cloned from duck lens and both were
found to be highly abundant.?#? Subsequently both duck?® and chicken?'
81- and 82-crystallins were expressed in different systems and for both
species it was confirmed that 82-crystallin is an active ASL while 81-
crystallin has no detectable activity.

ASL/82-crystallin is an enzyme crystallin in ducks, geese and swans,
closely related members of the Anseriformes.?62832 Most other birds
which have been examined, such as pigeon (Columba livia)** have very
low levels of lens ASL activity like the chicken. However, the ostrich
(Struthio camelus), a ratite, also has high levels of ASL activity in its
lens suggesting that in this flightless bird ASL/82-crystallin is expressed
as a crystallin.?* Since ducks and ostriches are so distantly related this
suggests that the condition of two active 3-crystallin genes in the lens
is ancestral. Following the model of LDHB/e-crystallm and several other
examples of taxon-specific enzyme crystallins it is very likely that ASL
was recruited as a crystallin in an ancient ancestor of reptiles. Ini-
tially, like most other enzyme crystallins, one gene would have served
two functions, with low level expression of the enzyme in various tis-
" sues and very high level expression in the lens.

The sequence changes forced on LDHB by the secondary role as
e-crystallin show how competing selective pressures can act on a bi-
functional recruited gene. This can set up an adaptive conflict in which
changes beneficial for one role are deleterious for the other. Under
these circumstances there is selective advantage in gene duplication and
specialization. This is what probably occurred at some point in the
evolution of 3-crystallin. Duplication allowed one gene to adapt to
whatever extra requirements the lens environment dictated. However
it is clear that ASL itself can still function as a crystallin although it
may require the presence of the more specialized 81-crystallin to do so.

Although expression of ASL/82-crystallin can continue in the presence
of 81-crystallin it is evidently not required. Thus expression of ASL/
82-crystallin in lens may be lost over time. In the same way non-lens
expression of 81-crystallin is also non essential and it too would be
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expected to decline with time. Indeed this is essentially what seems to
have happened in most birds which use only 81-crystallin as a struc-
tural protein in the lens. Outside the lens, levels of mRNA for both
81 and 82 are generally very low but that for ASL/82-crystallin pre-
dominates, especially with age.*3¢ With the exception of another chicken
eye tissue, the cornea, there is no evidence for expression of 81-crystallin
protein in non-lens tissues.”’” However if 81-crystallin was expressed,
its subunits would be capable of forming mixed tetramers with the
enzymatically active ASL/82.3° Indeed, when recombinant chicken §1-
crystallin was expressed in cultured mouse cells endogenous ASL ac-
tivity was actually reduced, presumably by formation of mixed tetram-
ers with lower activity.’® Whether there is any benefit from such a
non-lens role for 81-crystallin in birds is unknown and perhaps un-
likely. Certainly mammals are able to regulate ASL activity perfectly
well by other means. _
One prediction of the scenario presented here for the evolution of
8-crystallin is that at one time ancestors of birds had only one ASL/3-
crystallin gene. Recently we have obtained peptide sequences from the
§-crystallin of a reptile, the tuatara, a survivor of an ancient group,
the sphenodonts. All the peptides of tuatara §-crystallin examined seem
to come from one sequence which more closely resembles 52-crystallin
“and human ASL than it does 81-crystallin. This is at least suggestive
that this reptile expresses ASL as a crystallin and may not have ac-
quired the lens-specialized 81-crystallin. DNA analysis is now needed
to investigate the number of ASL/§-crystallin-like genes in this ani-
mal.

His89/GLN89 _

The lack of ASL activity in 81-crystallin is rather surprising,
considering that in the duck, 81- and 8§2-crystallins are 94% identical
in amino acid sequence.?® In both chicken and duck the two genes are
closely linked in the same orientation and separated by only 4-4.5
kb.'62* This seems to have made them prone to gene conversion, and
for both species the two 8-crystallins are more similar to each other
than either is to its homologue in the other species. However, the
enzymatically inactive 81-crystallins in chicken and duck conserve at
least one key amino acid difference from 82-crystallins and from other
ASL sequences. While active enzymes have histidine at position 89
this is replaced by glutamine in 81-crystallins. Mutation of His89 to
glutamine in human ASL reduces enzyme activity by over 90%.%8 Since
activity is not eliminated, this residue is probably not involved in the
central reaction of catalysis but has some important associated role.
Surprisingly, a cDNA clone for a pigeon §-crystallin was found to code
for HisB9 and to be more similar to 82-crystallins than to 81-crystallins.?
Since pigeon lens extract and total 8-crystallin has low ASL activity
the authors concluded that His89 does not have an important enzy-
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matic role. However since the clone was derived by PCR there is no
evidence that it corresponds to the majority of expressed protein in
pigeon lens and may in fact represent a low abundance §2-crystallin.

Since the His89/GIn89 sequence change in chicken and duck 51-
crystallins is maintained in spite of gene conversion it may be under
- strong selection for some aspect of crystallin function. It seems un-
likely that the selection is specifically for the loss of enzyme activity,
since high levels of ASL activity in lens ate not pet se a problem for
several species. The structures of turkey 81-crystallin'® and a modified
form of duck 82-crystallin®® have now been determined by x-ray crys-
tallography. Both reveal highly symmetrical tetramers arranged to form
remarkable core bundles of 20 a-helices. These structures also show
that His89 is not part of the active site of the enzyme although it is
cxposcd on the surface nearby. Pethaps this residue has an accessory
role in facilitating binding or release of substrates or products or a
role in a conformational change necessary for function. Since the resi-
due is surface exposed its change from histidine to glutamine may
optimize or stabilize an interaction beneficial to its role as crystallin,
such as a specific interaction with lens cytoskeleton. Alternatively this
change might help maintain a mote stable, less flexible structure for
8-crystallin. As a by product, this change contributes to a loss of enzy-
matic function but this is probably not the important, selected out-
come.

ELEMENTS OF NEUTRALITY

§-Crystallins also serve to illustrate another important point about
enzyme crystallins in general. That is that these proteins are not re-
cruited for their enzyme activity. Bird lenses do not need high levels
of ASL activity but neither are such high levels: of activity harmful.
Birds do not even have a specific structural requirement for §-crystallin.
As shown by the chimney swift, 3-crystallin gene expression in lens
can be entirely eliminated, perhaps as a response to adaptive conflict.?
Its place in the swift lens is apparently taken quite adequately by LDHB/
g-crystallin while in the barn swallow (Hirundo rustica), a bird with
rather similar hunting methods to those of swifts, 3-crystallin is abun-
dant as normal in most other birds and reptiles. In other words the
requirement is for a structural protein, not an enzyme, but even at
this level the choice of a particular protein is at least partially neutral.

" INTRON-SLIPPAGE IN DUCK ASL/82-CRYSTALLIN

While the origins of introns are controversial, 42 it seems to be
accepted that they may contribute to protein and genome evolution
in many ways, including acting as sites for insertion of new coding
sequences into existing stable structures. In duck ASL/82-crystallin
additional protein sequence has been gained through a recent splice-
site slippage. A single base change (GT->GC) in the splice site recognition

’
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sequence has led to use of a cryptic site six nucleotides further into
the intron.?®?? This causes the in frame insertion of two amino acids
into the N-terminal region of the enzyme sequence. This insertion is
unique in the ASL family in eukaryotes.?® However it has evidently
not had any major deleterious effect on enzyme activity since duck
82-crystallin is an active ASL.3® Whether, on the other hand, the in-
sertion has any beneficial effects for the role of the protein in the lens
is not known, although it is interesting that it creates an RGD tripeptide,
a cell attachment motif.*> In many cases, homologous genes of very
distantly related species have introns in similar but non identical posi-
tions. This could reflect either independent insertion of introns at
susceptible regions or slippage of the whole intron. Duck ASL/52-
crystallin illustrates the first stage in such slippage. A reciprocal slip at
the 3" end of the same intron could restore the number of amino acid
" residues but move the intron in a 3' direction.

p-CRYSTALLIN

p-Crystallin, the only taxon-specific crystallin identified so far in
amphibians, is found in the lenses of frogs of the genus Rana. Al-
though its enzymatic specificity is not known, p-crystallin binds NADPH
(nicotinamide adenine dinucleotide phosphote) and belongs to an aldo-
keto reductase superfamily which includes aldehyde and aldose reduc-
tase, prostaglandin F synthase and several detoxification enzymes.44-47
The x-ray structure analysis of aldose reductase shows that this super-
family uses a structural motif consisting of ¢ight parallel B units which
was first observed in triose phosphate isomerase (TIM) and now known
to be very common among enzymes.*

T-CRYSTALLIN

a-Enolase/t-crystallin is in many ways atypical of enzyme crystallins.
However it also serves to illustrate some general processes of crystallin
gene recruitment. Unlike every other known example of enzyme
crystallins, o-enolase/t-crystallin has a rather widespread and patchy
distribution. Furthermore while all other enzyme crystallins in verte-
brates are associated with terrestrial species it is the only one known
to be prominently expressed in some aquatic species. It was first dis-
covered as the 48K protein in sea lamprey (Petromyzon marinus), where
it was estimated to make up 13% of total lens protein, and as t-crystallin
in a turtle (Pseudemys scripta) where it was also very abundant®°
(Fig. 4.5). A survey of other species detected 48K/t-crystallin in nu-
merous species, including several reptiles, birds and fish such the air-
breathing gar (Lepisosteus oculatus).”® Its abundance varied among spe-
cies, such that it was easily detected in domestic duck lenses but was
barely detectable in chicken lens. At this time it was not thought be
present in mammalian lenses.

Protein sequencing showed that turtle t-crystallin was probably
identical to o-enolase,® and this assignment allowed the interpretation
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7-crystallin/c-enolase in Birds and Reptiles
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Fig. 4.5. o-enolase/t-crystallin (t). SDS PAGE of lens extracts? (left) and western blot with anti-
lamprey t-crystallin antiserum (right). T: turtle (Pseudemys scripta); D: embryonic duck
(Anas platyrhynchos); Sw: chimney swift (Chaetura pelagica); LE: embryonic chicken
(Gallus gallus) lens epithelial cells; LF: embryonic chicken lens fiber cells. .

of peptide composition data from the lamprey protein which was also
seen to match a-enolase.® Purified turtle t-crystallin was- shown to
have enolase activity, albeit at a low level.2*%! Since the previous sur-
vey had identified fairly high levels of t-crystallin in duck lens, full-
length ¢cDNA for t-crystallin was cloned from this source. Duck lens
“t-crystallin was shown to be the product of a single gene and both -
crystallin and human o-enolase cDNA probes hybridized to identical
band in southern blots of duck genomic DNA.*!

But is a-enolase/t-crystallin a crystallin? In domestic duck, mRNA
for a-enolase is more abundant in embryonic lens than in liver.>! However
the very high levels of expression in the lens seem to be a rather tran-
sient feature of embryogenesis. Analysis of the gene promoter for
t-crystallin found it to be highly active in all cultured cells with no
tissue preference.’? When the entire duck gene was expressed in transgenic
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mice elevated levels of a-enolase were found in all tissues.’* This
experiment illustrated the point that lenses are capable of acquiring
large increases (about seven fold- in this case) in concentration of an
enzyme in one step without serious problems. Indeed in the transgenic
mice the duck transgene increased the level of a-enolase to close to
parity with some individual B-crystallin subunits.®®> However in terms
of expression patterns the duck gene behaved in adult mice in a very
similar way to the endogenous o-enolase with no preference for lens.

These observations may be explained by the discovery thit a-eno-
lase is expressed at high levels in vivo in many stem cell populations,
such as corneal limbus.>® The function, if any, of high levels of o-
enolase in stem cells is not known. It is possible that enolases may
play structural roles in addition to their role in glycolysis. For ex-
ample, y-enolase has been found to be associated with the centrosome
in HeLa cells®® while several glycolytlc enzymes are believed to form a
cytomatrix with cytoskeletal proteins.>6-58

Among the stem cells with high levels of a-enolase are lens epithe-
lia (Fig. 4.5). a-Enolase/t-crystallin has been measured at 9% of total
protein in adult chicken epithelia and 12% in adult duck,” and it is
likely that levels are higher in embryonic tissue. a-Enolase is at much
lower levels in differentiated fiber cells (Fig. 4.5). It seems that a-
enolase is an enzyme which is necessarily expressed at high levels in
lens epithelia. In a small lens such as that of the lamprey, where epi-
thelium constitutes a large fraction of total lens mass, a-enolase will
accordingly achieve high overall levels. In other species such as mam-
mals a-enolase is a prominent abundant enzyme but in a larger lens
may not exceed .1% of total protein.®

Thus in many species a-enolase is intermediate between the low
levels of many enzymes and the high levels of crystallins. Even then,
it achieves concentrations in epithelial cells which are certainly in the
structural range. Furthermore, overexpression of o-enolase does not seem
to have any harmful effects in transgenic mice.”® Thus 4 priori this
_enzyme is a good candidate for recruitment to even hlgher level ex-
pression in the lens. Indeed, there are clearly examples in which a-
enolase unambiguously achieves the level of a crystallin. In turtle lens,
for example, a-enolase/t-crystallin is 46% of total protein in the epi-
thelial cells and 6.5% in the nucleus giving an overall abundance of
about 10%.5%* Immunohistochemistry shows high levels of a-enolase/
1-crystallin throughout the embryonic lens, including fiber cells.’ The
occurrence of t-crystallin in diverse taxa may either reflect its “nor-
mal” high levels in epithelial cells or independent parallel recruitment
of the same suitable gene in different lineages.

