
Evolution of the a-Crystallin / Small Heat-Shock 

Protein Family 1 

Wilfried W. de Jong, * Jack A. hf. Leunissen, f- and 

Christina E. M. VoorteP 

*Department of Biochemistry and PCAOS/CAMM Center, University of Nijmegen 

The common characteristic of the a-crystallin/small heat-shock protein family is 

the presence of a conserved homologous sequence of 90- 100 residues. Apart from 

the vertebrate lens proteins-aA- and aB-crystallin-and the ubiquitous group of 

15-30-kDa heat-shock proteins, this family also includes two mycobacterial surface 

antigens and a major egg antigen of Schistosorna mansoni. Multiple small heat- 

shock proteins are especially present in higher plants, where they can be distinguished 

in at least two classes of cytoplasmic proteins and a chloroplast-located class. The 

a-crystallins have recently been found in many tissues outside the lens, and uB- 

crystallin, in particular, behaves in many respects like a small heat-shock protein. 

The homologous sequences constitute the C-terminal halves of the proteins and 

probably represent a structural domain with a more variable C-terminal extension. 

These domains must be responsible for the common structural and functional 

properties of this protein family. Analysis of the phylogenetic tree and comparison 

of the biological properties of the various proteins in this family suggest the following 

scenario for its evolution: The primordial role of the small heat-shock protein family 

must have been to cope with the destabilizing effects of stressful conditions on 

cellular integrity. The u-crystallin-like domain appears to be very stable, which 

makes it suitable both as a surface antigen in parasitic organisms and as a long- 

living lens protein in vertebrates. It has recently been demonstrated that, like the 

other heat-shock proteins, the u-crystallins and small heat-shock proteins function 

as molecular chaperones, preventing undesired protein-protein interactions and 

assisting in refolding of denatured proteins. Many of the small heat-shock proteins 

are differentially expressed during normal development, and there is good evidence 

that they are involved in cytomorphological reorganizations and in degenerative 

diseases. In conjunction with the stabilizing, thermoprotective role of a-crystallins 

and small heat-shock proteins, they may also be involved in signal transduction. 

The reversible phosphorylation of these proteins appears to be important in this 

respect. 

Introduction 

Ten years ago Ingolia and Craig ( 1982) made the exciting discovery that the 

small heat-shock proteins (hsps) of Drosophila melanogaster are evolutionarily related 

to the lens protein a-crystallin. Whereas a-crystallin has been known for almost a 

century as a major structural protein of the vertebrate eye lens (Miirner 1894), the 

small hsps derive their name from the observation that a specific set of proteins is 

induced in Drosophila larvae on exposure to increased temperature (Tissieres et al. 
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104 de Jong et al. 

1974). The purpose of the present article is to make a plausible reconstruction of the 

evolutionary history of this intriguing protein family. This will be done by analysis of 

the ever-increasing set of sequence data and by comparison of the structural and 

functional properties of the members of this family. 

a-Crystallin 

a-Crystallin is abundant in the eye lenses of almost all vertebrate species, reaching 

levels of up to 50% of the water-soluble protein fraction ( Bloemendal 198 1; Harding 

and Crabbe 1984; Wistow and Piatigorsky 1988). It is normally isolated as large het- 

eropolymers, composed of two types of related polypeptides, aA and aB, each - 170 

residues in length. The aA:aB ratio varies among species, from 1:3 in dogfish to 9: 1 

in kangaroo. a-Crystallin has a structural function in the lens, contributing to the 

extremely high protein concentration, up to 50%, in the lens fiber cells, which warrants 

proper refractive properties and transparency (Tardieu and Delaye 1988 ) . Recently, 

aA- as well as aB-crystallin have been shown to occur in tissues outside the lens. The 

highest levels of aB-crystallin are reached in heart, striated muscle, and kidney (Bhat 

and Nagineni 1989), amounting to 2% of the soluble protein in rat soleus muscle 

(Kato et al. 199 1 b). aA-Crystallin is present in much smaller amounts, up to 17 ng/ 

mg protein in rat spleen (Kato et al. 199 1 a). Both aA- and aB-crystallin are encoded 

by single-copy genes, located on chromosomes 21 and 11, respectively, in humans 

(Quax-Jeuken et al. 1985b; Ngo et al. 1989). 

Small hsps 

The small hsps form one of the four major groups of hsps or stress proteins that 

share the property that the expression of their genes can be induced by a mild heat 

shock or other forms of stress (Lindquist and Craig 1988; Morimoto et al. 1990, pp. 

l-36). The three groups of larger (60-90 kDa) hsps are all known to be involved as 

“molecular chaperones” in various aspects of translocation and folding of polypeptides 

and in the assemblage of protein complexes (Ellis and van der Vies 199 1; Gething 

and Sambrook 1992 ) . In this manner the hsps are thought to contribute to the mainte- 

nance and restoration of cellular homeostasis during and after episodes of stress. The 

small hsps are functionally the least understood, although the evidence is growing that 

they too are engaged in protein-protein interactions. The small hsps form a diverse 

family of proteins of 15-30 kDa, all having the tendency to aggregate. In yeast and 

chicken a single gene for small hsp is present (Susek and Lindquist 1989; Miron et 

al. 199 1)) but most species have multiple genes-as in humans, where at least three 

hsp27 sequences are localized to chromosomes 3, 9, and X (McGuire et al. 1989). 

The small hsp genes are most numerous and most abundantly expressed in plants 

(Vierling 199 1) . The cytoplasmic small hsps in plants belong to at least two different 

multigene families (Raschke et al. 1988). In addition to the cytoplasmic small hsps, 

higher plants and algae also synthesize nucleus-encoded small hsps that localize to 

chloroplasts. In higher plants these chloroplast small hsps are synthesized as precursor 

proteins in the cytoplasm, which are processed by the removal of 5-6.5 kDa during 

import in chloroplasts (Vierling et al. 1988; Chen and Vierling 199 1). 

Distant Relatives 

Proteins related to a-crystallin and the small hsps have been found as surface 

antigens in parasitic eukaryotes and bacteria. The blood parasite Schistosoma mansoni 

has a major egg antigen, ~40, which shows a duplicated region homologous with 
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a-Crystallin/Small Heat-Shock Protein Family 105 

a-crystallin/small hsps (Nene et al. 1986; de Jong et al. 1988). In Mycobacterium 

leprae an 18-kDa immunodominant antigen belongs to the a-crystallin family (Nerland 

et al. 1988), and in M. tuberculosis a related, but quite distinct, 1CkDa protein is 

exposed outside the cell wall ( Verbon et al. 1992). 

