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1. Introduction 

Crystallins are the water-soluble proteins of the 
eye lens. Their extremely high concentration in the 

lens fibre cells (200-600 mg/ml [ 1,221) produces the 
uniformly high refractive index necessary for focussing 
visible light on the retina, yet leaves the lens com- 
pletely transparent. The dense gel-like packing of these 
crystallins raises the question as to whether any long- 
range ordering of proteins exists in the lens and 
whether lens transparency depends on protein confor- 
mation, intermolecular interactions and long-range 
ordering [3-S]. The crystallins are uniquely stable, 
with little or no degradation occurring throughout 
the life of the individual. The oldest crystallins are 
found in the lens nucleus, the younger proteins in the 
lens cortex or periphery. In certain types of cataract 

(lens opacity), and particularly in human senile nuclear 
cataract, the irregularities in the refractive index which 
induce light scattering (and decrease transparency) 
are associated with an increased degradation, cross- 
linking (disulfide and nondisulfide) and aggregation 
of crystallins [3-121. 

degradation [2,14-211. The amino acid sequences 
have been determined of the predominant polypep- 
tides in the bovine lens: the cw-crystallin Az and Bz 

chains of M, 19 830 and M, 20 070 [22,23], the 
P-crystallin B, chain ofM, 23 150 [24] and the y-crys- 
tallin fraction II chain of& 19 870 [25]*. Raman 
spectroscopy of whole lenses suggests that the sec- 
ondary structure of lens proteins is nearly exclusively 
anti-parallelfl-sheet [5], and far-W circular dichroism 
spectra of individual (Y-, /3- and ycrystallins have also 
been interpreted in terms of high P-sheet and little or 
no o-helix contribution [26-281. 

In mammals three classes of crystalhns are distin- 
guished: cr,/J and y; in bovine lens the relative amounts 
are about 40%, 40% and 20%, respectively [13]. Both 
(Y- and fl-crystalhns are oligomeric proteins, whereas 
ycrystallins are monomeric. In each class a number 
of related polypeptide chains are observed, which are 

either synthesized as different gene products or derived 
from each other by post-translational deamidation or 

* For the sake of simplicity and to avoid confusion with the 
nomenclature for folding units (I-IV) the orA,-, aB,-, PBp- 
and r-crystallin fraction II will be referred to only as aA-, 
cuB-, p-and rcrystallin in this article 

Recently, the first threedimensional structure of a 
lens protein, bovine y-crystallin, has been determined 
by Blundell et al. [29], and a slightly revised primary 
structure of M, 21 000 best fits their electron density 
map. They suggest that the great stability of y-crystal- 
lin lies in its high internal symmetry (4 threedimen- 
sionalIy similar folding motifs) and in the arrangement 
of charged and non-polar groups on the molecular 
surface, while on the other hand, the position of 
several sulfhydryl groups would also allow for both 
intra- and intermolecular crosslinking, leading to 
aggregation [29]. Driessen et al. [24] detected a 
sequence homology between fl- and y-crystallin and 
suggested that their threedimensional structures might 
be similar. Here ,this hypothesis is considered in terms 
of (3-crystallin internal homology, secondary struc- 
ture, domains, charge stabilization, sulfhydryl groups, 

intermolecular interactions and aging. Although there 
is no apparent sequence homology between cuA- (or 
aB-) and fl- or y-crystallin, similar principles of repeti- 
tive folding units, domains, hydrophobic cores and 
charge stabilization are proposed for o-crystallin, and 
discussed in relation to molecular aging processes. 
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2.7Crystallin 

To facilitate the comparison of a-,fl- and y-crystallin 
structures a brief summary of the threedimensional 

structure of y-crystallin is required (see [29] for 
details). 