INTRON POSITIONS AND PROTEIN STRUCTURE
The gene for a-enolase/t-crystallin from the domestic duck (Anas
platyrbynchos)>* and the homologous human a-enolase gene®' have the
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same pattern of intron positions. The structure of enolase from yeast
has been determined by x-ray crystallography$263 and the sequence of
enolase is sufficiently well conserved that a model of duck a-enolase
can be built on the. yeast enzymes’ coordinates (unpublished). Enolase
has two domains, an N-terminal domain of about 150 residues linked
by a connecting peptide to a C-terminal domain of about 280 resi-
dues. The C-terminal domain was first thought to conform to the 8-
fold B-strand/a-helix supersecondary structure repeat, (Ba)s, typified by
triose phosphate isomerase (TIM).%6 More detailed analysis showed
that enolase actually has a different folding topology, pBac(Ba)s.6® The
TIM structural family, including other enzymes such as pyruvate ki-
nase, has been used to illustrate the idea that all exons represent dis-
crete structural elements and that genes were assembled from such units
by intron-mediated mechanisms.® This was supported by the obsetva-
tion that introns in TIM map near the ends of B-strands or a-helices
and not in the middle. ’

Enolase seems to contradict this model. First it has achieved a very
similar tertiary structure through a different folding pattern and no
significant sequence similarity. Second, introns mapping to the TIM
barrel-like C-terminal domain of enolase do not neatly delineate sec-
ondary structures and three map to the sequences within a-helices
(Fig. 4.6). These observations suggest that the Ba barrel may simply
be a thermodynamically stable structure available to many protein se-
quences regardless of their evolutionary origins.

However, the N-terminal domain of enolase is different. In this
region introns fall neatly between supersecondary structures and one
intron exactly corresponds to the join between the two domains (Fig. 4.6).
Thus this domain could very well reflect the structures of ancestral
motifs. Since enolase is present in prokaryotes®® where it lacks introns
the question again arises of whether the vertebrate introns were in-
serted or whether ancient introns were deleted in bacteria. It is pos-
sible that the N-terminal domain is descended from a well-structured
RNA which directed intron insertion accordingly while the insertion
into the C-terminal domain was essentially random.

GECKO CRYSTALLINS: A RESPONSE TO LIGHT?

The acquisition and loss of taxon-specific crystallins has been as-
sociated with changes such as moving from diurnal to nocturnal hab-
its.® This recruitment could be driven either by the primary pressures
of modifying the optical properties of the lens or by secondary pres-
sures such as UV or oxidative stress. This has prompted an examina-
tion of geckos, lizards which adopt several different habits and which
in some lineages may have moved from diurnality to nocturnality and
back again.®¢’ Indeed, in two genera of diurnal geckos taxon-specific
crystallins were found while none were apparent in nocturnal species.%¢
In both Phelsuma and Lepidodactylus taxon-specific subunits of about
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36 kDa were observed, similar in size to several known crystallins.
The protein in Phelsuma has been named n-crystallin and identified as
the enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH).% In-
terestingly GAPDH is expressed at moderately abundant but sub-crystallin
levels in mammals. The protein in Lepidodactylus is also being charac-
terized®® and is different from =-crystallin (de Jong and Réll, unpub-
lished).

These results suggest the independent recruitment of taxon-spe-
cific enzyme crystallins in response to a species moving into a brighter
light environment. Since geckos are reptiles which already have high
levels of “lens-softening” 8-crystallins, the new crystallins must be con-
ferring secondary advantages, probably in protection against UV as was
suggested for e-crystallin and some other taxon-specific crystallins.37°
Interestingly, GAPDH, like LDH and enolase, is a glycolytic enzyme
which has been shown to associate tightly with actin and other com-
ponents of cytoskeleton.’®® These enzymes may be able to play a role
in -stabilization of cytoskeleton in lens fiber cells in addition to any
other functions.

ENZYME CRYSTALLINS IN MAMMALS

The reptile/bird lineage presents a fairly uniform picture of the
evolutionary processes by which lens composition is modified (Fig. 4.7).
At some very eatly stage ASL/8-crystallin was recruited and the adap-
tation of the lens to the terrestrial, diurnal environment began. Later,
at least in birds, embryonic y-crystallin expression was lost and in the
archosaurs LDHB was recruited as e-crystallin while diurnal geckos
have also independently recruited different taxon-specific crystallins.8?
However the overall similarity in the retention of 8-crystallin in all
descendants of early reptiles is remarkable.

Mammals too are descended from a major group of early terres-
trial vertebrates, the synapsids, the so-called “mammal-like reptiles.”
This lineage includes the pelycosaurs which formed one of the domi-
nant group of land animals in the early permian, the therapsids of the
later permian and the cynodonts of the early triassic.”! If it was useful
for the reptile/bird line to modify their lenses with a recruited enzyme
crystallin it seems reasonable to expect that the same applied to the
ancestors of mammals. However, most modern placental mammals do
not express taxon-specific crystallins and are instead limited to the ancient
a- and B-crystallins and a group of very highly conserved y-crystallins
whose genes are closely clustered on one chromosome. Where taxon-
specific crystallins do exist in mammals they are rather tightly limited
in phylogenetic distribution. If the ancestors of mammals indeed had
a taxon-specific crystallin it must have been lost by most descendent
species which, in at least some cases, have independently recapitulated
the process of gene recruitment (Fig. 4.7). Candidates for the role of
ancestral synapsid taxon-specific crystallin are 8-crystallin itself which
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might have been recruited in a common ancestor of both major reptilian
lineages, p-crystallin which has a wide but patchy distribution in mar-
supials, n-crystallin which is found in an ancient diurnal group of
placentals and {-crystallin which is found in two separate lineages of
modern placentals.

n-CRYSTALLIN
The most abundant taxon-specific crystallin in placental mammals
is m-crystallin® which is probably the single major protein component
in the lenses of macroscelids, elephant shrews (Fig. 4.2). These small
mammals are active, diurnal insectivores. They are generally regarded
as being relatively primitive and have even served as an illustration in
a popular text for what some early mammalian ancestors might have
been like.”> Most experts have placed macroscelids in phylogenetic groups
such as the Insectivora, which would include shrews, or the Glires,
which in most classifications includes rodents and lagomorphs.”> However,
protein sequence data from the aA-crystallin of Elephantulus rufescens,
the rufous elephant shrew, show identity with those of the hyrax.74
This would place the macroscelids in an early offshoot of the placen-
tal mammal family tree which appropriately also includes elephants as
part of a group called the paenungulates.”® Whatever their affinities,
elephant shrews are not shrews.” They have large eyes and soft lenses.
N-Crystallin accounts for about a quarter of total lens protein in
both E.rufescens and E.edwardi while in a species of another genus,
Macroscelides proboscideus, it contributes about 10% of total protein.®
Whether this represents generic or individual difference is not known.
In the one example of E.rufescens which was examined, n-crystallin
seemed to have largely supplanted y-crystallins in a manner reminis- -
cent of §-crystallin in birds.®® In M. proboscideus, with its lower con-
tent of m-crystallin, y-crystallins could be detected. Again, individual
differences may be significant and the loss of y-crystallins in the speci-
men of E.rufescens may have been due to aging effects in an old animal.
Partial protein sequence of n-crystallin and immunochemical reac-
tivity suggested possible identity with cytoplasmic aldehyde dehydro-
~ genase (ALDH1).%° The very close sequence similarity of n-crystallin
to ALDH]1 has now been confirmed by cloning n-crystallin from the
lenses of E.edwardi and M.proboscideus.”® Sequence data show that n-
crystallins clearly group with ALDH1 of other vertebrates and that all
the residues required for ALDH enzymatic function”” are conserved.
The cytoplasmic enzyme ALDH1 has very low activity towards the
soluble aldehydes which are good. substrates for related enzymes such
as the mitochondrial ALDH2. However, ALDH1 is widely expressed
and highly conserved suggesting that it has an important function.””78
It now appears that at least one role for this enzyme is as retinaldehyde
(retinal) dehydrogenase,”® an activity which converts the aldehyde retinal
to retinoic acid, an important activator of gene expression and a po-



102 Molecular Biology and Evolution of Crystallins

tent morphogen in development.?!®2 In the mouse eye, ALDHI
expression is an early marker for development in the retina with pref-
erential expression in dorsal retina.”# Indeed, it has been suggested
that ALDH-derived retinoic acid might have a role in inducing
Pax-G expression itself in the determination of the eye as an or-
gan.®

When recombinant E.edwardi m-crystallin was tested for ALDH
activity it was found to be enzymatically active using 11-cis-retinal as
substrate.”® Together with its close sequence similarity to ALDHI1 this
enzyme activity shows that n-crystallin is indeed an ALDH1. How-
ever, when non-lens expression of n-crystallin was examined there was
a surprise. PCR analysis of M.proboscideus liver detected mRNA for
both n-crystallin and a second, more abundant ALDH]1 in liver.”® Further
PCR analysis of elephant shrew tissues suggests that n-crystallin is the
predominant form of ALDHI in retina and iris as well as in lens.
Thus n-crystallin may have been recruited directly from an eye-pre-
ferred ALDHI1 isoform. Alternatively n-crystallin may be the second
known example, after 8-crystallin, in which the gene recruitment of a
taxon-specific enzyme crystallin is associated with gene duplication. This
idea is supported by cladistic analysis which suggests that the separa-
tion of the two genes for ALDHI1 occurred at an early stage in the
evolution of elephant shrews but probably after their lineage had split
off from those of most other placental mammals.”¢

The predominance of n-crystallin in eye tissues explains why this
taxon-specific crystallin retains its retinal dehydrogenase activity while
serving as a crystallin. ALDH activity is essential for normal develop-
ment in many tissues. In lens itself ALDH1 is expressed from early
stages’® and is present at reasonably high sub-crystallin levels in lenses
of many species.5® Retinoic acid receptors have been implicated in ex-
pression of y-crystallin genes®®# while overexpression of retinoid bind-
ing proteins in lens causes developmental defects.®*¥” High level ex-
pression of a hypothetical inactive n-crystallin might sequester the active
enzyme in low activity heterotetramers and essentially eliminate ALDH
activity with possibly serious consequences for lens development.
These problems would be avoided through the retention of ALDH
activity by n-crystallin even as it acquired a structural role in lens.

Like some other enzyme crystallins, n-crystallin binds a nicotina-
mide adenine dinucleotide cofactor. However in this case the preferred
cofactor is NAD+, the oxidized rather than the reduced form, although
it is not yet known whether levels of both NAD+ and NADH are
elevated in elephant shrew lenses. The recruitment of n-crystallin
may have been selected through its modification of the optical prop-
erties of the lens rather for a secondary role in protection against
oxidative stress. If a protective role does exist it may be against the
toxic effects of aldehydes rather than against more generalized oxida-
tive stress.
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-CRYSTALLIN
It was essential for our recognition of the enzyme crystallins that
some of the first to be discovered were well known enzymes which
had already entered the sequence databases.??> Others however were
discovered first as crystallins and only later defined as enzymes. One
such is ¢-crystallin which was first discovered in guinea pig (Cavia
_ porcellus) lens where it accounts for 7-10% of total soluble protein.8®
A congenital cataract in this species was found to be associated with
loss of a 35 kDa crystallin subunit.®® This turned out to be a taxon-
specific crystallin belonging to the alcohol dehydrogenase (ADH) su-
perfamily.?®! However, unlike ADH, {-crystallin binds NADPH rather
than NADH, suggesting a role as a reductase.’% After testing a num-
ber of possible substrates it was found that {-crystallin is a novel
NADPH:quinone oxidoreductase.” Like LDHB/e-crystallin, {-crystallin
is the product of a single gene which is also expressed in other tissues
at lower levels.
¢-Crystallin was also detectable at crystallin levels in some related
South American hystricomorph rodents including degu (Octodon degus)
and rock cavy or moco (Kerodon rupestris) but not in coypu (Myocasor
coypu) or in other rodents.”® Then most surprisingly it was also found
in camelids, Old World camels and New World llamas.?89395% Both
hystricomorphs and camelids have their origins in South America.
However they are so distantly related phylogenetically that the pres-
ence of {-crystallin in both groups must have been due to indepen-
dent recruitment. Recent gene sequencing for guinea pig and llama ¢-
crystallins confirms the independence of the recruitments, although
there are some remarkable parallels in mechanisms used (see ref. 97
and below). »
~ Independent recruitment of the same enzyme as a crystallin should
not perhaps have been totally unexpected since the pool of suitable
enzymes is obviously finite and some may be easier to recruit than
others. Indeed, as discussed below, parallel recruitment in widely di-
vergent species may have occurred several times in the case of a-eno-
lase/t-crystallin. %

A-CRYSTALLIN

A-Crystallin seems to be another previously unknown enzyme. It
has been found only in rabbit (Oryctolagus cuniculus) and hare (Lepus
europaeus).”® A-Crystallin is distantly related to hydroxyacyl- and
hydroxybutyryl-CoA dehydrogenases and conserves the consensus NADH
binding site, however its activity, if any, has not yet been determined.”®
From a phylogenetic standpoint, it is interesting that A-crystallin was
not seen in pika (Ochotona princeps) which is classified as lagomorphs
with rabbits and hares. Pikas also differ from the other lagomorphs in
that they express aA,™ the product of alternative splicing of aA-crystallin
while rabbits do not.”
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u-CRYSTALLIN

p-Crystallin was first observed as a 35 kDa subunit accounting for
up to a quarter of total soluble protein in the lenses of some Austra-
lian marsupial mammals®® (Fig. 4.2). So far it has been seen in all
macropods (kangaroos, tree kangaroos and wallabies) which have been
examined (unpublished). It was also identified in the lens of the only
dasyurid examined, a carnivorous quoll Dasyurops maculata.®® It was
not detectable in several other species, mcludmg various possums and
wombat (unpublished) but a low level was seen in the sugar glider. It
was not detectable by western blot in the only New World marsupial
examined, the Virginia opossum (Didelphis virginiana).®® Its pattern of
. occurrence suggests an early recruitment in a common ancestor of

Australian marsupials perhaps 120million years ago and subsequent loss

in several species. However more marsupial species, particularly from
South America, need to be examined.