Sequence Comparisons 

All published sequences of the small hsps that are available from the data bases 

were obtained and aligned with a selection of CLA- and aB-crystallins and with the 

related surface antigens of Schistosoma and Mycobacterium. The members of the a- 

crystallin/small-hsp family vary in length, from 143 residues for Caenorhabditis elegans 

hsp 16 and hsp 17 to 242 for Petunia chloroplast hsp2 1, while p40 of S. mansoni, with 

its duplicate homologous domain, has a length of 354 residues. Conspicuous similarity 

among all the members of the family is limited to the C-terminal parts of the poly- 

peptides, and only this region could be aligned satisfactorily, as shown in figure 1. 

Certain residues and regions are conserved throughout the evolution of the family. 

Consensus sequences (e.g., see Linquist and Craig 1988; Grimm et al. 1989) become 

obviously more degenerate with the expanding membership of the family. The nec- 

essary introduction of gaps disrupts the consistency of the alignment, and their posi- 

tioning is sometimes ambiguous. 

The characteristic features of the sequence alignment can be related to the model 

for the tertiary structure of a-crystallin subunits, proposed on the basis of intron po- 

sitions and intrachain sequence similarities (Wistow 1985). This model proposes a 

two-domain structure, each domain consisting of two similar structural motifs. A C- 

terminal arm of variable length is supposed to extend from the compact two-domain 

structure. The main region (the conserved region of the a-crystallin/small-hsp family), 

approximately from position 1 up to 100 in figure 1, corresponds to the putative C- 

terminal structural domain of the a-crystallin subunit and, by inference, of the small 

hsps as well. This region begins at the position corresponding to the first intron in the 

aA- and aB-crystallin genes and to the single intron in the small-hsp genes of C. 

elegans. The conserved residues D/E 7, G 39, D 54, P 75, and G 93 have been 

suggested to be of structural importance ( Wistow 1985). The conservation of a short 

sequence motif K/R-X-I/V-P/Q/E/D-I/V (positions 116-120) in the proposed C- 

terminal extension of the polypeptides is separated from the main region by a region 

of variable length and sequence. 

The N-terminal regions, preceding the a-crystallin-like domains, vary in length, 

from 3 1 residues in the M. leprae 18K antigen to 143 in Petunia hsp21. No sequence 

similarity in the N-terminal region throughout all members of the family can be de- 

tected: thus their absence. However, the N-terminal halves of the aA- and uB-crystallins 

are as similar in sequence as are their C-terminal halves, and also the mammalian 

and chicken small hsps display great similarities with the a-crystallins in this region 

(Hickey et al. 1986; Miron et al. 199 1). Some similarity can still be detected between 

the N-terminal sequences of a-crystallin and Drosophila small hsps, and plant class I 

small hsps share with higher-vertebrate hsps27 a similar sequence P-F-S-L- ( X2_5 )-W- 

D/E-P-F-K/R-D-(Xo_1)-Y/F-P near their N-termini (de Jong et al. 1988, and present 

extended data set). No traces of similarity are, however, detectable between the N- 

terminal sequences of the other small hsps. It has therefore been proposed that exon 

shuffling might have been involved in the evolution of these genes (van den Heuvel 

et al. 1985). Alternatively, all members of the family may have originated from the 
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FIG. 1 .-Alignment of the homologous C-terminal regions of small hsps, a-crystalhns, the Schistosoma mansoni egg antigen p40, and the mycobacterial 14K and 18K 

surface antigens. An initial alignment was made with the multiple alignment program Pileup from the GCG package (Devereux et al. 1984) and was manually improved using 

the SALE editor (Leunissen et al. 1990a). All published small-hsp sequences that could be obtained from the NBRF, SwissProt, and EMBL data bases are included. Only eight 

representatives from the many known aA- and aB-crystallin sequences are shown. Sequences are designated by genus name and, for the small hsps, the number as used in the 

data bases. These numbers can be different from those used in the literature. Schistosoma-N and -C = N- and C-terminal copies, respectively, of the duplicated a-crystallin- 

like region in the egg protein p40. aA and aB = aA- and aB-crystallin sequences, respectively. The positions corresponding to the introns in the genes for Caenorhabditis 

elegans small hsps ( l ), Homo sapiens hsp27 (v), and uA- and aB-crystallins (+) are indicated. The Neurospora crassa hsp30 sequence has an insertion of 64 residues between 

positions 44 and 45 in the alignment. The region from about positions 2-50 represents the first structural motif of the proposed C-terminal globular domain, positions 5 I-100 

the second motif, and from position 101 onward the extending C-terminal arm. The “consensus” residues emphasize at which positions the character of amino acid side chains 

has clearly been conserved throughout the disparate sequences in the family. Visual inspection rather than a clear-cut quantitative criterion was used to designate these consensus 

residues, because they are influenced by the biased sampling in the data set and also depend on the partially subjective positioning of gaps. The sources of sequences are 

Mycobncterium tuberculosis 14K (corresponding to positions 45-144 of the original sequence; Verbon et al. 1992), Mycobacterium leprae 18K (32-148; Booth et al. 1988), 

Saccharomyces cerevisiae hsp26 (95-2 13; Susek and Lindquist 1989), N. crassa hsp30 (59-228; Plesofsky-Vig and Brambl 1990), Chlamydomonas reinhardtii hsp22 (50- 

157; Grimm et al. 1989), Pisum sativum hsp2 1 ( 134-232; Vierling et al. 1988), Petunia hybrida hsp2 1 ( 144-242; Chen and Vierling 199 I), Arubidopsis thaliuna hsp2 1 ( 13 l- 

228; Chen and Vierling 1991), Glycine max hsp22 (81-181; Vierling et al. 1988), Chenopodium rubrum hsp23 (108-204; Knack and Kloppstech 1989), Zea mays hspl8a 

E, (58-164; Goping et al. 1991), Z. mays hspl8b (56-161; Goping et al. 1991), Pisum sativum hspl7 (46-152; Lauzon et al. 1990), Glycine max hsp61 (53-159; Raschke et 

II al. 1988), A. thaliana hsp16 (52-156; Takahashi and Komeda 1989), A. thaliana hspl7 (53-156; Helm and Vierling 1989), A. thaliana hspll (55-161; Takahashi and 

Komeda 1989), Daucus curotu hsp179 (55-159; Darwish et al. 1991), Daucus carota hsp177 (53-157; Darwish et al. 1991), Medicago sativa hspl8(54-158; Gyoergyey et 

al. 1991), Medicago sativa hspl7 (39-143; Gyoergyey et al. 1991), Pisum sativum hspl8 (54-158; Lauzon et al. 1990), Glycine max hsp14 (50-154; Czamecka et al. 1985), 

