
MULTIFUNCTIONAL PROTEINS 
AND "GENE SHARING" 

T 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 p-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 f ~ n c t i o n . ~  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  function^.^ 

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 s y s t e r n ~ . ~ - ~  These initial recruitments involved increasing 
the expression of representatives of two protein superfamilies, the small 
heat shock proteinla-crystallin ~ u p e r f a m i l ~ ~ ~ ~  and the py-crystallin su- 
p e r f a ~ n i l y . ~ ~ ~  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.9 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.I0J' 

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-cry stall in^.^^ 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.12-l4 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.6 
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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.6 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, a-enolaselz-crystallin, overexpression in lenses and other 
tissues of transgenic mice has no evident deleterious effect.l5 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 turned to advantage in cer- 
tain circumstances. 

Secondary Advantages: Protecting 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 
~-crystallinl~ and for other nicotinamide adenine dinucleotide cofactor 
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binding enzyme ~ r ~ s t a l l i n s ~ ~  which can sequester reduced cofactor in 
the lens. Since &-crystallin was recruited into lenses which already had 
6-crystallinslG 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 W 
filters or in redox reactions to protect oxidation of lens c~mponen t s . '~ - '~  
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 "~ytomatrix".'Y-~~ 

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 I! 
the lessons learned are likely to have much wider applicability for 
understanding the origins of the duplisated multigene families and 
superfamilies which are such a dominant feature of the genomes of all 
0 rgan i sms .~~ l~~~3  

I 

A classical model in protein evolution proposes that in order for 
new protein functions to arise an existing gene must first undergo 11 
d ~ p l i c a t i o n ~ ~ . ~ s  (Fig. 2.1). This is a purely random event. Following 1, 

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."2G 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 rnultihnctionality 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 rnultifun~tionalit~ 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. 

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- I 
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 ~urface.~' 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 1 

may have two distinct functions. ii 
Proteins could also acquire an additional function passively, through 11  

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 isomeraseZ8 
and the protein which has been identified as protein disulfide isomerase, 
thyroid hormone binding protein, the P subunit of prolyl hydroxylase 
and the glycosylation site binding component of ol igosa~char~l trans- 
fera~e.~9 

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 r ~ m i n a n t s . ~ ~ J '  
Several different lineages of ruminant ungulates, monkeys and even a 
bird, the h0atzin,3~ 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 p H  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 p H  lysozyme could have acquired an element which conferred 
additional expression in stomach while maintaining 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 ge& 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  pattern^.^' 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 p H  roles of lysozymes in this hypoth- 
esis would have been so different the initial period of protein 
mult ifun~tionali t~ 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 multifun~tionalit~, adaptive conflict, gene 
duplicat'ion 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.33 

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 multifun~tionali t~ could contribute 
to some of the marked species differences seen in apparently homolo- 
gous gene defects .in different species. 
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Fig. 2.3. Gene recruitment, protein multifunctionality and gene duplication in the crystallins. 
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