In contrast to placental mammals, marsupials retain in their reti-
nas the cone cells with oil-drops found in diurnal reptiles and other
vertebrate species.®” This suggests that the ancestors of marsupials may
not have experienced the nocturnal, burrowing phase which may have
been an important part of placental mammal evolution (Fig. 4.7).
Consequently marsupials may have retained other features from the
eyes of their diurnal reptilian ancestors. If so, p-crystallin may have an
even mote ancient origin than currently indicated and may be a can-
didate for the hypothetical ancestral enzyme crystallin of the reptilian
ancestors of all mammals.

In grey kangaroo (Macropus fuliginosus) p-crystallin is the product
of a single gene which is expressed at high levels in lens and at lower
levels in retina and brain, presumably in an enzymatic role.'® Peptide
sequences of p-crystallin from kangaroo and quoll lenses could not
convincingly demonstrate a relationship with any known proteins.
However when kangaroo p-crystallin was cloned it was found to be
significantly similar (over 30% identity in predicted amino acid se-
quence) to ornithine cyclodeaminases (OCD) of the bacterium
Agrobacterium tumefaciens.® The similarity was not apparent from peptide
sequences because these all came from the more hydrophilic N- and
C-terminal regions rather than the more hydrophobic central regions
of the sequence which contain the highest similarity among OCDs
and therefore presumably contain the active site.

OCD is an unusual enzyme involved in metabolism of opines, amino
acid derivatives produced when A. tumefaciens invades plant cells.101-193
OCD catalyses the conversion of ornithine directly to proline in the
presence of NAD+.1921% In the more familiar biochemical pathways of
standard textbooks this conversion requires two enzymes and passes’
through a glutamate semialdehyde intermediate. The mechanism of the
OCD reaction is not known but it seems likely that it would involve
a similar intermediate. Like OCD p-crystallin binds a nicotinamide
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adenine dinucleotide cofactor but in contrast to OCD it is NADPH
rather than NAD+,'% suggestive of a role as a reductase. Indeed both
p-crystallin and OCDs are related to another family of enzymes which
are reductases, the glutamyl-tRNA reductases (GIuTR) (Segovia and
Wistow, in preparation). These unusual enzymes convert glutamyl-tRNA
to a glutamate semialdehyde'® using NADPH as cofactor. At this stage
" it seems reasonable to hypothesize that all three families of proteins
are enzymes involved in unusual amino-acid metabolism and that they
may share common affinities for derivatives of glutamate such as
glutamate semialdehydes. This raises some interesting possibilities for
the function of p-crystallin.

Although p-crystallin was discovered in marsupial lenses, it is con-
served and expressed in other tissues in other vertebrates. Human p-
crystallin has been cloned from retina and brain and is over 80% identical
to the kangaroo sequence. Northern blots of human mRNA detect p-
ccrystallin in neural, muscle and kidney tissue.'® However, immuno-
histochemical detection of the protein shows a more restricted pat-
tern. Although low levels are apparent in the epithelial and equatorial
regions of human and rat lenses and may also be present as a general
background in most nervous tissue, the highest levels of protein im-
munoreactivity are found specifically in the outer segments of the pho-
toreceptors of the retina in human, rat and chicken (ref. 104 and in
preparation). Indeed p-crystallin is one of the earliest markers for pho-
toreceptor development in embryogenesis. In this regard it is intrigu-
ing that another crystallin, n-crystallin, is derived from ALDH1 which
is an even earlier marker for retinal development.”

The enzymatic function of p-crystallin has still not been deter-
mined. All attempts to catalyze conversion of ornithine or proline with
any nicotine dinucleotide cofactor have failed. Furthermore, although
the protein, which appears to be a dimer, can easily be isolated from
lens extracts using its ability to bind to blue sepharose it has proved
very difficult to maintain its solubility (unpublished), an unexpected
problem for a crystallin. However we do know that this protein is
related to enzymes which metabolize derivatives of glutamate and that
it is expressed in photoreceptors. It so happens that glutamate is the
neurotransmitter of the photoreceptors'® and that these cells are also
highly susceptible to glutamate and ornithine toxicity.”8!9%:1% Indeed,
in the disease gyrate atrophy a systemic deficiency in ornithine me-
tabolism is manifest as a rather specific syndrome of photoreceptor
loss in the retina.'%7:1%% Perhaps p-crystallin participates in metabolism
of glutamate and as such plays an unanticipated role in the normal
function of photoreceptors? Indeed, the human gene for p-crystallin
maps close to a breakpoint on chromosome 16 associated with cata-
ract and micro-phthalmia.!*!'"® Human and kangaroo genes for p-
crystallin have now been cloned and are being analyzed (unpublished).
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Since gene expression in the retina may involve transcription fac-
tors which are shared by lens, such as Pax-6, p-crystallin may have
been a facile target for gene recruitment as a crystallin. The gene for
p-crystallin may have required only minor modifications to promoter
sequences to allow high expression in lens.

CRYSTALLINS ELSEWHERE: INVERTEBRATE LENSES,
LIGHT ORGAN LENS AND CORNEA

S-CRYSTALLINS :

A variety of lenses are also found in the exceedingly diverse eyes
of invertebrates. Most cephalopod mollusks such as octopus, squid and
cuttlefish have eyes which are superficially very similar to those of
vertebrates®'!:112 (see Fig. 1.1). They have cellular lenses which seem
to have arisen by convergent evolution to produce a similar solution
to the problem of refining the optical properties of the eye. Like the
lenses of fish, cephalopod lenses are extremely hard and relatively de-
hydrated, with protein content up to 70% wet weight."!? Again like
vertebrate lenses, most of the protein in these lenses consists of highly
abundant soluble proteins with subunit sizes between 20 and 30 kDa
which have been called S-(for squid) crystallins.!’> Although they are
not related to any vertebrate crystallins S-crystallins share with taxon-
specific crystallins a derivation from enzymes, in this case glutathione
S-transferases (GST).2%!1% Unlike most examples of vertebrate enzyme
crystallins, S-crystallins are generally lens-specific. They are also ubig-
uitous in cephalopod lenses, like a-, B- and y-crystallins in vertebrates,
rather than taxon-specific. S-crystallins are encoded by large gene families,
again reminiscent of the multiple B- and y-crystallins. Furthermore,
most S-crystallins lack detectable enzymatic activity, although at least
one squid protein does have some GST activity.!??

It appears that the cephalopod lens is very ancient. This has al-
lowed a greater degree of specialization for lens than is seen in verte-
brates. The common ancestor of modern cephalopods must have re-
cruited a GST as its original crystallin. Possibly this detoxification enzyme
was already being expressed abundantly in the ocean-exposed eye in a
protective role. Subsequently there was gene multiplication and spe-
cialization to produce more than a dozen lens-specific crystallins in
the modern squid. Indeed, the specialization is such that the major
GST enzyme of the squid is not expressed at high levels in lens. The
antiquity of the cephalopod lens is further emphasized by the presence
of other specialized components, such as a lens-specific tubulin.!'¢

- Sequence analysis of cephalopod S-crystallins shows they have the
same exon-intron structure as mammalian GSTs.""7 This similarity,
together with the degree of sequence similarity seen in various genes
is consistent with the idea that these mollusks are more closely related
to vertebrates than are other invertebrates such as arthropods.
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ALDH: A CRYSTALLIN FOR ALL SEASONS?

Although the predominant S-crystallins are ubiquitous in cephalo-
pod lenses there is also at least one taxon-specific crystallin in this
group. In addition to the S-crystallins, the octopus lens also contains
a fairly prominent 59 kDa subunit which was named Q-crystallin.!!8
Surprisingly, when it was cloned, Q-crystallin was found to be related
to class 1 and 2 aldehyde dchydrogenases of vertebrates''*'?° and therefore
distantly related to n-crystallin in elephant shrews.5%76 However, un-
like m-crystallin, Q- crystallm has not conserved all the residues thought
to be essential for enzymatic function and lacks detectable ALDH ac-
tivity.!'120 Again, it seems that the recruitment of this protein oc-
curred sufficiently long ago that specialization has occurred.

Remarkably another member of the ALDH superfamily is also ex-
pressed abundantly in another lens-like tissue of the squid. The light
organ of some squid emits light for signaling or camouflage purposes.
Light is produced by luminescent bacteria and is diffused through a
translucent “lens” derived from muscle tissue. A major soluble protein
in this tissue has been named L-crystallin.!?! It too belongs to the
ALDH superfamily, although it is not closely related to either n- or
Q-crystallins. This is another example in which soluble structural pro-
teins of a functional lens have been recruited from an available enzyme.

The involvement of the ALDH superfamily in transparent tissues
does not stop with the squid light organ. The vertebrate cornea con-
sists mainly of a stroma of aligned bundles of collagen.!?? This is main-
tained by thin layers of cells on each surface, the outer epithelium
exposed to the air and the endothelium which contacts the aqueous of
the eye. Damage to these cells can lead to osmotic swelling of the
stroma and opacity. Analysis of bovine corneal epithelium found a single
major soluble protein component, BCP54.12 Analysis of chicken cor-
nea showed that this protein was not abundant,?”!4 showing that cor-
neal proteins too may be taxon-specific. When BCP54 was character-
ized'?%1%6 it proved to be identical to ALDH III, the so-called
tumor-inducible ALDH which is about 30% identical to the class I
and II enzymes.'?” Surprisingly, the major site of constitutive expres-
sion of this inducible detoxification enzyme seems to be mammalian
cornea. , '

Does this mean that ALDH superfamily members are in some way
inherently transparent proteins? After all, the name “transparentin” was
once proposed for BCP54.'% In fact there is no reason to believe that
these enzymes are “more transparent” than other proteins. Transpar-
ency depends on a medium lacking light absorbance and light scatter-
ing.!213% Absorbance is due .to chromophores while scattering is due
mainly to irregularly distributed objects or discontinuities which have
sizes on the order of the wavelength of incident light. Since proteins
are small it is more reasonable to talk of transparent solutions than
transparent proteins.
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So why are ALDH superfamlly members so frequently recruited to
transparent tissues? All these tissues are subject to osmotic stress, ei-
ther in the swelling process which creates them or in mamtammg their
structure. Perhaps ALDH enzymes have some involvement in responses
to such stress? In any case, it is likely that for some functional reason,
these enzymes are easy to recruit under the conditions which give rise
to transparent tissues. With their role as detoxification enzymes they
may also play a protective role against toxic aldehydes which might
result from oxidative insult, particularly to membranes. At least in terres-
trial species they may also have a role in filtering UV radiation'® and
in this part of the spectrum they may actually be inherently opaque
proteins.

What is clear is that overexpressed aldchydc dehydrogcnases are
not essential for lens or for cornea. Their recruitment is taxon-specific
and many other species survive with only normal enzymatic levels of
these proteins. BCP54/ALDHIII is only prominent in mammalian cornea
while in chicken no single protein dominates to the same extent.!*
Instead several enzymes are quite abundant, mcludmg a-enolase?” which
other data show is localized to corneal limbus in mouse.’* The most
interesting discovery in chicken cornea was that enzymatically inactive
31-crystallin, the major component of chicken lens is present at de-
tectable levels.?” There are two possible reasons why this lens-special-
ized protein might be abundant in cornea. The most likely is that
cornea and lens share certain transcription factors, such as Pax-6.131-1%
Expression of a crystallin in the cornea could thus be due to overlap
in transcriptional specificity of related tissues. Alternatively, whatever
role 81-crystallin has specialized to perform in lens, which might be
something like stabilization of a particular kind of cytoskeleton or a
role in osmoregulation, could also be beneficial for cornea. Again such
a role cannot be essential for transparency since mammalian corneas
survive quite well without expression of this protein.

OTHER CRYSTALLINS

" Cellular lenses are also found in hydromedusan and cubomedusan
;ellyﬁsh The lens of the cnidarian Cladonema radiatum contains two
major soluble proteins of 40 kDa and 70 kDa subunit size,' while
certain cubomedusan jellyfish contain crystallins of 20 kDa and 35
kDa subunit size which have been named J:crystallins.'? Sequence analysis
of J1-crystallins, including cloning three intronless genes,'* revealed
no obvious identity with known proteins, although there is a weak
but intriguing similarity to a region of the HSP60 family of molecular
chaperones (Wistow, unpublished).

Other species of invertebrate have various kinds of acellular lenses.
Some use inorganic materials while others use secreted structural pro-
teins. Since crystallins have always been thought of as soluble pro-
teins, these invertebrate eye proteins may not strictly qualify for this
classification. Little is known about these proteins. Some at least are

‘
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probably conserved among widely divergent species since immunochemical
methods suggest that the compound eyes of diverse arthropods con-
tain related proteins.'® A 52 kDa calcium-binding glycoprotein of the
extracellular corneal lens of Drosophila compound eye has been par-
tially characterized and named drosocrystallin.!®! It is not clear what
the superfamily relationships of this protein might be or whether it is
related to the common arthropod protein. Finally, there has been some
analysis of the acellular lens of the mollusk Aplysia californica which
contains protein subunits of two size ranges, about 60-kDa and 80
kDa.'¥2 However, since these subunits have identical N-terminal pro-
tein sequences they are likely to be products of the same gene, per-
haps derived by post-translational modification. The limited sequence
available does not reveal the relatedness, if any, of these proteins.