Glycine max hspl5 (50-154; Nagao et al. 1985), Glycine may hspl6 (57-161; Raschke et al. 1988) Glycine max hspll (49-153; Schoeffl et al. 1984), Glycine ma.x hsp13 

(49-153; Nagao et al. 1985), Lycopersicon esculentum hspll (50-154; Fray et al. 1990), Triticum aestivum hspl6 (47-151; McElwain and Spiker 1989), Pisum sativum 

hsp22 (78-197; Lauzon et al. 1990), Schistosoma mansoni p40-N ( 133-260; Nene et al. 1986), Schistosoma mansoni p40-C (261-354; Nene et al. 1986), Caenorhabditis 

elegans hsp17 (46-143; Russnak and Candid0 1985), Caenorhabditis elegans hspl6 (46-143; Jones et al. 1986), Caenorhabditis elegans hspl6-1 (42-145; Russnak and 

Candid0 1985 ) , Caenorhabditis elegans hsp12 (42- 145; Jones et al. 1986)) Drosophila melanogaster hsp26 ( 8 I-208; Southgate et al. 1983 ) , Drosophila melanogaster hsp23 

(63-186; Southgate et al. 1983), Drosophila melanogaster hsp27 (82-213; Southgate et al. 1983), Drosophila melanogaster hsp22 (56-174; Southgate et al. 1983), Drosophila 

melanogaster hsp6a ( 119-238; Ayme and Tissitres 1985), Drosophila melanogaster hsp6c (73-169; Pauli and Tonka 1987), Xenopus laevis hsp30c (86-213; Krone et al. 

1992),X. laevis hsp30d (88-215; Krone et al. 1992),X. laevis hsp30b (80-212; Krone et al. 1992), Gallusgallus hsp25 (85-193; Miron et al. 1991), Cricetulus longicaudatus 

hsp27 (95-213; Lavoie et al. 1990), Mus musculus hsp27 (91-208; Gaestel et al. 1989), H. sapiens hsp27 (87-199; Hickey et al. 1986, corrected by Carper et al. 1990), 

Squalus acanthius aA (63-177; de Jong et al. 1988), Rattus norvegicus aA* (63-173; de Jong et al. 1988), Bos taurus aA (63-173; van der Ouderaa et al. 1973), H. sapiens 

c~4 (63-173; de Jong et al. 1975), Squalus acanthias aB (69-177; de Jonget al. 1988), Mesocricetus auratus aB* (67-175; Quax-Jeuken et al. 1985a), B. taurus aB (67-175; 

van der Ouderaa et al. 1974)) and H. sapiens aB ( 67- 175; Dubin et al. 1990). The higher-plant small hsps are grouped in the chloroplast-localized hsps (from Pisum sativum 

2 I to Chenopodium rubrum 23, indicated by “C I”), the class II hsps (from Z. mays 18a to Glycine max 6 I), and the class I hsps (from A. thaliana 16 to Pisum sativum 22). 
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same primordial gene, with considerably more changes having occurred in the N- 

terminal parts, making homology undetectable. 

One group of plant cytoplasmic small hsps, designated as class I by Vierling 

( 199 1)) has well-conserved N-terminal sequences, with Pisum hsp22 somewhat more 

divergent. The other group of plant cytoplasmic small hsps (class II) are less conserved 

in this region and are also completely distinct from the corresponding part in the class 

I proteins. The first 40-50 residues of plant chloroplast small hsps have the charac- 

teristics typical of chloroplast transit peptides, including a high content of serine and 

basic residues and no acidic amino acids (Chen and Vierling 199 1). These transit 

sequences are very different among species. The N-terminal regions of the plant chlo- 

roplast small hsps also contain a consensus region of 28 residues, rich in methionine 

(Chen and Vierling 199 1). The chloroplast small hsp of Chlumydomonas and the 

surface-exposed 14-kDa antigen of M. tuberculosis have no transit sequences and are 

apparently translocated without processing (Grimm et al. 1989; Verbon et al. 1992). 

Not only for the N-termini, but even stronger for the C-terminal parts, it appears 

that similarity between the small hsps is generally much greater within organisms than 

between species. This can be explained by gene duplications after species divergence 

but can in part also be attributed to gene conversion events between closely linked 

hsp genes. 

Tracing the Genealogy 

The main region, including residues l- 10 1 in figure 1, was used to construct 

phylogenetic trees. A distance matrix for the 57 sequences was calculated, using an 

unpublished program, on the basis of minimum substitution distances (Fitch and 

Margoliash 1967); gaps were excluded in the pairwise comparisons. Phylogenetic trees 

were obtained with the programs NEIGHBOR (Saitou and Nei 1987) and FITCH 

(Fitch and Margoliash 1967; Prager and Wilson 1978). The program FITCH was 

used with exclusion of negative branch lengths and with global rearrangements. The 

program NEIGHBOR, of which the resulting tree is shown in figure 2, yielded no 

negative branches. The topology obtained with the program FITCH was essentially 

identical-apart from the divergence of the deepest branches, including the prokaryotes, 

Saccharomyces, Neurospora, Chlamydomonas, Schistosoma, and Caenorhabditis. 

Consistent features are the following: As noticed by Verbon et al. ( 1992), the a- 

crystallin-related antigens from the two species of Mycobacterium are extremely di- 

vergent. The proteins are in no case depicted as sister groups. It is unlikely that M. 

leprae and M. tuberculosis diverged before the advent of their higher-vertebrate hosts. 

If it is assumed that the respective 1 S-kDa and 14-kDa antigens are the products of 

orthologous genes, then the most likely explanation for the large sequence difference 

would be a highly increased rate of evolutionary change. This might indeed be useful 

for bacterial surface antigens intended to evade the host’s immune response. The same 

explanation probably applies to the extreme divergence between the duplicated a- 

crystallin-like sequences in the egg antigen p40 of the blood parasite Schistosoma 

mansoni. In the FITCH tree based on the total data set, the N- and C-terminal domains 

of p40 are not even positioned as sister groups. Additional sequences of prokaryotic 

and lower-eukaryotic a-crystallin-related proteins are needed to resolve this difference. 