The protein molecule is ellipsoidal and consists of 

an N-terminal and a C-terminal domain, which are 
related by an approximate diad axis such that about 
80 a-carbon atoms in each domain are topologically 
equivalent. The amino acid sequence is divided into 
four folding units 71-yIV, or ‘Greek key’ motifs 
[30], of about 40 residues each (fig.l), which show 

only distant sequence homology: only 18-36% of 
the residues are identical (depending on which pair of 
folding units is compared) whereas another 30-45% 

are conservatively varied (table 1). However, all four 
units show very close threedimensional homology: 
folding units 71 and 7111 in different domains are 
most similar, as are 711 and 71V (this pair has by far 
the highest sequence homology), whereas folding units 
within one domain (71-711; yIII-7IV) resemble each 
other less. This type of structure is assumed to have 
evolved by two sequential gene duplications. Each 
domain comprises a sandwich of two righthanded, 
four-stranded anti-parallel P-sheets, each sheet being 
composed of three major strands (fig.la,b ,d) from 
one folding unit and one minor strand (c) from the 
other folding unit in the same domain. About 50% of 
the amino acids participate in forming P-sheets, while 
another 25% of the residues which connect the strands 
are in irregular righthanded (20%) or lefthanded helices 
(5%) as indicated by the torsion angles (fig.1). 

Only four residues are found to be invariant at 
topologically equivalent positions in all four folding 
units (boxed in fig.1): three of these are 7Tyr 6,ySer 
34 and 7Arg 36 which are all situated around conser- 
vatively varied 7Phe 11 (7Tyr 5 1) which itself is in a 
/$turn,exposed,and at a lattice contact point forming 
a hydrophobic intermolecular contact. The fourth 
invariant is 7Gly 13 which has torsion angles disal- 
lowed for other residues.Other structurally important 
hydrophobic residues are in y-chain positions 3,5,16, 
1823,29,32,35 and 37 (and also the topologically 
equivalent positions in columns beneath the residues 
listed) which form the hydrophobic core between 
p-sheets in each folding unit, and the hydrophobic 
residues of motifs 711 and 7IV which form contacts 
between N- and C-terminal domains: 7Phe 43A, 7Met 
55B, 7Val 125A,yLeu 136 (subscripts A,B,C and D 

were introduced by Blundell et al. [29] to denote 
revised or inserted residues). Invariance is apparently 
not required of these residues, but they must be pre- 
dominantly hydrophobic. 

The surface of y-crystallin appears to be stabilized 
by charged and polar side chains organized in pairs or 
chains of ionic and/or polar interactions: e.g., Glu 7- 

Arg 31-Asp 8, Glu 122-Arg 85-Glu lOO-Arg 87 
and Glu 141-Arg 143-Asp 93-Arg 95-Asp 92- 
Arg 9 1. Intermolecular charge interactions are also 
observed in the crystal (e g ., Arg 144-Asp 103, 
Glu 90-Arg 91) and thus similar interactions may 
contribute to protein supramolecular organization in 
the lens. Interestingly, the charge stabilization is not 
symmetrical, i.e. most interactions cited for the C-ter- 
minal domain do not occur at equivalent positions in 
the N-terminal domain. 

The six free sulfhydryl groups are also asymmet- 
rically distributed. Only 7Cys 23 and 7Cys 105 are in 
equivalent positions in motifs 71 and 7111, and the 
remaining four cysteines are in the N-terminal domain, 
with three cysteines (18,23 and 74) clustered together 
such that they could form an intramolecular disulfide 
bridge, without affecting the overall conformation 
dramatically. However, four cysteines (15 ,18,23 and 
105) on the surface of the molecule could also form 
intermolecular S-S bonds upon oxidation, and thus 
contribute to covalent crosslinking of lens proteins as 
observed in aging and cataract. 