RECRUITMENT
THROUGH MODIFIED GENE EXPRESSION

In the broadest sense of recruitment all that is necessary is for a
protein to achieve very high concentrations in the lens. This could be
accomplished by either transcriptional or post-transcriptional events.
The latter are purely hypothetical but might in principle include tis-
sue-specific enhancement of protein stability, or the stability or trans-
lational -efficiency of mRNA. In fact no such mechanisms have yet
been observed in the lens. Instead all the cxamplcs of recruitment hinge
on tissue-specific increases in gene transcription (see Fig. 2.3).

TATA-BoX PROMOTERS

In some cases it is possible to compare homologous genes from
species in which recruitment has and has not occurred. One intrigu-
ing observation which arises from this is that most of the enzyme
crystallin genes, like those which encode the ubiquitous a-, B- and -
crystallins, make use of TATA boxes to define the starting point for
transcription while their non-recruited homologues lack TATA boxes
and instead have GC-rich promoters of the kind associated with “house-
keeping” genes (Fig. 4.8).

For example, the a-enolase/t-crystallin gene of the duck has a TATA
box and a single predominant transcription start site.>? In contrast the
promoter for human a-enolase, the only other a-enolase gene to have
been sequenced has a GC-rich promoter and multiple transcription
start sites.! Similarly in chickens and ducks the genes for both the
non-enzymatic 81-crystallin and the enzymatically active ASL/82-crystallin
have TATA boxes'%!152143 while the genes for human and rat ASL
again have “housekeeping” promoters.'*!%5 In the case of {-crystallin
in both guinea pig and llama, which have been recruited through ac-
quisition of an alternative lens promoter, the upstream “enzyme pro-
moter” is a GC-rich type while theé downstream lens promoter agam
has a TATA box 97,146,147
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This suggests that at least one major route to recruitment requires
the presence of a TATA box. This could reflect a preferred interaction
between a lens-specificity factor and some component of the TFIID
complex which is associated with binding to a TATA box but not to
initiation complexes which form on non-TATA box promoters. How-
ever, there are always exceptions to any generalization about crystallins
and it appears that duck LDHB/e-crystallm lacks a TATA box alto-
_gether.?

NEwW PROMOTERS

In the case of the enzyme crystallins it is clear that genes expressed
in many tissues have undergone sequence modification resulting in lens-
specific overexpression. The most dramatic example of this is the ac-
quisition of a second, lens-specific promoter by the NADPH:quinone
oxidoreductase gene which gave rise to {-crystallin 97146147 As described
above, the 5' UTRs of ¢-crystallin mRNA in guinea pig lens and liver
are different. They arise from alternative first exons spliced to a com-
mon second exon. Sequence analysis shows that the lens first exon lies
downstream of that used in liver. Thus it appears to have been in-
serted into what would have been the first intron of the enzyme gene
(Fig. 4.8). The guinea pig promoter has been defined by functional
analysis.'»1% It was noted that the complete promoter was neatly flanked
by 9 bp direct repeats, one of which was upstream of all the func-
tional elements while the other was in the first exon. When the §-
crystallin promoter region was compared with the first intron of the
homologous gene from mouse in which it has not been recruited as a
crystallin there was no sequence similarity within the promoter itself.*
However just downstream of the promoter region there was some con-
servation of sequence between species. This similarity begins close to
the position of the direct repeat in the first exon of guinea pig ¢-
crystallin.’¥” This is at least consistent with the possibility that the
lens promoter derives from a sequence which was inserted by transpo-
sition into the enzyme gene intron in an ancestor of guinea pigs.

¢-Crystallin is also expressed in the lenses of camelids, including
llama. Hystricomorph rodents like guinea pig and camelids like llama
are sufficiently distant in evolutionary terms that the recruitment of
¢-crystallin in both must either represent an ancient ancestral feature
of most mammals or else independent recruitment in two lineages.
Yet gene sequencing shows that llama {-crystallin has also been re-
cruited by insertion of an alternative promoter and first exon into the
first intron of the same gene.” The insertion is close to the same po-
sition in guinea pig but not identical. Furthermore sequence align-
ments show that there is little conservation of promoter sequences but
some conservation of both the alternative first exons. At present it is
difficult to unravel the histories of the two genes. Their similarities
are striking but so are their differences and many questions are yet to
be answered.
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Was g-crystallin ancestral to many mammals but lost in all but
two lineages? Was the recruitment independent but directed in a simi-
lar way because of some feature of the enzyme gene which made it
particularly prone to accepting transposons in its first intron? Both
guinea pigs and camelids are of South American origin. Were they
both subjected to a similar environmental pressure which led to the
recruitment of a particular gene as a crystallin, or is it possible that
they actually share a closer ancestry than expected?

Whatever the full story of ¢- crystallin recruitment turns out to be,
it is clear that possession of two promoters has certain advantages for
an enzyme crystallin gene. The two functions of enzyme and crystallin
are separated allowing each promoter to specialize for its role without
setting up an adaptive conflict at the level of gene expression. In spite
of this, however, most other crystallin genes seem to make use of a
single promoter for both modes of expression. Thus duck 81-, 82- and
e-crystallins all use the same transcnptron start site in lens and non-
lens exprcssron 5,148

However it is not out of the question that the §-crystallins at one
time made use of alternative promoters. When bird 3-crystallin genes
are compared with their human homologues the most striking differ-
ence is in the number of exons.®® The 8-crystallins have 17 while the
mammalian ASL genes have only 16.'415:143-145 The difference lies in
the presence of a 5' UTR exon in the bird genes (Fig. 4.8). It is con-
ceivable that the recruitment of ASL occurred when the enzyme gene
in an ancestral reptile gained a TATA-box containing lens promoter
5' to itsj housekeeping promoter. Both promoters could have co ex-
isted for'a time. Eventually however the older, downstream promoter
was lost. Intriguingly; a sequence proposed as a functional element for
ASL and related genes in mammals can be found in the first intron of
§-crystallin genes in chicken and duck.%¢*# Could this be a sequence
required for non-lens expression of these genes, a leftover from the
original promoter which now works in cooperation with the newer
upstream promoter?

LENS SPECIFICITY

Whatever the mechanism for promoter modification in crystallin
gene recruitment, the result is that the gene acquires regulatory ele-
-ments which respond to the peculiar transcriptional environments of
the lens with high expression. In spite of the technical problems in-
herent in studying a tissue in which much of the gene expression oc-
curs in terminally differentiated cells which will not grow in culture,
the last few years have seen a great increase in our understanding of
the detailed molecular mechanisms of crystallin gene expression. In
particular there are exciting indications that lens expression depends
upon tissue-restricted DNA binding proteins with roles in tissue de-
termination, such as Pax-6 and SOX-2.133-136.1499 These results are de-
scribed in the next section.
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CHAPTER 5

CRYSTALLIN GENE EXPRESSION:
THE PAx-6 CONNECTION

In spite of their diversity, taxon-specific and ubiquitous crystallin genes
of mammals and birds are able to direct specific expression across
species in lens cells of other mammals, birds and even amphibians.!-¢
This shows that vertebrates have conserved the ancestral gene cascades
required for the development and differentiation of the eye and the
lens and that consequently the transcriptional machineries of the lens
are held in common among distantly related vertebrate species. There-
fore when genes are recruited as crystallins they experience common
transcriptional environments no matter in what vertebrate species the
recruitment occurs.

However this does not necessarily mean that all crystallin genes
use exactly the same mechanisms of expression. The lens maintains
several different cell types throughout life and the expression profiles
of crystallin genes vary with developmental stage and with the state of
* differentiation of the lens (see Figs. 1.3 and 1.4). Thus the six y-crystallin
genes YA-F are expressed preferentially in embryonic lens fibers”!! while
ys-crystallin is expressed later in secondary fibers of the mature lens'?
and oA-crystallin is expressed in both epithelium and fibers through-
out life.'!¥ Crystallins such as oA and -crystallin'® which are expressed
in both epithelial cells and in fibers may also experience a boost in
gene expression or protein synthesis during fiber cell differentiation to
respond to the increased demand for protein in rapidly expanding cell
volumes.

Different crystallin genes may therefore respond to different tran-
scriptional environments and one gene may itself experience differ-
ences in these environments as it is expressed in different parts of the
lens. Furthermore some genes, like aB-crystallin, contain elements for
lens and non-lens expression in the same promoter region. This has
created complexity and diversity in the expression mechanisms of crystallin
genes in spite of all they have in common. For this reason it may be
easier to discern some fundamentals of lens-specific' expression in a

n
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recently recruited taxon-specific crystallin, like guinea pig ¢-crystallin,
than in more ancient ubiquitous crystallins like aA- and aB-crystallin.
Nevertheless, recent results have begun to indicate a surprising degree
of consensus for a widespread role for Pax-6 as a transcription factor
involved in crystallin gene expression.!>!® Other pattern-forming gene
products with expression in lens, such as SOX-2," are also likely to
be involved in fine-tuning tissue-specificity and in conferring differen-
tial expression patterns within the lens.

PAX-6, EYE DEVELOPMENT AND THE EXPRESSION
OF CRYSTALLINS

The differentiation of early embryos into complex, specialized tis-
sues depends upon families of pattern forming “master genes,” exem-
plified by those of the Hox families which encode proteins capable of
sequence specific DNA-binding through structural motifs known as
homeodomains (HD).? The homeodomain was first recognized as a
conserved DNA-binding motif encoded by homeotic genes of Droso-
phila, such as antennapedia and bithorax, and was subsequently identi-
fied in many other families of DNA-binding proteins.?'"?* Genes for
homeodomain-containing proteins are found in conserved clusters
throughout the metazoa.???4 They are expressed very early in develop-
ment and have essential roles in establishing segmentation patterns in
embryogenesis.??24 This is often achieved by establishing overlapping
regions of expression of different genes whose products exert positive
and negative effects on the expression of their own and other pattern-
forming genes as well as a variety of target genes.

Pax genes encode a similar family of proteins which are character-
ized by another DNA-binding motif, the paired-domain (PD), often,
but not always, in conjunction with a homeodomain?® (Fig. 5.1). The
paired-domain too was first identified in Drosophila, in the paired gene?*2¢
from which its name derives. Pax genes are also expressed early in
development and play important roles in organogenesis. Pax-6 is ex-
pressed from very early stages in eye and CNS in mouse, chicken and
zebrafish?”-3° and its expression in the earliest precursors of chicken
lens cells make it a candidate for one of the essential molecular deter-

.minants of lens competence.?” Mutants in Pax-6 have severe eye de-
fects in mouse (Small eye)® and humans (aniridia and Peter’s
anomaly).??3 Remarkably it has now been found that homologues of
Pax-6 play similar roles in invertebrates.> The Drosophila gene eyeless
has been cloned and shows over 90% identity in predicted amino acid
sequence to vertebrate Pax-6 proteins in its PD and HD regions. Mutants
in eyeless fail to develop eyes. Pax-6 homologues have also been de-
tected in cephalopods, flat worms®® and even in C.elegans?®?’
(A. Chisholm, personal communication).

Most dramatically of all, ectopic expression of Drosophila or mouse
Pax-6 in various parts of Drosophila results in the induction of complete
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Fig. 5.1. The domain structure of Pax-6. PD: paired domain; HD: homeodomain; PST: the proline, serine,
threonine-rich C-terminal region which may have a role in transactivation. Preferred consensus binding sites
for PD and HD are shown.

compound eyes.?® These observations suggest that Pax-6 has an an-
cient ancestral role in the establishment of eyes and that all eyes may
share a common ancestry in a simple light sensitive organ determined
at least in part by Pax-6 expression (see Fig. 1.1). Even as eyes be-
came more sophisticated and divergent in many lineages the essential
role of Pax-6 was conserved and played a role in the evolutionary elabo-
ration of new structures such as the cellular lens and ciliary body in
vertebrates.

An in vitro consensus binding site for the PD of Pax-6 has been
derived® (Fig. 5.1). This 20 bp sequence is long by the standards of
many other transcription factors and reflects the fact that the PD has
a bipartite structure. Independent binding of the two sub domains is
possible as has been shown by the x-ray structure analysis of the PD
itself bound to DNA.# The DNA sequence used in this analysis is
CGTCACGGTTGA but since it only binds the N-terminal part of
the PD it presumably does not represent a full binding site. Most
binding studies of PDs from various Pax proteins have used an even
shorter sequence, GTTCC.#" Furthermore, alternative splicing of Pax-
6 transcripts gives rise to a variant which has an insertion in the N-
terminal subdomain of the PD (Fig. 5.1) and as a result binds a dif-
ferent consensus sequence from the unspliced form.%

Like other HD-containing proteins, members of the Pax family
seem to be transcription factors. In vitro experiments have shown that
Pax-6 can act as a transcription activator.**# Recently, functional Pax-
6 binding sites have been detected in the promoter of the mouse gene
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for the neural cell adhesion molecule L1% although the expression of
this gene is not restricted to Pax-6 expressing cells. These sites con-
form quite well to the in vitro consensus.’® However the most proxi-
mal site contains a TAAT sequence which also allows bmdmg of Hoxa-1,
a HD protein. 45

Given its essential high-level pattern-forming role in early embryo-
genesis, Pax-6 was at first sight an improbable candidate for a tran-
scription factor involved in expression of crystallin genes. Crystallins
are probably at one of the end points of the molecular cascade in lens
development and must maintain expression throughout life. However
it is now clear that in at least some cases Pax-6 itself does act as tran-
scription factor in crystallin gene expression.!3-18

Our present understanding of the transcriptional control of crystallin
gene expression is reviewed in the following sections, starting with the
taxon-specific crystallins which have undergone more recent recruit-
ment and ending with the more ancient ubiquitous crystallins which
seem to have elaborated more complex control mechanisms.