The branching order of the prokaryotic proteins, the small hsps of the two fungi 

Saccharomyces and Neurospora, and the chloroplast-located hsp22 of Chlamydomonas 

cannot reliably be resolved on the basis of the present sequence data. In no case, 

however, did the Chlumydomonas hsp22 group with the chloroplast small hsps of the 
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Caenorhabditis 12 
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FIG. 2.-Phylogenetic tree of small hsps, u-crystallins, and antigens of Mycobacterium and Schistosoma, 

based on the homologous amino acid sequences presented as positions 1 - 10 1 in fig. 1. This tree was constructed 

using the neighbor-joining method (Saitou and Nei 1987). Branch lengths are proportional to evolutionary 

distance. The scale for branch lengths is in minimum number of nucleotide differences/amino acid residue. 
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110 de Jong et al. 

higher plants. The latter consistently diverge, from the base of the lineage to the cy- 

toplasmic plant small hsps. This would be in accordance with the endosymbiotic 

prokaryotic origin of chloroplasts, although the chloroplast small hsps are encoded by 

nuclear genes. The plant cytoplasmic small hsps divided at an early stage-before the 

separation of monocots and dicots-into two major groups, designated as “class I”  

and “class II”  by Vierling ( 199 1) . Both classes can be present in the same species, as 

in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPisum and in Glycine. Pisum hsp22 is a divergent member of class II. Repeated 

further duplications have occurred in both classes, resulting in the two closely related 

Zea hsps in class II and in the multiple closely related small hsps of Glycine, Arabidopsis, 

Daucus, and Medicago in class I. 

In light of the branch lengths in figure 2, and when the root is placed near the 

divergence of prokaryotes, fungi, and higher eukaryotes, it appears that the rates of 

change have been lower in the class I cytoplasmic hsps of plants than in most other 

branches. This suggests that the functional constraints in this group of hsps may be 

different from those in the others. 

While the plant chloroplast and cytoplasmic small hsps consistently emerge as a 

monophyletic group from the prokaryotic and lower-eukaryotic cluster, the animal 

proteins display an even stronger monophyly. Schistosoma p40 and Caenorhabditis 

form sister groups on a very short common stem. The Caenorhabditis small-hsp genes 

duplicated at an early stage, followed by a more recent, further duplication, resulting 

in two pairs of very closely linked genes, of which one pair is present in two identical, 

inverted copies (Candid0 et al. 1989). It is remarkable that the Drosophila small hsps 

appear more closely related to those of chicken and mammals than do the Xenopus 

small hsps, as was also observed in an earlier analysis based on far fewer sequences 

(de Jong et al. 1988). An explanation might be that the Xenopus small hsps are 

paralogues of the Drosophila and higher-vertebrate small hsps. This is a reasonable 

assumption, in light of the multigene nature of the family, which probably already 

existed at the time of divergence of the animal phyla. The six very divergent Drosophila 

small hsps consistently appear to be monophyletic, but whether this reflects genuine 

duplications of one original gene in this lineage or, rather, is caused by conversion 

events among the closely linked genes at locus 67B (Ingolia and Craig 1982; Southgate 

et al. 1983) is difficult to decide. The branching order of the Drosophila small hsps 

was consistently found to be the same in the different tree constructions. The three 

Xenopus sequences are relatively similar and all very distant from the other animal 

small hsps. Also, four additional incomplete Xenopus hsp sequences appear to belong 

to this same monophyletic group (Krone et al. 1992). The chicken and mammalian 

small hsps clearly form the sister group of the monophyletic aA- and aB-crystallins. 

This is also evident from the considerable similarity shared by these proteins in their 

N-terminal domains (Hickey et al. 1986; de Jong et al. 1988). Because a-crystallins 

are present from lamprey to man, the divergence of the ancestral a-crystallin gene 

from the small hsp genes must have occurred before the earliest vertebrate radiation. 

That Xenopus small hsps branched off long before this time is further evidence that 

these are paralogously related with the chicken and mammalian small hsps. It will be 

interesting to see whether orthologues of the higher-vertebrate small hsps will still be 

discovered in Xenopus or whether these have disappeared altogether. Similarly, one 

wonders whether disparate paralogous small-hsp genes have been retained in higher 

vertebrates, as have the class I and class II genes in plants. 
. . 
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a-Crystallin/Small Heat-Shock Protein Family 111 

Common Features of the a-Crystallin /Small-hsp Family 

To place the genealogy of the a-crystallin /small-hsp family in the proper context, 

it is important to compare the known functional and structural properties of these 

proteins. Unfortunately, a conspicuous feature still shared by a-crystallin and the 

small hsps is the lack of information about their three-dimensional structures and 

their actual biological functions. However, those pieces of information that are available 

about their structures and properties demonstrate many similarities (summarized in 

table 1). 

Table 1 

Comparison of cu-crystallins and Small hsDs 

aA-Crystallin olB-Crystallin Small hsps 

Gene structure .................. 

Stress inducible .................. 
Hormone induction .............. 

Constitutive expression 

Increased expression in disease 

Subunit lengths (residues) .......... 
Secondary structure .............. 

Normal aggregate size ............. 
Effect of stress ................... 

Structural stability ................ 
Association with RNA ............ 

Association with membranes ....... 
Association with cytoskeleton ....... 

Molecular chaperone .............. 

Serine phosphorylation ........... 

Glycosylation (O-GlcNac) .......... 
Substrate for transglutaminase ...... 
Providing thermotolerance ......... 

Involvement in cytomorphological 

rearrangements ................ 

Role in signal transduction 

Protease inhibitory activity Yes Yes 

Single copy; two 

No 

Very high in eye lens; 

very low in spleen 

and thymus 

170-177 

Mainly @-sheet 

Average 800 kDa 

. . 

High thermostability 

Yes 

Yes 

Yes 

At single site 

Arg-x-x&r motif 

Yes 

No 

. . . 

Single copy; two 

introns 

Yes 

Dexamethasone 

Very high in eye lens; 

low in heart, 

muscle, kidney, 

and brain 

In certain tumors 

and degenerative 

diseases 

175-177 

Mainly b-sheet 

Average 800 kDa 

Increased aggregate 

size; redistribution 

from cytoplasm to 

nuclear region 

High thermostability 

No? 

Yes; with 

intermediate 

filaments in 

ubiqtitinated 

inclusion bodies 

Yes 

At three sites 

Yes 

At C-terminal lysine 

During development 

and degenerative 

processes 

Usually multigene; 

usually intronless 

Yes 

Estrogen in mammals; 

ecdysteroids in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Drosophila 

Absent in certain species; 

developmentally 

regulated in others 

In certain tumors 

143-242 

Mainly &sheet 

400-800 kDa 

Increased aggregate size; 

redistribution from 

cytoplasm to nuclear 

region 

Very stable in vivo 

In tomato; not in 

animals 

Plant chloroplast hsps 

Chicken hsp25 inhibits 

actin polymerization 

Mammalian hsps 

At two or three sites in 

Arg-x-x-Ser motifs 

At C-terminal lysine 

Mammalian and 

Drosophila hsps 

In embryogenesis and 

teratogenesis 

During platelet and 

endothelial cell 

activation 

Mammalian hsp27 

NOTE.-References to the various features are given in the text. Ellipses indicate that information was not available. 
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112 de Jong et al. 