3, P-Crystallin 

The optimal alignment of the fl-crystallin sequence 
of 204 amino acids with the revised y-crystallin 
sequence of 174 amino acids [29] is shown in fig.1. 
Not only is the S-chain internally duplicated [24], it 
now becomes evident that most of the characteristics 
of the y-crystal&n threedimensional structure are also 
manifested by P-crystallin. Not taking into account 
the N- and C-terminal extensions of 15 and 13 resi- 
dues, the rest of the P-chain aligns perfectly with the 
four folding units yI-yIV, albeit than an additional 

four residues @Gly 36,/3Arg 88,/3Arg 89,BAsp 126) 
are inserted in segments between b-sheet strands where 
the four y-crystallin folding units themselves already 
vary in length. When each motif is examined sepa- 
rately , the sequence homology between /3- and y-crys- 
tallin units is generally greater than between the 
ycrystallin units, the exception being the 711-7IV 
pair (table 1). Thus some 73-17% of the residues are 

3 
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5 

5 
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10 
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(45) 
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9 (23) 15 

I3 (28) I7 

I4 (33) 15 

22 (SO) IO 

3 
(30) , 

(43) ; 

(43) ; 

(34) ; 

(50) :, 

(46) ; 

(43) :, 

(27) ; 

(40) 

(26) 

(49) 

(49) 

(28) 

(26) 

(24) 

(23) 

a Each number represents a single residue deletion m the corresponding chain 

b A relatedness matrix was used which is based on an evolutionary distance of 

250 accepted pant mutations (fig.84 of [31]). For the sake of simplicity, 

matnx element values >O were taken to signify relatedness (SBC = single base 

change in the triplet DNA codon; MBC = multiple base change). The related 

residues fall mto groups of chemically and/or conformationally similar amino 

acids that tend to replace each other more frequently than random chance 

would predst. This increased frequency of replacement arises prmcipally by 

natural selection and only secondarily by constraints of the genetic code, and 

reflects the similarity of functionsof residues in their interactmns with each 

other in formation of secondary and tertiary structure m proteins 

either identical or conservatively varied (and most of 
these are single base changes), while a full 50% is 
identical in the PIV-rIV pair. The internal sequence 
homology of the P-chain is much the same as r-cry+ 
tallin (table I), with the pairs /31--0111 and flII-$IV 
showing more homology (3% identical, 30-43% 

related) than pairs PI-PII and pIII-/?IV within a 
domain (9-l 7% identical, 34-43% related). In an 
evolutionary sense, this confirms that gene duplication 
in formation of domains preceded the divergence of 
fl- and y-crystallin. 

The four invariant residues of yI-yIV (yTyr 6, 

ugly 13, ySer 34, yArg 36; boxed in fig.1) are identl- 
cal in flII-+IV; in /31 the tyrosine is very conservatively 

replaced by PPhe 21, and /3Leu 52 replaces arginine. 
The latter change may not be detrimental to local 

interactions since it is only the aliphatic side chain 

part of yArg 36 which interacts with the aromatic 
ring of yPhe 11 [29] and this aliphatic part is still 
present in /3Leu 52 to interact with PPhe 26. No extra 
invariant positions are found in /3-crystallin relative to 
y-crystallin. The residues contributing to the core of 
the domains are also largely hydrophobic in fl-crys- 
tallin: 3 1 out of 36 residues in P-chain positions 18, 
20,31,33,39,45,48,51 and 53 (and equivalent posi- 
tions), which correspond to the earlier mentioned 
hydrophobic core positions in y-crystallin. Likewise, 
the hydrophobic contacts between domains can be 
formed by PVal.59, /3Val72, /3Vall5 1 and PLeu 164 
which are in corresponding positions in the 011 and 
/3IV motifs. 

The evidence presented above clearly points to a 
very close threedimensional homology between fl- 
and y-crystallin. Therefore, it seems fairly safe to pre- 
dict that most, if not all, of the secondary structure 
illustrated for y-crystallin in fig.1 should also apply to 
P-crystallin, i.e. -50% anti-parallel P-sheet and about 
25% irregular connecting helices. It should be kept in 
mind that these percentages do not include the extra 
N-andC-terminalpiecesofp-crystallin,whichamount 
to 14% of the total residues, for which no secondary 
or tertiary structure can be predicted. 