TAXON-SPECFIC CRYSTALLINS

{-CRYSTALLIN: PAX-6 AND THE RECRUITMENT
OF AN ENZYME CRYSTALLIN

¢-Crystallin is one of those taxon-specific enzyme crystallins which
was first observed as a crystallin and only later proved to be an en-
zyme, in this case a novel NADPH:quinone oxidoreductase.®64® Se-
quence analysis revealed that this gene uses two separate promoters
for lens and non-lens expression in guinea pig tissues®3® (Fig. 5.2).
The lens promoter is located in what would otherwise be the first
intron of the enzyme gene. This intron maps to the untranslated re-
gion of the mRNA and transcripts from both promoters splice to the
same second exon which contains the initiator methionine codon. Thus
the same protein is produced in both cases.

Since this gene makes use of widely separated alternative promot-
ers for lens and non-lens expression, the lens-promoter does not need
to accommodate additional binding sites for other functions. Although
there is no evidence that other genes have made similar use of alterna-
tive promoters, {-crystallin illustrates important features of gene re-
cruitment and lens-specific expression which may be generally appli-
cable.

At first sight the lens-specificity of {-crystallin.could have been
achieved by several possible mechanisms. For example, the gene could
have acquired a lens-specific enhancer somewhere in .the gene which
might have activated a TATA sequence already present in the first
intron. In this scenatio there might be no functional elements in the
sequences upstream of the lens-specific alternative first exon. Alterna-
tively the guinea pig could have experienced species-specific modification
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of the complement of transcription factors expressed in its lens. This
might have activated a cryptic promoter in the first intron. In such a
case the promoter would function only in guinea pig lens and would
not exhibit lens-specific expression in other species such as mice.

Fortunately, the mechanism of recruitment proved to be the sim-
plest and most accessible possibility. The recruitment of this enzyme
crystallin occurred through acquisition of a lens-specific alternative
promoter which does not require host-specific factors®! (Fig. 5.2). The
lens promoter is neatly flanked by 9 bp direct repeats and when the
guinea pig promoter is compared to the intron sequence of the ho-
mologous but unrecruited gene in mouse no similarity in sequence is
observed upstream of the direct repeat in the guinea pig first exon
while there is limited sequence similarity downstream of this point.
This raises the possibility that the lens promoter may have been in-
serted into the gene by a transposon-mediated event.’!

The strong tissue preference of the lens promoter is apparent in
both transient transfections of cells in culture and in transgenic mice.’!
While proximal regions of the promoter (-385/+70) have some activ-
ity in the brain of transgenic mice this is abolished by the addition of
more distal regions (Fig. 5.3). The minimal active lens promoter is
differentially footprinted by extracts from lens and non-lens cells. In
lens cell extracts a single 50 bp element, the { protected element or
ZPE, is protected from DNase I digestion (Fig. 5.2). In fibroblast ex-
tracts the ZPE is incompletely protected and is flanked by two addi-
tional protected elements, the upstream and downstream boxes (UB
and DB). This suggests that in lens a tissue-specific (or preferred) fac-
tor binds to the promoter at the ZPE to form a transcriptionally ac-
tive complcx while in non- cxpressmg cells, some compctmg factor(s)
occupies the ZPE and the suppression of promoter activity is com-
pleted by additional binding of other factors at the UB and DB
sites (Fig. 5.4).

The ZPE is a Pax-6 Site

In electrophoretic mobility shift assay (EMSA) the ZPE forms two
specific complexes. Complex I is found in extracts of non-lens tissues
such as liver and lung. This shows that the competing factor which
binds the ZPE in non-expressing cells does not require the coopera-
tion of the UB and DB factors in order to bind. The protein compo-
sition of complex I is not yet known. However, the ZPE contains
consensus binding sites for several families of general transcription factors®!
including the C/EBP family, octamer family and HLH family.

Complex II is formed in lens extracts while in extracts of lens-
derived cells and brain both complexes I and II are present.’s At this
stage it is not known whether both complexes can exist in one cell
type or whether they are mutually exclusive. Brain consists of multiple
cell types and even the cultured lens-derived cells may contain lens-
like and non-lens like populations.
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By competitive EMSA a region of the ZPE, designated ZE-1, was
defined as essential for formation of complex II. The ZE-1 site repre-
sents the core of a consensus Pax-6 binding site in the ZPE.'>* Anti-
sera to Pax-6 abolish complex II without affecting complex I. Recom-
binant human Pax-6 gives an identical footprint on the {-crystallin
promoter to that formed by mouse lens extract (in preparation). Mu-
tation of the ZPE which abolishes Pax-6 binding in vitro also abol-
ishes promoter activity in vivo's (Fig. 5.5). The identification of Pax-
6 with complex II is consistent with its expression in both brain and
eye. Western blot analysis shows that Pax-6 protein is present in lens
and brain and in extracts of aTN4-1 and N/N1003A cells. RT-PCR
is also able to detect mRNA for Pax-G in these tissues and cells."
Thus Pax-6 is essential for expression of the {-crystallin lens promoter,
however other factors which footprint poorly or which rely on pro-
tein-protein interactions rather than DNA-binding could also be in-
volved in gene activation (Fig. 5.4).

Pax-6 Expression in Marture Lens

Pax-6 is expressed in mature lens appropriately for a continuing
role in tissue-specific gene expression.!* Pax-6 protein is present in
adult guinea pig lens. By immunohistochemical staining Pax-6 is de-
tected most prominently in lens epithelial cells where the nuclei make
up a large fraction of cell volume but it is also detectable in the nu-
clei of the elongating fiber cells in the equatorial region. Immunochem-
istry for {-crystallin in the same system shows that the crystallin is
present in the cytoplasm of the epithelial cells and in fiber cells.’ Its
most intense staining is in the equatorial fibers. Thus Pax-6 is present
in cells which express ¢-crystallin and the maximum expression of Pax-

6 seems to occur prior to the maximum expression of {-crystallin pro-

tein during lens cell differentiation.

Pax-6 mRNA is present in adult mouse lens and brain but exhib-
its an interesting tissue-specific pattern of alternative splicing. In mouse
brain both of the alternatively spliced mRNAs which correspond to
the alternative PD forms of Pax-6 are detected at essentially equal
abundance. In contrast, in adult mouse lens and in lens-derived cul-
tured cells the mRNA corresponding to the form of Pax-6 able to
bind the ZPE greatly predominates. Thus, while the expression of the
Pax-G gene is not tissue-specific, lens-specific differences in the abun-
. dance of alternatively spliced forms of Pax-6 mRNA may contribute
to tissue discrimination in binding activity.

Pax-6 Binding Sites in Several Genes

In addition to its central importance in the lens-specific expres-
sion and gene recruitment of guinea pig {-crystallin'® Pax-6 has been
detected in complexes of factors binding to functional elements of the
promoters for chicken'® and mouse aA-crystallins'” and to the enhancer
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Fig. 5.4. A cartoon to illustrate some features of the ¢-crystallin lens promoter. Top: In lens Pax-
6 binds the ZPE and activates the promoter, perhaps in concert with other factors not yet
identified which may or may not contact DNA. Bottom: In other tissues a different complex
occupies the ZPE together with other factors at the flanking upstream box (UB) and downstream
box (DB) and the promoter is inactive. .
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Fig. 5.5. Thin layer chromatography analysis of CAT reporter gene activity in tissues of
transgenic mice bearing the -756MUT/+70.ZP/CAT construct which contains specific
mutations in the ZPE which abolish Pax-6 binding and promoter activity.
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Fig. 5.6. Alignment of Pax-6 recognition sequences. .

E: The in vitro binding sequence of Epstein et al.?® Positions of equal preferences are shown by standard
nomenclature as follows: W(AorT); S (Cor G); K(GorT); M (A orC); Y (CorT). Positions 2 and 3 have
a slight preference for T (shown as lower case above the line) which matches other sequences as shown.
€: The site from {-crystallin in complement.

L1: The proximal site from mouse L1.%

a: The -61/-40 site from chicken aA-crystallin.’®

con: a consensus derived from these sequences.
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region of chicken 81-crystallin,'® as discussed below. Figure 5.6 shows
the consensus Pax-6 PD binding sequence which was determined in
vitro®® compared with the {-crystallin ZPE, the most proximal Pax-6
site of mouse neural adhesion protein L1% and the chicken aA-crystallin
-61/-40 site, which is the closest matching site to the in vitro consen-
sus found so far in other crystallin genes. If positions with no clear
preference are omitted from the in vitro consensus, there is 13/16 identity
with the {-crystallin Pax-6 site (15/18 if positions 2 and 3 of the con-
sensus which have slight preferences for T are included). Interestingly,
the L1 and aA-crystallin sites in this alignment share a striking fea-
ture absent from both {-crystallin and from the in vitro consensus.
They contain a consensus HD binding site (TAAT) which in the L1
gene has been shown to bind another HD protein, Hoxa-1.4

It seems likely that there is a range of higher and lower affinity
sites for Pax-6 binding. The close match of the {-crystallin site to the
in vitro consensus suggests that it may be a relatively high affinity site
and this may explain the very strong footprinting of this site seen in
protection analyses using lens cell extracts.” “Indeed, in contrast to
the partial binding of a PD revealed by the recent x-ray structure,® it
seems likely that the 50 bp ZPE of {-crystallin binds the PD, HD
and possibly other C-terminal regions of a single Pax-6 molecule in a
contiguous site (in preparation).” '

Lens-specificity Through Acquisition of a Pax-6 Binding Site

In the case of {-crystallin, which is the result of relatively recent
evolutionary events, a simple model of the process of gene recruit-
ment can be envisaged. The initial event may have been the acquisi-
tion of a binding site for Pax-6 in an intron of an enzyme gene. Since
Pax-6 expression is not limited to lens this could also have conferred
expression in other tissues such as iris, retina and brain. However a
lens-preferred pattern of expression could have occurred through se-
lective binding of one form of Pax-6 resulting from tissue-specific al-
ternative splicing in lens. Subsequently the expression of the recruited
gene could have been further fine-tuned by the addition of other cis-
elements to the recruited promoter which eliminated expression in other
Pax-6 containing tissues. Indeed, the {-crystallin promoter does con-
tain upstream sequences which suppress expression in transgenic mouse
brain (see ref. 51, unpublished).

It is well known that changes in the expression of pattern-forming
genes can produce significantly altered developmental programs. In the
same way, acquisition of binding sites for master gene factors like Pax
proteins could radically alter the protein composition of a tissue, such
as the lens, in one evolutionary step.
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PAX-6 AND CATARACT

Defects in Pax-6 expression can have serious effects in the eye.
Mice homozygous for small eye have no eye or orbit at all and there
is severe facial malformation.?! Heterozygotes have microphthalmia.
Heterozygote humans with aniridia lack a properly formed iris but do
not have microphthalmia.?23*53 This species difference is interesting in
itself. It shows that even such a fundamental gene as Pax-6 may not
function identically in species as closely related as two mammals.

Although the lens is usually unaffected at birth, as patients with
aniridia age they also develop cataract, apparently with considerable
heterogeneity.* This suggests that a single gene dosage of Pax-6 is
sufficient for normal lens development but not for development of
the iris in humans. However, the progression of cataract also suggests
that a single functional copy of Pax-6 is not sufficient for the mainte-
nance of a healthy transparent lens. Although analyses of mouse and
guinea pig lens show that Pax-6 expression continues in mature mam-
malian lens' it is also clear from studies in chicken embryos that lev-
els of Pax-6 mRNA decline during embryogenesis.?? In neither birds
nor mammals is there a complete picture of the level of expression of
this gene throughout life. However the following hypothesis is not
inconsistent with what is presently known.

Let us suppose that Pax-G expression is maximal during embryo-
genesis during rapid organogenesis and tissue differentiation but that
later its expression declines as it adopts a maintenance role. Let us
also suppose that in any dependent tissue there is 2 minimal threshold
level of Pax-6 protein required for normal expression of some impor-
tant target genes. In lens, this level is exceeded even by a single gene
dose of Pax-6 for some time after birth. However as gene expression
declines, the single gene cannot maintain the maintenance threshold
level. As it falls below this level gene expression is disrupted in lens
epithelia and in newly differentiated fibers and -opacities form.-

Clearly this hypothetical model also has implications for the nor-
mal lens with two functioning Pax-6 genes. Just as in aniridia, the
level of Pax-6 expression would decline. The approach to the critical
threshold would be postponed because of the higher gene dosage but
eventually, at a later age, the threshold would still be reached. This
~could be a cause of some cases of senile cataract. Premature senile
cataract could occur when some minor difference in gene expression
or in mRNA or protein stablllty led to a more rapld fall in Pax-6
levels in lens.

OTHER TAXON-SPECIFIC CRYSTALLINS

8-CRYSTALLINS: RECRUITMENT
THROUGH A LENS-SPECIFIC ENHANCER

As a result of gene duplication and specialization there are two
genes for §-crystallins in birds. One encodes ASL/82-crystallin and in
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many birds, including chicken, this gene is not expressed in lens at
crystallin-like levels.>456 The expression of ASL/82-crystallin has not
been extensively studied. Instead, most work has concentrated on the
lens-specialized 81-crystallin gene which may contribute 90% of the
soluble protein in the embryonic chick lens.’” Initial studies on chicken
81-crystallin identified a lens-preferred promoter and an upstream negative
element.’®>® However, the key to the high expression of this gene has
. proved to be an enhancer located in the third intron of the §1-ctystallin
gene®® (Fig. 5.7).