Gene Structure, Expression, and Regulation 

The small hsps, like the larger hsps, are generally encoded by intronless genes. 

Only in the six genes for the Caenorhabditis small hsps and in the gene for human 

hsp27 are there, respectively, one and two introns present, at different positions in the 

two species (as indicated in fig. 1). The UA- and aB-crystallin genes contain two 

introns at homologous positions, of which the first one coincides precisely with the 

intron in the C. elegans genes. The expression of the a-crystallins as abundant lens 

proteins imposes specific demands on the regulation of their genes (Piatigorsky and 

Zelenka 1992). 

The 5’ flanking regions of all analyzed small-hsp genes and of the aB-crystallin 

gene contain one or more heat-shock elements, As a consequence, these genes-but 

not the uA gene-can be induced by elevated temperatures and various other types 

of stress (Morimoto et al. 1990, pp. l-36; Klemenz et al. 199 1 b; DasGupta et al. 

1992). There is no evidence for increased synthesis of the 14K antigen of Mycobac- 

terium tuberculosis on heat shock (Verbon et al. 1992). The mammalian small hsps 

are transcriptionally induced by estrogen and may also interact with the estrogen 

receptor ( Hayward et al. 1990; Mendelsohn et al. 199 1). This resembles the induction 

of hsp27 in Drosophila by ecdysteroids ( Morimoto et al. 1990, pp. 36 1-378 ) . Dexa- 

methasone induction of v-mos and Ha-ras oncogenes in NIH3T3 cells results in the 

accumulation of large amounts of aB-crystallin (Klemenz et al. 199 la, 199 1 b) . Both 

hsp27 and aB-crystallin are expressed in nononcogenic-but not in oncogenic-ad- 

enovirus-transformed cells (Zantema et al. 1989). 

In rat osteoblasts and human lymphocytes, the expression of hsp27 is highest at 

the peak of cellular proliferation and at the onset of growth arrest (Shakoori et al. 

1992; Spector et al. 1992). However, hsp27negative cell lines demonstrated that the 

expression of hsp27 is not essential for cell growth (Spector et al. 1992). 

Developmental regulation of the constitutive expression of both aB-crystallin 

and the small hsps has been well documented. In rat tissues aB-crystallin increases 

until adult levels are reached several weeks after birth ( Kato et al. 199 1 b) . Small hsps 

of various lower organisms are induced during normal growth at particular stages in 

development, as in yeast (Rossi and Lindquist 1989) and Drosophila (Arrigo and 

Pauli 1988 ). In yeast, hsp26 is strongly induced during ascospore development ( Kurtz 

et al. 1986 ). A common feature of these developmental inductions is that only a subset 

of the small hsps are produced. The small hsps of C. elegans and of soybean are never 

expressed constitutively (Nagao et al. 1985; Stringham et al. 1992). The inducibility 

of small hsps in Xenopus only appears at the tadpole stage and varies considerably in 

different adult tissues (Bienz 1984). 

Cellular Functions and Role in Disease 

The overexpression of small hsps in mammalian cells leads to the acquisition of 

thermotolerance, the transient ability to survive otherwise lethal heat exposure after 

a mild heat shock (Landry et al. 1989; Lee et al. 1992). Thermal resistance is also 

acquired when Drosophila hsp27 is expressed in rodent cells ( Rollet et al. 1992). The 

level of hsp27 in mammalian cells correlates positively not only with thermotolerance 

but also with survival after treatment with various anticancer drugs (Huot et al. 199 1). 

Elevated levels of hsp27, especially the phosphorylated isoforms, are associated with 

increased resistance of human breast cancer cells to doxorubicin (Ciocca et al. 1992). 

Susek and Lindquist ( 1989) failed to uncover a function for the unique small hsp in 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/1
0
/1

/1
0
3
/1

0
3
0
0
3
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



a-Crystallin/Small Heat-Shock Protein Family 113 

yeast. Deletion of the gene had no detectable effect on growth at high temperature, 

acquisition of thermotolerance, spore development, or germination. However, Bentley 

et al. ( 1992) observed a slightly elevated thermotolerance of yeast cells that overex- 

pressed the small hsp. 

hsp27 of Drosophila is abundant during embryogenesis and reaches maximal 

levels in late pupae, suggesting that it has a role in cellular rearrangements (Arrigo 

and Pauli 1988 ). Similarly, aB-crystallin, in conjunction with protein ubiquitination, 

appears to have a role in cells undergoing major cytomorphological reorganizations 

in early chicken embryogenesis (Scatting et al. 199 1). Moreover, small hsps are in- 

volved in retinoic acid-induced teratogenesis in mouse embryos (Anson et al. 199 1). 

Also, the presence of aB-crystallin in intracellular inclusions in degenerative disorders 

of brain and liver is associated with extensive cytoskeletal and organellar rearrangements 

(Mayer et al. 199 1) . Thus members of this protein family are involved in mechanisms 

that change the internal architecture of cells during normal development or during 

disease progression. 

Increased expression of uB-crystallin appears to be part of the repertoire of reactive 

processes of astrocytes and oligodendrocytes in the central nervous system (Iwaki et 

al. 1992 ) . Increased expression of uB is also observed in the benign tumors associated 

with tuberous sclerosis and results from disordered cell migration and abnormal cell 

differentiation (Iwaki and Tateishi 199 1) . Among neuroectodermal neoplasms, ccB- 

crystallin is mainly expressed by astrocytic tumors ( Iwaki et al. 199 1). aB-crystallin 

is a major component of ubiquitinated inclusion bodies in human degenerative diseases 

(Lowe et al. 1992). It occurs in cortical Lewy bodies, in astrocytic Rosenthal fibers, 

and in hepatic Mallory bodies. In these inclusions uB-crystallin is tightly associated 

with intermediate filaments and ubiquitin (Tomokane et al. 199 1). To a variable 

extent, uB-crystallin is also present, together with ubiquitin and glial fibrillar acidic 

protein, in eosinophilic granular bodies in astrocytomas (Murayama et al. 1992). 

hsp27 is overexpressed in human breast carcinomas and correlates well with the 

level of steroid hormone receptors and with a shorter disease-free survival period 

(Thor et al. 199 1). In contrast, the expression of hsp27 in malignant fibrous histio- 

cytoma is associated with a more favorable prognosis (TGtu et al. 1992). Zantema et 

al. ( 1989) demonstrated an inverse relation between levels of hsp27 and tumor in- 

duction in syngeneic immunocompetent rats. hsp27 is also expressed in certain primary 

brain tumors (Kato et al. 1992a). Other functional aspects appear to be related to the 

reversible phosphorylation of the proteins and will be mentioned below. 