Although the hydrophobic positions are conserved 
in /3- and y-crystallin, the charged and sulfhydryl 
groups differ considerably. There are only two free 
sulfhydryl groups in the P-chain, and only PCys 39 
corresponds to an equivalent position in y-crystallin 
(yCys 23). The other,PCys 66 (corresponding to 

TTyr 5 l), would be sufficiently close to /3Cys 39 to 
form an intramolecular disulfide bridge (cf. fig.5a of 
[29]). Both sulfhydryl groups would be accessible to 
solvent and could therefore also form intermolecular 
S-S bonds in oxidizing conditions. This notion takes 

on extra importance in view of the fact that /3Cys 66 
would be at a lattice contact point (as is yTyr 5 1). 
Surpiisingly, most of the surface ionic pair and chain 
interactions cited for y-crystallin, both intra- and 
intermolecular,would not occur infl-crystallin because 
the corresponding residues are not charged: compare, 
for instance, 790-95 with /3112-l 17 (fig.1). Admit- 
tedly , the fl-crystallin threedimensional structure 
could be stabilized by ionic interactions at alternative 
surface positions, but one would need to construct a 
threedimensional model to verify this. On the other 
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hand ,differences in the balance of polar and non-polar 
surface residues may be responsible for the different 
properties of /Icrystallins: for instance, their ability 
to form different-sized oligomers [32-341. Also, 
large numbers of both lysine and glutamine residues 
occur in fl-crystallins (relative to cr- and y-crystallins), 
and if these are located on the molecule surface it 
could explain why P-crystallins are particularly sus- 
ceptible to formation of y-glutamyl-e-lysine crosslinks 
in vitro by the action of lens transglutaminase [35]. 
These nondisulfide covalent crosslinks have been 
found in a polymer fraction of human cataract tissue 

1351. 

4. a-CrystaIIin 

No sequence homology, however distant, has been 
detected between bovine a-crystallin chains (A and B) 
and chains of the P/y-crystallin class. Nevertheless, 
the principle features of the secondary and tertiary 
structure of the latter class (internal repeats, P-sheets, 
domains, conserved hydrophobic positions, ionic 
stabilization) may well be present in other lens pro- 
teins, since it is now clear that close threedimensional 
structure similarity can be achieved with very little 
sequence homology. 

As mentioned earlier, spectral studies indicate that 
a-crystallin has secondary structure similar to /3- and 
y-crystallin [26-281. In addition, a statistical analysis 
revealed an internal duplication in the first 60 resi- 
dues of the A-chain [36]. A more extensive internal 
sequence homology is now proposed for the cYAchain 
of 173 residues and the crB-chain of 175 residues, 
using as the main criterion the conservation of hydro- 
phobic positions (fig.2). The homologous units are 
divided into three pairs which differ in length: CUI-CYII, 
aIII-CYIV and crVaV1. For an optimal alignment 
about three gaps have been introduced in each pair, 
which is not uncommon in distant relationships [37], 
and an extra loop of I4 residues in unit CXVI (which 
will be discussed later), leaving only two connecting 
dipeptides (Ser 62-Glu 63 and Leu 85-Thr 86 in the 
arA-chain). The gaps may occur in connecting loops, 

as in fi- and y-crystalhn, or in some cases may even be 
due to sequencing errors. 

The sequence homology within each pair (table 2) 
is at least as high as the /3- or y-crystallin internal 
homology (table l), particularly for the cyA-chain pairs 
where 59-75% of the residues are either identical or 
related. The 57% overall homology of CYA- and CYB- 

6 

chain [23] can be subdivided by comparing each of 
the six aA-chain units with the corresponding cwB-chain 
unit (table 2). Thus, the CXV units are found to be 

most homologous (28 out of 29 residues are identical 
or single base changes), and (~11 and crV1 units least 
homologous because of several gaps. 