Surprisingly the 81-enhancer is also present in the much less ac-
tive ASL/82-crystallin gene of the chicken and combinations of pro-
moters arid enhancers from both genes were all found to be preferen-
tially expressed in lens.®’ Even in the duck, the 8-enhancer is highly
conserved in the third intron of the ASL/82-crystallin gene.6? Promoter
sequences are also highly conserved between chicken and duck 82-
crystallins. Indeed, the only major difference between the sequences
separating 81 and 82 genes is the insertion of a CRI1-type repetitive
element in the duck locus.®? Given this high degree of similarity, what
then determines the differences in lens expression seen among differ-
ent §-crystallins in different species? The answer is not known although
a search is underway for a possible silencer element responsible for
suppressing expression of chicken §2-crystallin in lens.

The 31-enhancer: SOX and Pax

The 81-crystallin enhancer contains at least two overlapping bind-
ing sites for factors designated S8EF1 and 8EF263¢> (Fig. 5.7). A pro-
tein capable of binding to the S8EF1 site has been cloned and turns
out to be a general factor which may have a role in suppressing non-
lens expression.®® In particular, 8EF1 is able to compete with bHLH
proteins for binding at a class of E-boxes.®¢ One such E-box binding
protein is USF which is able to bind the 8EF1 site in lens extracts.!®

Multimers of the 8EF2 element can act as a lens-specific enhancer
for a heterologous promoter.®® The lens-preference of the enhancer
apparently depends upon binding of multi-component complexes.®® One
binding activity, designated 8EF2a, was found to be highly enriched
in chicken lens cells and has been cloned revealing identity with SOX-2.7
The SOX family, whose name derives from SRY-box, is another group
involved in pattern-formation and organogenesis during embryonic
development.”-% Instead of a HD or PD, these proteins use a DNA-
binding domain first identified in high mobility group (HMG) pro-
teins. Like other pattern-forming gene products they exhibit restricted
and overlapping patterns of expression which contribute to formation
of tissue-specificity. Overexpression of SOX-2 increased 81-crystallin
enhancer activity in lens cells but not in fibroblasts.’® This suggests
that lens specificity results from a combination of lens-preferred fac-
tors. Indeed, two Pax-6 sites have also been identified in the 81-crystallin
enhancer region.'® These sites do not correspond to the functionally
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defined S8EF2 elements but they lie in sequences which are conserved
in both 31 and 82-crystallin genes in chicken and duck.’® It thus seems
that the 81-crystallin enhancer may operate through complex binding
of different tissue-restricted, pattern-forming gene products involving

both Pax-6 and SOX-2 (Fig. 5.8).

0.-ENOLASE/T-CRYSTALLIN :

As discussed above, a-enolase/t-crystallin is not a typical crystallin
but it has some interesting features. In the duck lens it is highly abundant
in epithelial cells but contributes only a small amount in overall crystallin
content to adult lens.”®”" The duck gene for a-enolase/t-crystallin has
been cloned and some promoter analysis carried out.”® Although the
endogenous gene shows preferential expression in embryonic duck lens
epithelia, no lens-preferred expression of the recombinant gene pro-
moter was observed in either transfected cultured cells or in transgenic
mice.”®’2 In spite of these unpromising characteristics, this gene does
serve to illustrate the way in which different regions of the lens ex-
press different complements of proteins. In fact its gene expression
appears to be subject to differentiation-specific control and part of
this may be due to the myc family of proto-oncogenes.

There is considerable circumstantial evidence associating high lev-
els of expression of a-enolase and c-myc in various cell types.”? This
also applies to the lens in which the ratio of c-myc to N-myc mRNA
drops as lens cells differentiate from epithelial cells where a-enolase is
abundant to fiber cells in which it is at lower levels.” Furthermore,
although there is otherwise little sequence similarity between them,
the gene promoters of human and duck a-enolase’”® both contain an
E-box, a potential myc family binding site,’677 at equivalent positions
about 600 bp upstream of the transcription start site. C-myc can bind
to this E-box in the duck gene and co-expression of c-myc induces
expression of the duck a-enolase/z-crystallin gene promoter.”® This in-
duction is abolished by mutation of the E-box. Clearly, control of a-
enolase expression is not the main purpose of c-myc. Instead c-myc
and its relatives are part of the essential processes of tissue differentia-
tion. As a possible target of these factors the expression of a-enolase is
subservient to that higher function. Its expression in lens may there-
fore be at least partly a side effect of other processes of differentia-
tion, a lesson that may also be applicable to other crystallins.

LACTATE DEHYDROGENASE-B/e-CRYSTALLIN

The gene for duck LDHB/e-crystallin has been cloned and its ex-
pression examined in chicken lens and heart cells.” Identical start sites
for transcription were found in both tissues,””#° although a second start
site 28 bp upstream was also found in heart. High expression of the
promoter in both cell types required sequences from the first intron
- although since it is unable to enhance a heterologous promoter the
intron does not contain an enhancer as classically defined.” Although
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the gene is expressed at higher levels in lens than heart in vivo, no
difference in promoter activity was observed in cultured cells. This
suggests that the cultured chicken lens cells do not appropriately mimic
the characteristics of intact lens required for e-crystallin overexpression.

When levels of endogenous LDHB mRNA were measured in vari-
ous tissues of chicken and duck it was found that expression in duck
exceeded that in chicken in three tissues, lens, retina and pancreas.®

This is intriguing since these tissues are all sites of Pax-6 expression in
birds.2>82

UBIQUITOUS CRYSTALLINS

Since their initial recruitment to the lens occurred in a common
ancestor of all vertebrates, the genes for the ubiquitous crystallins have
had much longer than those of the enzyme crystallins to complicate
and elaborate their transcriptional machinery. This increased sophisti-
cation may explain the apparent complexity of their promoters com-
pared to that of a recently recruited gene such as ¢-crystallin.

OA-CRYSTALLINS: CONSERVATION AND COMPLEXITY
IN UBIQUITOUS CRYSTALLINS

Of the two on-crystallm genes expressed in all vcrtcbratc lenses oA-
crystallin is the most tissue-specialized. Presumably a single sHSP/a-
crystallin gene was recruited to the lens in a distant common ancestor
of all vertebrates. This original single gene would probably have pro-
duced both lens and non-lens transcripts from one promoter with a
mixture of functional elements. In this respect it would have resembled
the modern aB-crystallin. At some point shortly after this initial re-
cruitment there was a gene duplication and specialization of one of
the pair -of genes for lens. This gene became onA-crystallm Over time
the evolving aA-crystallin gene would have lost its non-lens expression
for which there was no selective advantage and would have progres-
sively fine-tuned its expression in lens.

In many species aA-crystallin is the single major provider of pro-
tein to the lens.®® As such it may have been under special pressure to
modify its expression during development and differentiation to suit
lenses as different as those of mice and chickens. Thus, the promoter
of this ancient gene might very well have acquired an unusual degree
of complexity with various functional elements overlaying each other
to modulate expression in different lineages. Indeed, this is the kind
of picture which has emerged from a large number of studies of the
gene expression of oA-crystallin.

aA-crystallin gene promoters have been cloned from mouse,® ham-
ster,®> mole rat,% chicken®” and human.?® Low levels of oA-crystallin
have been detected in spleen and thymus in rat,®® however the expres-
sion of this gene is otherwise highly lens-preferred. Both mammalian
and chicken aA-crystallin genes share this high expression in the lens
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and the chicken aA promoter is expressed in the lens of transgenic
mice. This suggests that all vertebrate cA promoters should share con-
served functional promoter elements required for lens expression. These
elements should be apparent in the approach known as “phylogenetic
footprinting™® comparing promoter sequences for conserved regions.
Alignments of promoter sequences for mouse, human and chicken
uncovered four elements clustered close to the transcription start site
which were significantly conserved in both sequence and position in
all species®* (Fig. 5.9). These elements correspond roughly to the
minimal promoter regions of mouse and chicken aA-crystallin genes
required for function in cell culture: -111 bp for mouse® and -162 bp
for chicken.%?

On a larger scale, all three aA-crystallin promoters also share the
presence of species-specific repetitive elements at approximately 1 kb
upstream of the coding regions.®® A variety of other short sequence
motifs are also common to all three genes but their position and number
are not conserved. Whether these are the result of motif shuffling or
whether they have no functional significance is not yet known. How-
ever, there is evidence that the four major conserved elements are in-
deed important for gene expression in lens.

In vivo and in vitro footprinting of the mouse aA-crystallin pro-
moter have shown similar protected regions in «TN4-1 cells, mouse
lens nuclear extract and in nuclear extracts from L929 fibroblasts.?® In
spite of this, similarity, electrophoretic mobility shift assays (EMSA)
suggested that different proteins were bound to the same sites in both
lens and non-lens environments.

Binding Sites in the Mouse oA-crystallin Promoter

Several elements in the mouse aA-crystallin promoter have been
defined by a variety of binding and functional studies. The first of
these were the distal (-111/-88) and proximal (-88/-60) elements.”
Both of these elements were found to be necessary for expression in
transient transfection of PLEs. Since then several other studies have
led to a more complex picture. The current view of this promoter
defines several additional elements (Fig. 5.9).

The most 5' of these, DE1 (-111/-97), is part of the original dis-
tal element and contains one of the phylogenetically conserved blocks
of sequence. It also corresponds to part of an enhancer which was
defined in parallel studies of the closely related hamster aA-crystallin
gene. In heterologous promoter experiments, the hamster aA-crystallin
enhancer (-180/-85 in that gene) was able to activate the minimal pro-
moter-of mouse yF-crystallin in transfections in chicken PLEs.”"** DE1
has sequence similarity to a cAMP responsive element (CRE) and re-
cent work has shown that this site can bind general CREB factors
thereby activating transcription!” (Fig. 5.10).

Overlapping the TATA box is the TATA/PE1 (-35/-19) element,
while the 5' end of the transcribed region of the gene contains the
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Fig. 5.9. The promoter regions of chicken and mouse oA-crystallin genes. Shaded regions were defined by protection and mutational assays. Sequences
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- element PE-2 (+24/+43). % The PE1 and PE2 sequences are conserved
among mammals but not in chicken.®#*® The PEl region has been
further defined into the TATA box (-31/-26) and the PE1B sequence
(-25/-12).% Deletions within either element eliminated promoter ac-
tivity in transient transfections of lens-derived cells but did not elimi-
nate activity in transgenic mice.”> DNase I footprinting and EMSA
analyses showed similar patterns of protein binding in the region in
both lens and fibroblast extracts although there was no evidence that
TATA-binding protein (TBP) was present in any complex.?

oA-CRYBP1

The originally defined proximal element contains an evolutionarily
conserved sequence designated motif D® which is similar to binding
sites of the NFkB family.?? A factor which binds this site was cloned
from oTN4-1 cells and named oA-CRYBP1.% This protein, which
appears to be the mouse homologue of a human transcription factor
called PRDII-BF or MBP-1 which is involved in expression of im-
mune response genes,””*® binds the sequence GGGAAATCCC at posi-
tions -66/-57 in the mouse promoter. Mutation in the oA-CRYBP1
region of the mouse gene reduces but does not eliminate promoter
activity in PLEs and in transfected a TN4-1 cells.*** However the sig-
nificance of this factor for lens expression in vivo is not clear. oA-
CRYBP1 is essentially ubiquitous in its tissue distribution.®® The en-
hancer activity of the aA-CRYBP1 site is quite low in transfection
studies and is apparent only in «TN4-1 cells in which the aA-CRYBP1
factor is abundant, although multimers of the site can activate expres-
sion of a heterologous promoter in a variety of other cells.’® Further-
more, although A-CRYBP1 binds a site in the mouse gene promoter
it does not bind the equivalent conserved sites in the chicken, mole
rat and human promoters which differ from the mouse sequence by
only one base.?481% [t thus seems possnble that a different factor binds
motif D in vivo for normal lens expression and that ¢A-CRYBP1 has
a more general role.

Pax-6

Recently a binding site for Pax-6 has been identified just down-
stream of the motif D/aA-CRYBP1 site at position -49/-33 in the
mouse aA-crystallin promoter' (Fig. 5.10). Part, but not all, of this
region is well conserved among species and as described below there is
evidence that the equivalent region of the chicken aA-crystallin pro-
moter is also able to bind Pax-6.'¢ The Pax-6 binding site is flanked
by the «A-CRYBP1 and TATA/PE] elements but mutational and binding
analyses of this region had not previously identified this sequence it-
self as a discrete element in the mouse oA-crystallin promoter.*
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Cooperativity and Redundancy

One theme which has emerged from studies of the mouse aA-
crystallin promoter is that of cooperative binding at multiple elements
and functional redundancy in vivo. For example, although both proxi-
mal and distal elements were found to be essential for expression in
PLEs%! the -88/+44 promoter construct which lacks the distal element
“showed lens-specific expression in transgenic mice.!®! This observation
has been refined to show that the DE1 and aA-CRYBP1 sites are func-
tionally redundant in transgenic mouse experiments.!®! The reason for
the discrepancy between PLE and transgenic mouse studies is not known.