Structural Properties and Stability 

The common functional features of a-crystallins and small hsps must obviously 

relate to the structural characteristics shared by these proteins. Spectroscopic evaluation 

reveals primarily P-sheet conformation, with 4% u-helix structure, for both u-crystallin 

(see Walsh et al. 199 1) and for mouse hsp27 (J. Horwitz, K. Merck, and W. W. de 

Jong, unpublished data). Secondary-structure predictions of some small hsps suggest 

the presence of amphiphilic a-helices with high hydrophobic moment, mostly at the 

N-termini and sometimes at the C-terminus ( Plesofsky-Vig and Brambl 1990). These 

helices may serve for insertion into membranes or to promote specific interactions 

among proteins. Also, the methionine-rich consensus region in chloroplast small hsps 

is predicted to form an amphipathic u-helix and may serve for substrate recognition 

(Chen and Vierling 199 1) . Similarities of the hydropathy plots of the homologous 

region of a-crystallin and the small hsps have often been noticed (see de Jong et al. 
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114 de Jong et al. 

1988; Lindquist and Craig 1988 ). Especially well conserved is a region of pronounced 

hydrophilicity around positions 4 l-55 in the alignment. This region corresponds to 

the connecting peptide between the putative motifs of the carboxy-terminal domain. 

There is no direct information about the tertiary structures of cl-crystallin or the 

small hsps, but indirect evidence supports the above-mentioned two-domain model 

of Wistow ( 1985 ) (van den Oetelaar and Hoenders 1989; Merck et al. 1992 ). Wistow 

( 1985 ) also suggested that the C-terminal structural domain might be shared by a- 

crystallins and small hsps, because of its thermodynamic stability. a-Crystallins are 

indeed exceptionally thermostable (Walsh et al. 199 1)) with extremely long half-lives 

in the lens, and the small hsps also are reported to be very stable in vivo (Landry et 

al. 1991). 

Aggregate Formation 

Both cz-crystallins and small hsps form large aggregates. For cl-cry&thin an average 

molecular mass of 800 kDa is often observed, but complexes ranging in size from 280 

to > 10,000 kDa have also been isolated (Spector et al. 197 1; Clauwaert et al. 1989). 

Aggregate size of a-crystallin depends on protein concentration and can reach values 

of >50,000 kDa at protein concentrations > 15% (Koenig et al. 1992). The presence 

of monomeric y-crystallins decreases the size of u-crystallin aggregates (Mach et al. 

1990). A mass of 180 kDa has been reported for chicken small hsp (Collier et al. 

1988), but values of 400-800 kDa are more usually observed for animal small hsps 

( Arrigo et al. 1988). Mixed aggregates of uB-crystallin and small hsp naturally occur 

in adenovirus-transformed cells (Zantema et al. 1992) and in human pectoral muscle 

( Kate et al. 1992b). The complex of hsp-uB-crystaIlin falls apart on stress, accompanied 

by a change in conformation of uB-crystallin (Zantema et al. 1992). In the electron 

microscope, both a-crystallin and small hsps appear, under normal conditions, as 1 O- 

18-nm globular, sometimes torus-like or hollow-core, particles ( Arrigo and Pauli 1988; 

Nover et al. 1989; Longoni et al. 1990; Behlke et al. 1991). 

The quatemary structure of a-crystallin is influenced by factors such as pH, ionic 

strength, temperature, and calcium ion concentration (Siezen et al. 1980). This struc- 

ture is a matter of much controversy. Experimental data support quite distinct models. 

Three-layered spherical models have been proposed by Bindels et al. ( 1979 ) and Tar- 

dieu et al. ( 1986 ) , whereas Augusteyn and Koretz ( 1987 ) suggested a micellar structure. 

Some biophysical properties of a-crystallin can be better explained by the micelle 

hypothesis (Radlick and Koretz 1992 ). Walsh et al. ( 199 1) recently proposed a struc- 

ture that reconciles both models, to a certain extent. For mouse hsp27 a spherelike 

structure composed of about 32 monomers, arranged in hexagonal packing, has been 

proposed ( Behlke et al. 199 1). Because a-crystallin and small hsps share the ability 

to form large aggregates, it is usually suggested that this property is caused by the 

common C-terminal region ( Arrigo et al. 1988; Hockertz et al. 199 1) . However, such 

a concept is difficult to reconcile with the micelle model, where the N-terminal region 

is thought to be responsible for interaction. Also, recent reaggregation experiments 

with the recombinant second domain of CYA do not support a role for this region in 

the aggregation behavior of a-crystallin (Merck et al. 1992). 

The size of the u-crystallin aggregates in the lens increases on aging (Harding 

199 1). It appears that uB-crystallin in the heart forms larger aggregates on stress, i.e., 

during ischemia (Chiesi et al. 1990). Heat shock increases the aggregate size of the 

small hsps in mammalian cells (Arrigo et al. 1988), in chicken embryo fibroblasts 

(Collier et al. 1988), and in tomato cell cultures (Nover et al. 1989), which assume 
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a-Crystallin/ Small Heat-Shock Protein Family 115 

sizes <2 MDa and form stress granules. After heat shock and other forms of stress the 

small hsps redistribute from the cytoplasm, toward the perinuclear region or into the 

nucleus (Collier and Schlesinger 1986; Arrigo et al. 1988). Similarly, aB-crystallin is 

in the cytoplasm of mammalian cells under normal conditions and, at higher tem- 

perature, becomes associated with the nucleus (Klemenz et al. 199 1 b; Inaguma et al. 

1992; Voorter et al. 1992). In all cases, redistribution back to the cytoplasm occurs 

during recovery. In yeast the intracellular location of hsp26 depends not simply on 

the effect of heat stress but also on the physiological state of the cell (Rossi and Lind- 

quist 1989). 

In heat-shocked tomato cell cultures, the heat-shock granules are tightly associated 

with a specific subset of mRNAs (Nover et al. 1989). It is proposed that this association 

might explain the striking conservation of untranslated mRNAs during heat shock. 

In mammalian systems, however, previously suggested associations between small 

hsps and mRNA have probably been due to copurification of hsp complexes and 

prosomes. Also, the chicken stress granules do not contain significant amounts of 

RNA (Collier et al. 1988). 

Interactions with Membranes and Proteins 

Native a-crystallin has been shown to associate specifically with lens membranes, 

which apparently requires the presence of the major membrane protein MIP26 

(Mulders et al. 1985; Liang and Li 1992). This high-affinity binding of a-crystallin is 

lost on aging of the aggregates (Ifeanyi and Takemoto 1989; Mulders et al. 1989). A 

strong noncovalent association also exists between a-crystallin and the lens-fiber cy- 

toskeleton, notably the intermediate filaments (Fitzgerald and Graham 199 1) . Cardiac 

aB-crystallin displays specific interaction with actin (Chiesi et al. 1990)) and in rat 

myocytes aB has the tendency to associate with desmin (Longoni et al. 1990). 