Taking the internal sequence homology of acrys- 
tallin chains one step further, the three homologous 
pairs can be aligned such that most hydrophobic resi- 
dues are in equivalent positions. It is proposed that 
@A-chain residues 1,3,9,10,14,22,27 and 31 ,and 
equivalent residues in columns under dots in fig.2, are 
essential for hydrophobic contacts. In the &A-chain, 
34 out of 40 of these residues are hydrophobic, the 
others being either small uncharged residues or gaps. 
In this alignment no residues are invariant in all six 
units, but the tyrosines in units I, II and V coincide, 
and aA-Pro 19 (or aB-Pro 20) is only very conserva- 
tively varied to Gln in units II, IV or VI, suggesting a 
further functional conservation. Moreover, many 

Table 2 

Relatedness of a-crystallm A- and Bchain folding unm 

U!M Total ldentlcal Relatedb Different 

rcvdues __ 

(%) SBC MBC (%I capa Other Cm,) 

C?A-I 31 

aA- 30 

oA-III 21 rrA-IV 20 I 

-A-V 29 

aA-VI 24 

CTB-I 32 aB-II 33 I 

oB-Ill 21 aB-IV 20 i 

uB-V 29 1 
olB-VI 22 I 

aA- 31 0B-I 32 i 

aA- 30 

aB-II 33 I 

aA- 21 

018-111 21 I 

&A-IV 20 olB-IV 20 I 

cxA-V 29 olB-V 29 t 

oA-VI 24 oB-VI 22 I 

8 (25) I2 

5 (23) 7 

7 (24) IO 

5 (14) I4 

4 (IS) 9 

6 (21) 8 

23 (70) 5 

12 (35) 14 

I1 (52) 7 

13 (65) 4 

18 (62) 10 

8 (31) 8 

4 

1 

3 

3 

I 

4 

0 

0 

0 

I 

0 

2 

(50) ; 

(36) ; 

0 
(45) 5 

3 
(49) 2 

(45) ; 

(41) ; 

(15) ; 

4 
(41) , 

0 
(33) o 

(25) ,” 

(34) ; 

(38) : 

5 (25) 

6 (41) 

4 

8 

5 

4 

2 

3 

3 

2 

I 

2 

(31) 

(37) 

(36) 

(38) 

(15) 

(24) 

(14) 

(IO) 

(3) 

(31) 

a,b As in table I 
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charged and polar residues now coincide and at least 
four positions seem to qualify as preferentially 
charged/polar positions (columns under triangles). 
These could be required for surface charge stabilizing 
interactions, as could three segments consisting solely 
of charged and polar residues: Asp-Arg-Asp-Lys 

((~A-111 unit), Lys-His-Asn-Glu-Arg-Gln-Asp- 
Asp (cxA-IV unit) and Arg-Glu-Glu-Lys (oA-VI 
unit extra loop), and corresponding segments in the 
aB-chain. 

There is a distinct possibility therefore that all six 
o-chain units are folded in a similar fashion, though 
not necessarily the same folding as in the P/y-chain 
units. On the other hand, in analogy with the /3/y-chain 
units, the positioning of gaps, inserts and proline resi- 
dues suggests a subdivision of these units into four 
strands (fig.2a-d), parts of which could fold into 
anti-parallel P-sheet. Strand ‘a’ would be lacking in 
units olV and &I, as would strand ‘d’ in units (~I11 
and olIV. The shorter ‘c’ strands of units a111 and aIV 
could also be interpreted as connecting peptides (6 
and 5 residues, respectively) rather than segments 
essential for P-sheet secondary structure. Insertions or 
deletions of various lengths up to 6 residues are 
encountered in the P/y-crystallin folding units mainly 
between strands ‘c’ and ‘d’ (fig.1). In cu-crystallin a 
similar variability is evident between strands ‘c’ and 
‘d’, and it is proposed that an extra loop of 14 resi- 
dues is inserted here in the &I unit in both A- and 
B-chain (enclosed in dashed boxes in fig.2). This 
notion is prompted not only by the necessity for 
optimal alignment of units aV and &VI, but also 
because the segment olA 156- 163 has earlier been 
proposed as an external loop since it is very accessible 
to proteolytic enzymes in vitro [38-391. In rodents 
an elongated aA-chain has been identified which has 
an insert of 22 residues between positions Glu 63 and 
Va164 of the normal cYA-chain [40].This fits in nicely 
with the proposed model for @A-chain subdivision, as 
the insert would be exactly in the connectionbetween 