Binding Sites in the Chicken aA-crystallin Promoter

The promoter of the chicken aA-crystallin gene contains evolu-
tionarily conserved sequences which corresponds to the DE1 element
of the mouse aA-crystallin promoter (Fig. 5.9). Different laboratories
have defined these sequence elements either as DE1A and DE1B%102
or as aCE2.!% Surprisingly, in spite of the conservation of sequence,
the mouse DE1 sequence failed to compete with chicken DETA/B for
binding of chicken nuclear extracts in EMSA!? suggesting that mouse
and chicken genes may bind different factors or that there is species
specificity in binding of common factors. Upstream of the DE1A,B/
aCE2 elements is another set of elements known as DE3 and DE2A%102
or as aCE1.'9 The aCE2 element requires the presence of aCE1 for
activity'®® suggesting a cooperative interaction. A binding activity spe-
cific to the aCEl element has been identified.!0419

Pax-6 and General Factors

Recent work has examined the binding of known factors whose
consensus binding sites resemble sites in the chicken aA-crystallin pro-
moter.'® This has resulted in a picture of a complex array of general
and tissue-restricted factors showing differential binding to the func-
tional elements of the chicken aA-crystallin promoter in lens and non-
lens extracts (Fig. 5.10). In lens extracts the general factor USF (up-
stream factor) is able to bind a non-canonical E-box in the DE2A
element while cAMP-response element (CRE) binding factors bind im-
mediately downstream. In fibroblast extracts the sameé sites bind USF
and AP1. In both lens and fibroblasts USF complexed with an un-
known protein binds to the DE1B site. These studies also showed that
another element DE2B together with DE1A and a previously uniden-
tified downstream site at -57/-41 were able to bind Pax-6. Of these,
the -57/-41 site shows the closest match to the in vitro binding site
for the paired domain (PD) of Pax-6* and corresponds to the single
Pax-6 binding site identified in the mouse oA-crystallin promoter!”
(Fig. 5.10). Surprisingly, as in the mouse gene, this consensus Pax-6
site. was not previously identified as a discrete element in func-
tional or binding studies of the chicken gene.”®
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Both mouse and chicken aA-crystallin promoters bind complex arrays
of general factors which may all be important for function. In spite of
their similarities in sequence and in patterns of expression there seem
to be considerable differences in the detailed molecular mechanisms of
the two promoters. These differences probably result from their rela-
tive antiquity. Over time these genes have added complexity and re-
dundancy to their transcriptional machinery to fine tune their pat-
terns of expression in different species.

0B-CRYSTALLIN

If aA-crystallin is essentially specific to lens in its expression, the
same cannot be said for aB-crystallin.!%!%% This gene seems to retain
-more of the non-lens expression of the sHSP family ancestor of this
family, just as in protein sequence aB-crystallin is closer than aA-crystallin
to sHSPs, p20 and the mysterious Cl.elegans sequence as discussed in
chapter 3. In many adult tissues of rodents and man aB-crystallin is
expressed constitutively.”®11® It may also be induced by a variety of
stresses, 'such as heat and osmotic shock in cultured mammalian cells
and in various disease states.’®!'® In birds too, aB-crystallin mRNA is
present in non-lens tissues in hatched ducks, although non-lens ex-
pression was undetectable by Northern blot in embryonic tissues.?!-111
However in contrast to similar cultured mammalian cells (NIH 3T3
cells) duck embryonic fibroblasts have no constitutive expression of
aB- crystallin mRNA, nor is there any inducibility by either heat or
osmotic stress.!'? It has been suggcstcd that these phenomena may be
linked and that some or all of the constitutive expression of aB-crystallin
mRNA in mammalian cells in cultute is due to the stresses of cul-
ture.!12

The .combination of several modes of expression contributes to a
complex, promoter structure in mammalian aB-crystallin genes. The
maintenance -of clusters of elements for different functions may also
be responsible for bestowing much higher conservation of sequence in
aB-crystallin promoters of mammals than is found in aA-crystallin genes
of the same species. However this high degree of conservation does
not extend to the promoter of the duck gene for aB-crystallin, and
phylogenetic footprinting of homologous mammalian and avian aB-
crystallin genes reveals only a few discrete islands of similarity!'?
(Fig. 5.11). This probably reflects the taxon-specific differences in ex-
pression patterns of this gene. It seems that in birds aB-crystallin ex-
pression has specialized further than in mammals and what may have
been the ancestral condition of stress-inducibility has been lost.

Multiple Transcripts

In mouse lens, heart, skeletal muscle and kidney there is a single
- major transcription start site downstream of a TATA box in the aB-
crystallin gene promoter.!®® In addition, heart and skeletal muscle make
use of a minor start site between 40 to 50 bp upstream of the major
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Fig. 5.11. Comparison of promoter regions of duck and human (GenBank entry HUMCRYABA)
oB-crystallin genes. Comparison with the equivalent region of the mouse gene gives a very
similar result.’'? Block 1, Block 2 and TATA mark the discrete regions of sequence similarity
between bird and mammal genes.

site.'®® However, there is also evidence for much longer transcripts in
some mammalian tissues which appear to start as much as 474 bp
upstream of the major start site.!’> These long transcripts are appar-
ently the predominant form, albeit at low levels, in lung, brain and
spleen 108113114 However it has recently been suggested that the far

‘upstream transcripts in mammals are not polyadenylated mRNAs.!15

Furthermore, in duck the major mRNA for oB-crystallin in lung is
the same size as in other tissues.!!! Birds do have a long form of oB-
crystallin mRNA but this has only been observed in lens, perhaps be-
cause of the greater abundance of aB-crystallin in that tissue.!'""1'6 This
longer mRNA arises from use of a downstream alternative site for
polyadenylation at the 3' end of the gene.!'"!'2117 The major upstream
site lies in sequences capable of forming a hairpin loop in RNA tran-
scripts and it has been suggested that this may occasionally hide the
site during processing thereby promoting use of the downstream se-
quence.!!! '
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Promoter Elements

Although there has been some functional analysis of the human
aB- crystallin gene''® most work has focused on the mouse gene. In
transgenic mice the -661/+44 region of the mouse gene promoter was
able to direct reporter gene expression in lens and skeletal muscle even
when present as a single copy.!’® For detectable expression in heart
and other tissues multiple copies of the transgene were required. Transient
transfection of deletion mutants showed that -426/-257 contains an
enhancer necessary for expression in myotubes while sequences down-
stream of -115 were essential for lens expression.!”” Binding studies
using DNase I protection defined four sites in the enhancer. aBE-1
(-407/-397), aBE-2 (-360/-327) and aBE-3 (-317/-306) were protected
by extracts of both myotubes and TN4-1 cells while the fourth re-
gion, MRF (-300/-288) which contains a consensus E-box sequence
was protected only in myotube extract!?® (Fig. 5.12). In muscle, the
enhancer responded to activation by MyoD and myogenin binding
through the E-box. In contrast to previous results showing that -115/+44
was essential for lens expression, DNase I protection using aTN4-1
extract, mutagenesis and transient transfection experiments defined
-147/-118 as the lens-specific region (LSR).!?!

Most of these sequences are also well conserved in the human gene
but in spite of a high degree of general conservation the human gene

lacks the E-box of the mouse MRF region (Fig. 5.12). To gain a wider

perspective on which elements are well conserved, the mammalian pro-
moters were compared to a more distantly related homologue, the duck
aB-crystallin gene!'? (Fig. 5.12). Only the aBE-2 site, which contains
a consensus GATA-factor binding sequence’? was conserved as part of
Block 1. However, in contrast to the human gene, the duck gene has
an identical E-box in the same general region as the mouse MRF al-
though flanking sequences are not conserved. Other defined elements
are much less well conserved. However there is a stnkmgly well con-
served (27/33 identical) block of sequence, Block 2, just upstream of
the TATA box in all three genes which lies within the -115/+44 con-
struct originally identified as essential for lens expression. This seems
to be a good candidate for an element important in lens preference.
Whether Block 2 binds Pax-6 or other lens-preferred factors remains
to be seen, although it does not closely resemble known high-affinity
Pax-6 sites.

Since aB-crystallin is induced by heat-shock in NIH 3T3 cells it
was not surprising that a perfect consensus heat-shock response ele-
ment (HSRE) (alternative triplet repeats of NGAAN and its comple-
ment) is present at positions -53 to -39 in both mouse and human
genes'? (Fig. 5.12). However these sequences and other putative HSREs
are absent from the duck gene promoter and accordingly the duck
aB-crystallin gene lacks the stress responses exhibited by its mamma-
lian homologues.'!?
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B-CRYSTALLINS

The expression of this multigene family has not been studied with
the same intensity as that of other ubiquitous crystallins. B-Crystallins
are highly lens- prcfcrrcd although it has now been found that detect-
able levels of various B-crystallm polypeptides are present in a number
of non-lens tissues of various developmental origins, including retina,
brain, liver and kidney.'® This means that the promoters for these
genes may, like that of aB-crystallin, contain element for expression
in different tissues. Members of the family also show differential ex-
pression during development and differentiation in the lens adding
another level of complexity to studies of their transcriptional regula-
tion.12'124-126

Although studies of B-crystallin gene expression are at a relatively
early stage, there has been some promoter analysis for two genes from
chicken. Several deletion fragments of the chicken BB1-crystallin gene
from -434/+30 to -126/+30 were able to drive expression of the CAT
reporter gene more efficiently in primary explants of embryonic chicken
PLEs than in muscle fibroblasts or HeLa cells.'” Four functional ele-
ments, PL-1, PL-2, OL-1 and OL-2, defined by transfection studies,
footprinting and EMSA, were located between positions -126 and -53
of the promoter. Both -2448/+30 and -434/+30 promoter constructs
were lens-specific in transgenic mice'?® providing another example of
promoter recognition across species.

Two B-crystallin polypeptides, BA3- ‘and BAl-crystallins, are en-
coded by a single gene in both mammals and birds.'?13° A promoter
construct containing the fragment -382/+22 of the chicken gene pro-
motes expression of the CAT reporter gene in chicken PLEs but not
in dermal fibroblasts.!? Deletion of sequences between -382 and -143
greatly reduces promoter activity. Other than a putative AP-1 site in
chicken BA3/Al-crystallin,'® no transcription factors have yet been
identified for B-crystallin genes.

Y-CRYSTALLINS

In contrast to other ubiquitous crystallins, the embryonic y-crystallins
of mammals show no evidence of non-lens expression. Everything about
their function and -evolutionary history suggests that they have been
the most highly specialized lens proteins from a very early stage in
vertebrate evolution. Although the same thing has been assumed and
proved wrong about one crystallin after another, at this point in our
understanding y-crystallins are lens-specific. Furthermore unlike
a-crystallins, for example, y-crystallins are expressed in only one cell
type, differentiated fiber cells. The only variability in their expression
is a pattern of developmental regulation.”'"13! In view of this, it is
not surprising that y-crystallin gene promoters are generally well con-
served both among family members and between species.!®? All have a
block of similar sequence extending about 90 bp upstream of the tran-
scription start site.

e ked i
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One challenge in studying these genes is that their natural cellular
background, the differentiated fiber cell, is not amenable to transient
transfection or other cell culture methods. Instead, researchers have
been obliged to make use of other systems. The most apparently het-
erologous of these is the chicken primary lens epithelial explant (PLE)
system. Since y-crystallins are fiber cell specific and since embryonic y-
crystallins are not even present in the chicken this would appear to be
a very different environment for these genes. Nevertheless important
‘data have been garnered from these experiments and confirmed in
transgenic mouse studies. Presumably some population of cells derived
from chicken PLEs acquires fiber cell-like character in culture and this
transcriptional environment is evolutionarily conserved with fiber cells
of mice. _ '

In mammals, there are six tightly clustered y-crystallin genes with
standardized names yA-yF.'33136 These are the classic y-crystallins which
are an important part of the embryonic lens and which, as described
above, are absent from bird lenses. In rodents all six y-crystallins are
induced as elongating fiber cells form in the embryonic lens. After
birth their expression decreases differentially until only yB-crystallin
transcripts are detectable in the adult rat lens.!"!37

The expression of the mouse YF-crystallin gene (formerly desig-
nated y2-crystallin) has been examined .in detail in chicken-PLEs.!38 In
this system the yF-crystallin gene was shown to have a lens-specific
promoter consisting of two upstream enhancer-like elements and a
proximal promoter®® (Fig. 5.13). The enhancer elements were success-

fully substituted by similar regions of the hamster aA-crystallin gene.