Plant chloroplast small hsps are largely unbound in the stroma, under normal 

conditions, but become associated with the grana region of the thylakoid membranes 

< 15 min after heat shock (Grimm et al. 1989; Adamska and Kloppstech 199 1) . Heat- 

induced alteration of these membranes is required for the binding. A short hydrophobic 

region close to the C-terminus of Chlumydomonas hsp22 might be involved in its 

binding as a thylakoid extrinsic protein (Schuster et al. 1988; Grimm et al. 1989). 

hsp25 from turkey and chicken smooth muscle has been shown to inhibit the poly- 

merization of actin (Miron et al. 199 1). This inhibitory activity is lost on aggregation 

of hsp25. 

Stabilizing and protective interactions with other proteins may be crucial in the 

functioning of a-crystallins and small hsps. Strong evidence for chaperon-like properties 

of a-crystallin and mouse hsp27 has recently been obtained. Both proteins protect 

against heat-induced protein aggregation and enable the proper refolding of chemically 

denatured proteins (Horwitz et al., accepted; Merck et al., accepted; W. W. de Jong, 

unpublished data; U. Jakob, M. Gaestel, and J. Buchner, personal communication). 

Phosphorylation 

A common feature of a-crystallin and small hsps is their phosphorylation on 

specific serine residues. In crA-crystallin a single serine, at position 122 (76 in fig. 1 ), 

and in uB-crystallin, two or three serines at positions 19,45, and 59 in the N-terminal 

domain are phosphorylated (Voorter et al. 1986, 1989; Chiesa et al. 1987). It appears 

that these phosphorylations are catalyzed by a CAMP-dependent protein kinase. Ser- 

122 in UA is indeed in a consensus sequence for such a kinase, but the substrate serines 
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116 deJongetal. 

in uB are not preceded by known recognition signals. In mature lens-fiber cells these 

phosphorylations are essentially irreversible, but in the lens epithelium the phosphate 

group may be removed by a calcium/ calmodulin-dependent phosphatase (Chiesa and 

Spector 1989). A maximum of 30% of the CYA and aB chains becomes phosphorylated 

in the bovine lens. In other species phosphorylation occurs to a different extent and 

often is even absent, e.g., in chicken. Also, in other tissues aBcrystallin can be partially 

phosphorylated, as in mouse heart (C. E. M. Voorter, unpublished data) and in Al- 

exander disease brain (Mann et al. 199 1) . The reversible phosphorylation of a-crystallin 

suggests that it may be subject to metabolic control, but the significance of this mod- 

ification is completely unknown. 

Both human and mouse hsp27 have a major phosphorylation site at Ser-82 (hu- 

man sequence), just N-terminal of the a-crystallin-like domain (Gaestel et al. 1991; 

Landry et al. 1992). A second site is present at Ser-15 in mouse hsp27 and probably 

in human hsp27 too. Human has a third major phosphorylation site at Ser-78, which 

is replaced by asparagine in rodents. These serines are all located, as in uA-crystallin, 

in the sequence Arg-X-X-Set-, which is the recognition motif for multifunctional cal- 

modulin-dependent protein kinase II and ribosomal protein S6 kinase II. hsp27 kinase 

activity is not effected by inhibitors of kinase A, kinase C, or caseine kinase II (for 

overview, see Landry et al. 1992). 

Increased phosphorylation of the mammalian small hsps occurs in response to 

a number of mitogenic stimuli, most notably serum, growth factors, and tumor pro- 

moters (Arrigo and Welch 1987; Saklatvala et al. 1991). Also, calcium ionophores 

and chelators, cadmium, arsenite, cycloheximide, and phorbol esters induce phos- 

phorylation at normal growing temperature (Regazzi et al. 1988; Landry et al. 199 1). 

The rapid phosphorylation of the small hsps by these different agents is probably 

achieved by modulating the activities of protein kinases or phosphoprotein phos- 

phatases. 

Activation of platelets by thrombin leads to rapid phosphorylation of hsp27, 

suggesting a role for hsp27 in signal transduction during platelet activation (Mendelsohn 

et al. 199 1). Likewise, thrombin, histamine, and other activators of endothelial cell 

function enhance the phosphorylation of hsp27 in these cells (Sante11 et al. 1992). In 

Sertoli cells from rat testes, phosphorylation of hsp27 is increased on treatment with 

germ cells, suggesting a role in paracrine signaling (Pittenger 1992). It has indeed 

been proposed that the thermoprotective function of hsp27 might be an extension of 

a normal function of this protein in maintaining signal transduction (Landry et al. 

1992). hsp27 is a major phosphoprotein in smooth muscle and appears to be involved 

in sustained contraction induced by protein kinase C or by the neuropeptide bombesin 

(Bitar et al. 199 1) . It would play a role in the orientation or activation of the contractile 

machinery necessary to maintain a sustained contraction. Phosphorylation of hsp27 

has been suggested to be a possible signal for development of thermotolerance (Landry 

et al. 199 1). In HeLa cells there is, within minutes after heat shock, a shift from the 

unphosphorylated to the phosphorylated isoforms of hsp27, concomitant with the 

rapid translocation of the small hsps from cytosol to nucleus (Guesdon and Saklatvala 

199 1; Landry et al. 1992). The heat-induced phosphorylation of hsp27 is reduced in 

thermotolerant cells, as is the redistribution from cytoplasm to nucleus (Landry et al. 

199 1). That phosphorylation occurs at unrelated sites in ctA, aB, and small hsps and 

that different kinases may be involved suggests that the functional significance of this 

modification may also be different. 
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a-Crystallin/Small Heat-Shock Protein Family 117 

Other Modifications and Properties 

Both aA- and aB-crystallin are modified in vivo with O-linked N-acetyl-glucos- 

amine (Roquemore et al. 1992). A single 0-GlcNac substitution is present on aA, 

most of the carbohydrate being attached to the C-terminal extension at the serine at 

position 12 1 in figure 1. It has been postulated that 0-GlcNac is a regulatory modi- 

fication analogous to phosphorylation or, alternatively, that it may be involved in the 

organization of multiprotein complexes. 

Both aB-crystallin and mouse hsp27, but not aA-crystallin, are posttranslationally 

modified by transglutaminase. The C-terminal lysine residues of aB and hsp27 are 

amine donors for transglutaminase and can be cross-linked to exposed glutamines in 

other proteins (Groenen et al. 1992; Merck et al., accepted). Intracellular calcium, 

which activates transglutaminase, is increased under certain pathological and stressful 

conditions and thus may favor covalent cross-linking of aB and small hsps to other 

cellular proteins. 