~A-11 and ~A-111 units (* in fig.2). 
Three domains of different size could exist in 

a-crystallin chains if each homologous pair of folding 
units forms a separate domain. From an evolutionary 
and a symmetry viewpoint, it is more likely that two 
domains exist: each would consist of three folding 
units, one from each pair. The combination illustrated 
in fig.3 with units a1, olIV and CYV in domain 1 and 
aI1, (~111 and aVI in domain 2, has the lowest number 
(3) of crossovers between domains. 

DO!4AIN 1 DOMAIN 2 

14 

F?g.3. Hypothetical twodomain structure of cu-crystallin. 
Solid lines indicate the six folding units (I-VI). Dotted lines 

indicate additional connecting and inserted peptides and their 

lengths in number of residues. The position of a 22-residue 

insert in rodent aA-chain is indicated by (*). 

With respect to age-related disulfide crosslinking of 
a-crystallin, the solvent accessibility of the single cys- 
teine cuA-Cys 13 1 (in the middle of strand ‘d’ in aA-V) 
cannot be predicted from this model alone, but ear- 
lier modification studies indicate it is exposed [41] 
and thus presumably capable of forming intermolecu- 
lar S-S bonds in an oxidizing milieu. The olA-Cys 131 
occurs in all 4 1 mammals investigated so far, but only 
5 mammals, including man, have a second sulfhydryl 
residue: cvACys 142 [ 19,421. When the cYcrystallin 
three-dimensional structure is eventually elucidated, 
it will be interesting to ascertain whether these two 
SH-groups are sufficiently close together to form an 
intramolecular S-S bond, as in fl-crystallin, and 

whether the position of olACys 142 bears any rela- 
tionship to the higher sensitivity of human lenses to 
formation of cataract. 

Specific age-related degradation occurs in vivo on 
the N-terminal side of olAGlu 102,cuA-Ala 152, aA- 
Ser 169 and &B-Ala 17 1 [ 181 (bonds indicated by = 
in fig.2). Only the latter two residues were shown to 
be accessible to proteolysis in vitro [39], and as they 
occupy positions topologically equivalent to ~YA-Cys 
131, their surface exposure agrees with that of the 
sulfhydryl group. The aA-Glu 102 is in the middle of 
a chain of charged and polar residues, aA 99-l 07, 
and is thus presumably also near the molecule surface. 
If the short ‘c’ strands of units aA- and aA-IV are 
merely connecting peptides, rather than essential 

parts of these units, the cleavage at cwAGlu 102 would 
represent the separation of the first four cwA units 
(I-IV) from the last two units (V-VI). The &A-Ala 

7 
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1.52 is in the ‘c’-strand of unit CIVI; a homology study 
of the olA-chain of 41 mammals has identified this 
particular ‘c’-strand to be the most variable region of 
the whole &A-chain [42], and thus presumably located 
at the surface. However, as postulated earlier [39], 
the inaccessibility ofaA-Glu 102 and Ala 152 in native 
a-crystallin to proteolysis in vitro probably means 
that these residues are initially protected, perhaps by 
the extra loop of 14 residues, and only become 
exposed as a result of age-related changes in second- 
ary and/or tertiary structure. 

Finally, it must be stressed that slightly different 
alignments of the six a-crystallin folding units are 
possible which are marginally less acceptable on the 

basis of sequence homology than that postulated in 
fig.2, but most would agree with the main predictions 
of cu-crystallin three-dimensional structure presented 
here. 
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