When these results were extended to studies in transgenic mice it was
found that at early stages in lens development either the enhancers or
the proximal promoter could direct gene expression, while later in de-
velopment cooperation between these elements was required for ex-
pression in fiber cells.’®

The proximal promoter of the YF gene contains a 23 bp element,
“yF-1, which when multimerized can direct reporter gene expression to
lens fiber cells and to hindbrain.!3%14° A factor. capable of binding the
YF-1 site was cloned from chicken brain and named yFBP.'! yFBP is a
zinc finger protein expressed in the sclerotome during early somitogenesis.
Its transcripts undergo alternative splicing and one variant form ex-
pressed in lens with developmental regulation acts as a transcriptional
repressor. It was suggested that YFBP has a role in regulation of yF-
crystallin expression and in sclerotome differentiation.!4! -

It was also noticed that the mouse yF-crystallin gene enhancer re-
gion contained an “everted repeat” which resembled tetinoic acid re-
sponse elements (RARE) (Fig. 5.13). This was investigated and it was
found that expression of the yF-crystallin promoter in PLEs was en-
hanced by retinoic acid, a potent inducer of cell differentiation. The
yE-crystallin element was designated as a novel type of RARE and named
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yF-RARE.!? This element has subsequently been shown to bind
heterodimers of the thyroid hormone T3 receptor with either RXR or
RAR retinoic acid receptors.’®? Retinoic acid binding proteins seem to
have an important role in lens cell differentiation since expression of
cellular retinoic acid-binding protein I (CRAB-I)'# or retinoic acid
receptor,'®> under control of the mouse aA-crystallin promoter disrupts
fiber cell differentiation in transgenic mice. The CRAB-I transgenic
mice also exhibited tumorigenesis in pancreas'* which is of interest
since the important lens transcription factor Pax-6 is also expressed in
pancreas.®

The other y-crystallin gene which has been studied intensively is
rat, yD-crystallin. The promoter was studied by transient transfection
into primary mouse lens epithelial cells or into another system, chicken
neural retina cells, which can be induced to transdifferentiate into lens-
like cells in culture.'¥ Functional analyses showed that the yD-crystallin
promoter contained at least three important elements but with differ-
ent requirements for these elements in the two cultured cell systems.!46
The presence of a non-lens silencer was also suggested.'” Correspond-
ing to the mouse yF-1 site, a 12 nucleotide sequence in the rat yD
gene immediately upstream of the TATA box was found to bind a
factor found in rat lens but not in retina or brain. Non-lens factors
were found to bind to the putative silencing region.'¥” The rat yD-
and mouse YF-crystallin promoters were also used to express the CAT
reporter gene in transgenic X./aevis tadpoles, another impressive illus-
tration of the conservation of lens recognition through evolution.®

SOX Proteins and y-Crystallins

Very recently yF-crystallin has joined the group of crystallins whose
expression seems to involve transcriptional activation by the products
of .pattern forming genes. Just as SOX-2 was found to be able to in-
crease lens-specific activity of the §1-crystallin enhancer, it was also
shown to be essential for lens-specific expression of yF-crystallin.!® This
is an important observation since y-crystallins are strictly specific to

lens fiber cells while Pax-6 is expressed in lens epithelial cells.!> While

genes which are activated in the epithelia may be under the control of
Pax-6 itself, fiber-specific genes might be expected to be regulated by
other factors which could be downstream of Pax-6 in the eye cascade
and in lens differentiation.

TRANSGENICS

Crystallin gene promoters have been used to direct expression of
foreign genes to the transgenic mouse lens. As discussed above, some
of these experiments were principally concerned with in vivo func-
tional analysis of the promoters themselves, using the bacterial genes
chloramphenicol acetyltransferase (CAT) or B-galactosidase (lacZ) as

reporters. However crystallin promoters have also been used to express
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a variety of oncogenes, viral proteins and toxins in lens to investigate
processes of differentiation and development. In many cases this di-
rected expression has made it possible to seriously disrupt the lens
without compromising viability.

The most widely used promoter for these experiments has been
the extensively characterized and strongly lens-preferred mouse
aA-crystallin gene promoter. The -366/+45 fragment of this promoter
has been used to transform lens cells with SV40 large T antigen!4®
and polyoma virus large T antigen.!¥® While SV40 large T was oncogenic
in lens polyoma large T was not. The dbl oncogene'*® and human
papilloma virus type 16 E6 and E7 oncogenes"1 152 have been used to
_disrupt lens differentiation. A fusion of retinoic acid receptor-o. and
lacZ,' cellular retinoic acid- bmdmg protein 1'% human or murine
urokinase-type plasminogen activator (uPA)'>* and y-interferon's* have
all been targeted to mouse lens also resulting in failure of fiber cell
differentiation. Human immunodeficiency virus TAT protein has been
expressed by the mouse aA-crystallin promoter and has been able to
transactivate expression from the HIV long terminal repeat in double
transgenics.'>

The toxins diphtheria toxin A (DT-A)!% and ricin A!'Y” under the

control of the mouse aA-crystallin promoter have been used to ablate
transgenic mouse lens cells resulting in microphthalmia. DT-A expression
can completely eliminate lens cells while transgenic mice expressing
ricin apparently retain some lens cells. The more complete ablation
with DT-A may result from the ability of the toxin to be released
from expressing cells and to kill neighboring cells. The FGF (fibroblast
growth factor) family members FGF-3/Int-2'® and aFGF'*® have also
been expressed in lens. Lens development was again disrupted. In par-
ticular a secreted form of aFGF was able to induce differentiation in
lens epithelial cells although a non-secreted form had no effect.'®® These
results, together with those comparing DT-A and ricin expression!6!%
suggest that in transgenic animals the -366/+45 mouse oA-crystallin
promoter may not be expressed at high levels in epithelial cells.

The -347/+43 fragment of the hamster aA-crystallin promoter has
also been used to express CAT in transgenic mouse lens and to ablate
cells with DT-A.%#1% The DT-A lens ablation results are similar to
those in mouse, with microphthalmia, loss of lens and several sur-
rounding lens tissues.

The-759/+45 fragment of the mouse yF-crystallin promoter has
been used to direct expression of CAT, lacZ, DT-A and SV40 T-anti-
gen to the fiber cells of transgenic mice.??#13%16! A large fragment of
the chicken 81-crystallin promoter (-2200/+51) directed expression of
the xanthine-guanine phosphoribosyl transferase gene primarily to the
lens of chimeric transgenic mice.'%?

The. promoter for a mammalian enzyme crystallin guinea pig
~ {-crystallin, also shows clear lens preference in transgenic mice.’! Since
the endogenous {-crystallin gene is expressed at high levels in lens
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epithelia’® this promoter offers the potential to target higher expres-
sion of transgenes to epithelial cells than has sometimes been possible
with aA-crystallin constructs.

A powerful new technique in transgenic research involves the use
of sequence specific prokaryotic DNA recombinases, such as Cre.!%?
When directed to a specific tissue the Cre recombinase can be used to
splice other transgenic recombinant sequences to activate or inactivate
another transgene carrying the recombinase recognition sequence. Al-
ready this system has been used to produce targeted activation of the
oncogenic SV40 T antigen in lens.'®*!% In the future, homologous
recombination could be used to replace a gene with an engineered
copy containing recombinase sites which could then be specifically spliced
out in the lens by tissue-specific expression of Cre.

POST-TRANSCRIPTIONAL CONTROL

Most studies have concentrated on transcriptional mechanisms for
tissue-specific gene expression of crystallins and these have been quite
successful. However they may not tell the whole story. For example,
although crystallin promoters confer lens-specific expression in transgenic
mice, the level of expression of reporter genes does not seem to be
comparable to that of the crystallin itself. While this could be due to
the absence from the recombinant constructs of enhancers or other
positive elements present in the complete gene, it is also possible that
post- transcriptional events are also important in high level crystallin
expression. These could include enhanced crystallin mRNA stability,
specific mechanisms for processing or translation of crystallin mRNA
or enhanced crystallin protein stability.

Evidence for such mechanisms comes from observations of a marked
discordance between levels of mRNA and protein for aA- and
aB-crystallins. In rat lens it was found that the overall level of mRNA
for aB was higher than that for aA, the reverse of the relative abun-
dances at the protein level.”? In the same experiments mRNA for
pB2-crystallin was also found to be relatively overrepresented. When
rat lens epithelial cells were induced to differentiate in culture using
bFGF it was found that crystallin genes were induced at specific time
points in the order o, B, . This corresponds well to the pattern of
crystallin expression in the lens, with y-crystallins being the most fi-
ber-specific and o-crystallins the least. The mRNAs were stable for
several days in culture then all disappeared. It was suggested that bFGF
caused a pulse of gene expression for each class of gene. Crystallin
mRNAs were then stable until removed by a differentiation specific
mechanism.'% Since crystallin mRNA in ‘the lens is apparently very
stable there would be no need for continual gene expression to pro-
vide for continuing protein synthesis.

The possibility of a burst of protein synthesis of a taxon-specific
crystallin has been suggested by immunochemical localization of
¢-crystallin in adult guinea pig lens.’> The crystallin was detected in
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cytosol in epithelial cells and in cortical fibers, but staining was mark-
edly more intense in the newly elongating fiber cells of the equatorial
region. Whether by transcriptional or post-transcriptional mechanisms
it makes sense to see an increase in crystallin synthesis as fiber cells
elongate and the demand for protein in a single cell increases enor-
mously. Indeed such boosted protein synthesis could contribute to cell
elongation in several ways. Increased protein concentrations could con-
tribute to an osmotic pressute gradient increasing the inflow of water
and increasing cell volume. Certain crystallins could also participate
in elaboration and organization of cytoskeleton for the elongating cell.

SUMMARY

The high expression of crystallins in the lens is mainly the result
of tissue-specific transcriptional activation. Specificity results from the
interplay of lens-preferred factors including Pax-6 and the products of
other pattern-forming genes including SOX-2, together with general
factors. The recruitment of crystallin genes occurs through the acqui-
sition of binding sites for these factors.
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CHAPTER 6

- A Brirr HISTORY OF LENS
AND CRYSTALLIN RECRUITMENT

quipped with photosensitive eyespots whose development was un-

der the control of a gene cascade originating with Pax-6, simple
metazoans began to thrive. Even a primitive level of vision conferred
great advantages. Improvements in optics and in processing the sen-
sory data which was gathered conferred even greater advantages. In
the ancestors of vertebrates part of the enhancement of the eye oc-
curred through the evolution of a cellular lens. A single change in the
differentiation program of a layer of cells covering the retina caused
swelling and cell elongation to form a simple concentrating lens. As-
sociated with the stress of this event, certain gene families were in-

duced in the elongating cells. These included genes involved with syn-

thesis and protection of cytoskeleton and with other aspects of osmotic
stress. In ‘the vertebrate lineage, these genes included a small heat shock
protein homologous to aB-crystallin and at least one member of the
By-crystallin superfamx]y, perhaps homologous to PB2-crystallin. These
were highly stable proteins able to interact closely with other compo-
nents of the cytomatrix.

The stress responses in these elongating cells would initially have

been no different from those inducible by similar stresses in other cells
and the induced genes would not yet have become crystallins. How-
ever the function of the new lens would have been greatly improved
by increasing its protein concentration and refractive index. The stress
proteins which were already necessary for the primitive lens would have
been among the easiest targets for further induction. This could have
occurred in a tissue-preferred way if these genes acquired bmdmg sites
for transcrlptlon factors expressed in the eye as part of the “eye cas-
cade.” Several different evolutionary experiments must have occurred
and most would have failed. For example, high expression- of stress
genes outside the lens in the retina might have had a deleterious effect
on vision while some combinations of eye-related transcription factor
binding sites might have caused overexpression in parts of the central
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nervous system and elsewhere. However selection of successful experi-
ments produced a fine-tuned, lens-specific system.

These modifications in gene expression would have involved not
only the proto-crystallins but also the transcription factors themselves.
Expression patterns of members of the eye cascade must also have been
modified to produce a new tissue, the lens. Indeed, it appears that
Pax-6 itself was co-opted for this new program. While continuing its
ancient role in defining eye as a whole it acquired an additional role
in specifying lens.

Once the path for the development of the lens was established it
continued to be refined, setting up differential expression patterns within
the tissue and throughout its development. Terminally differentiated
fiber cells evolved to provide the core of the lens. These cells acquired
a different complement of transcription factors to allow for different
patterns of gene expression within the lens. The original complement
of recruited proteins began as dual function stress proteins and crystallins.
With time and with new demands they experienced adaptive conflicts
which were resolved by gene duplication and specialization. A lens-
specialized aA-crystallin evolved to play a particular role in association
with lens cytoskeleton. The B-crystallins multiplied allowing for more
complex patterns of protein expression during development. A very
highly specialized protein family specific to the fiber cells also arose,
perhaps by duplication from the ancestral py-crystallin of the earliest
lens. The members of this family were the y-crystallins which acquired
specializations in structure allowing the lens to achieve even higher
protein concentrations and higher refractive index.

At this stage the lens had become the sophisticated optical device
of the aquatic vertebrate eye. However its evolution was not over. As
the vertebrate eye moved from an interface with water to one with air
the lens and other parts of the eye adapted to the new environment.
Lens-hardening y-crystallins were replaced or diluted by newly recruited
crystallins. This time the recruitment process, occurring in an estab-
lished tissue, made use of a different class of protein. There was no
benefit to be gained from further introductions of stress proteins. In-
stead metabolic enzymes were recruited. Just as before, the genes for
the new crystallins acquired binding sites for transcription factors in-
volved in lens specification and their expression in lens was enhanced
while their non-lens expression continued. Unlike the crystallins, these
proteins were not specifically adapted for a high protein concentration
environment and they contributed to a general softening and hydra-
tion of the lens. However it is likely that they were still required to
be able to form stable interaction with the cytoskeleton which formed
the essential scaffolding of the lens cells. Indeed, even outside the lens
many metabolic enzymes are found anchored to cytoskeleton.
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While the primary impetus to the recruitment of enzyme crystallins
was modification of the optical properties of the lens, other factors
were also involved. Some reptiles adopted a habit in which UV glare
- became a problem. The 8-crystallin in their soft lenses did not pro-
vide any opportunity for resolving this problem. However a second
enzyme crystallin recruitment proved beneficial. When LDHB was re-
cruited as e-crystallin, archosaur lenses acquired a mechanism for in-
creased UV filtering. Similar patterns occurred in other lineages. In
mammals there was a complex history involving lens-softening, a re-
version to hard spherical lenses and then a series of re-modifications
with reductions in y-crystallin expression and various enzyme crystallin
recruitments. -

Although the lens is a highly specialized tissue in a highly special-
ized organ, the interplay of development and tissue specification with
gene expression, molecular evolution and the environment which has
shaped it must have occurred over and over again in different living
systems during the history of life on this planet.
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