A remarkable property shared by a-crystallin and the small hsps is their protease- 

inhibitory activity. One mole of a-crystallin ( 800 kDa) is able to bind 13- 19 mol of 

elastase (Orthwerth and Olesen 1992). A similar elastase-inhibitor activity is present 

in murine hsp27 (Merck et al., accepted). Whether a-crystallin and small hsps function 

in vivo as protease inhibitors remains to be investigated. Such a function would, 

however, be useful to prevent endogenous proteases from too readily attacking partially 

or transiently denatured proteins during stress. 

Evolutionary Scenario 

What is the common denominator in a protein family whose members have 

functions as diverse as being major surface antigens in bacteria, protecting against 

light-induced damage of the photosynthetic machinery in plants (Schuster et al. 1988; 

Grimm et al. 1989)) inhibiting the polymerization of actin in chicken gizzard (Miron 

et al. 199 1 ), and providing stability and transparency for the eye lens? 

The Common a-Crystallin Domain 

Structurally, all members of the family are characterized by the presence of a 

common protein domain of -90 residues (positions l- 100 in fig. 1 ), followed by an 

extension, of variable length, containing a small conserved consensus sequence around 

position 120. The common domain is preceded by an N-terminal region varying in 

length, from 3 1 residues in Mycobacterium leprae to 142 residues in Petunia hsp21. 

The a-crystallin-like domain is duplicated in Schistosoma ~40. These duplicated do- 

mains are not directly in tandem but have a sequence of -45 residues between them 

( Schistosoma-N positions 10 1 - 148 in fig. 1) , possibly corresponding to the C-terminal 

extension of the protein before duplication occurred. In Neurospora hsp30 the domain 

is interrupted by an insertion of 64 residues, at position 44 in figure 1, a region where 

alignment is difficult, and in close proximity to the second intron of the a-crystallins. 

All this evidence would confirm Wistow’s ( 1985) proposal that this region represents 

a structural domain, N-terminally demarcated by the intron positions in a-crystallin 

and Caenorhabditis hsp genes and C-terminally by a variable extension starting around 

position 100. This domain would in turn be composed of two similar structural motifs 

connected by a variable and hydrophilic loop around positions 40-60. 

If it is assumed that this domain and its C-terminal arm present a primordial, 

nuclear structure of the a-crystallin/small-hsp family, then the variable N-terminal 
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regions of the members of the family can be explained in two ways. A tandem dupli- 

cation of the primordial domain would account for the structural similarities between 

the N- and C-terminal domains of the a-crystallins (Wistow 1985 ) and probably of 

the higher-vertebrate small hsps as well. The duplication of the primordial a-crystallin- 

like domain may have occurred at the very beginning of the evolution of the family, 

the traces of this event being obliterated in most members of the family by subsequent 

mutations. Alternatively, exon shuffling may in some cases have been involved in 

bringing about the great variation in N-terminal regions. 

Evolving Functions 

It seems logical to assume that the conserved C-terminal domain and extension 

are responsible for the common structural and functional properties of the a-crystallin/ 

small-hsp family. The N-terminal domain may either be functionally less important 

or be involved in specific functions for a particular group of proteins, such as the 

methionine-rich region in chloroplast small hsps. Little is known about the structural 

and functional properties of the surface antigens in Mycobacterium and Schistosoma. 

Moreover, their likely major function-i.e., to elude the host’s immune system-is 

an evolutionarily recent acquisition and tells us little about the properties of the an- 

cestral cc-cry&thin-like hsps. Structural stability, however, seems to be a useful attribute 

for surface antigens, and this may indeed be one of the crucial properties of the family. 

Similarity between epitopes in the conserved structurally stable domains of parasitic 

surface antigens and the host’s small hsps would be an obvious advantage in evading 

immune reactions. This same interrelation between common epitopes and the host’s 

immune response applies even more strongly for the 65-kDa hsps of bacteria and 

vertebrates, and its possible involvement in autoimmune disease, notably rheumatoid 

arthritis, continues to be a subject of much debate ( Res et al. 199 1) . There are currently 

no indications of a relation between a-crystallin-related surface antigens of parasites 

and autoimmune reactions. 

To trace the primordial function of the a-crystallin-like hsps it would be important 

to recover related proteins from free-living bacteria. However, it is more than likely 

that this function, as for the larger hsps, will be to chaperone other proteins during 

normal development and especially under conditions of stress. This is obvious from 

(a) the information given above about the involvement of a-crystallin/small hsps in 

cytomorphological rearrangements, (b) interactions with cytoskeletal elements and 

membranes, and, most recently, (c) the direct demonstration that a-crystallin and 

mouse hsp27 stabilize protein-protein interactions and assist in the refolding of de- 

natured proteins. The recruitment of a-crystallin as a major lens protein now becomes 

understandable. Not only does its intrinsic structural stability makes it suitable for 

residing life long, without turnover, in the lens; but, by preventing undesirable protein 

interactions and restoring unfolded proteins, a-crystallin would contribute to the 

maintenance of lens transparency and integrity. In fact, the constitutively high level 

of cr-crystallin in the lens cells would make them permanently stress tolerant. 

Logically, the functioning of a-crystallin as a stress protein in various tissues must 

have preceded its recruitment as an abundant lens protein. Therefore, the divergence 

of the a-crystallin ancestor from the small hsps-and probably also the subsequent 

duplication into the original uA- and uB-crystallin genes-must have preceded the 

origin of the vertebrate eye. This is indeed obvious from the ubiquitous presence of 

uA- and uB-crystallins in vertebrate lenses. The required high expression of uA and 

UB in the lens may have been facilitated by the easy inducibility that is characteristic 
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of the hsps. The presence of the cl-crystallins in the lens thus resembles the recruitment 

of a variety of metabolic enzymes to function as abundant structural lens proteins 

( Piatigorsky and Wistow 199 1 ), Several of these “enzyme-crystallins”  appear to be 

structurally stable and can be induced under conditions of stress (de Jong et al. 1989; 

C. E. M. Voorter, unpublished data). Whether the dual function of a-crystallins-as 

( 1) stress proteins in and outside the lens and (2) structural lens proteins-imposes 

additional evolutionary constraints is yet uncertain. In this respect, however, both crA- 

and aB-crystallin have avoided changes in charge during evolution (Leunissen et al. 

1990b). This might be useful in the lens environment, where changes in surface charges 

could easily disturb the proper tight packing of the crystallins. 
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