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ABSTRACT: {-Crystallin of guinea pig lens is distantly related to the family of zinc-containing alcohol/polyol 
dehydrogenases. The  amino acid residues binding the catalytic zinc atom in the alcohol dehydrogenase 
are exchanged in {-crystallin, explaining lack of known enzyme activity, and those residues binding the 
noncatalytic zinc in the dehydrogenase are located in a segment absent from the crystallin. Mammalian 
alcohol dehydrogenase, poly01 dehydrogenase, and {-crystallin therefore constitute a series of proteins 
exhibiting successive changes in subunit metal content, from two to one and probably zero zinc atoms, 
respectively. In common with tetrameric dehydrogenases, the crystallin lacks a loop structure present in 
the dimeric dehydrogenases. Significantly, the crystallin is tetrameric, and a correlation between extra subunit 
interactions and lack of the loop segment is indicated. The  lacking segment in crystallin is extended, 
encompassing a second loop in the dehydrogenase. The greatest conservation corresponds to the co- 
enzyme-binding domain of the dehydrogenases, the central parts of which are remarkably similar to  those 
in the crystallin. Glycine is by far the most conserved residue and corresponds to positions a t  bends in the 
conformation of the alcohol dehydrogenase. The  conservation of the stable parts of the fold, the absence 
of the loop structure, the lack of the metal atoms, and the presence of only a small proportion of oxida- 
tion-sensitive cysteine residues in crystallin ( 5  versus 15 in the dehydrogenase subunit) suggest an increased 
stability of the lens protein and a derivation from the alcohol dehydrogenase family. This is compatible 
with the recruitment of stable enzyme structures for lens crystallin functions, with trimming of protein 
structures through these dehydrogenases or a yet unknown enzyme, and with multiple changes in the 
dehydrogenase family. 

A n a l y s i s  of mammalian {-crystallin in comparison with 
zinc-containing dehydrogenases reveals similarities and vari- 
ations that are of interest for evaluation of properties of protein 
structures. The results show remarkable correlations between 
conserved residues and conformational properties. The var- 
iations in metal binding, absence of known enzyme activity, 
extreme stability of basic folds, and trimming of a parent 
protein through losses/nonacquirements of structurally non- 
essential parts are outlined after an account of the crystallins 
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and alcohol/polyol dehydrogenases. 

{-CRYSTALLIN AND OTHER CRYSTALLINS 
Crystallins in General. Crystallins constitute structural 

proteins of the eye lens and are present at high concentration 
in this organ, which has very little resynthesis capacity. Stable 
conformations, giving long half-lives, are essential. Apparently, 
nature has acquired these proteins by repeated recruitments 
of globular protein structures for incorporation as crystallins 
in the lens (Wistow & Piatigorsky, 1987; Wistow et al., 1987). 
Some crystallins, such as a ,  p, and y, are present in the lenses 
of all vertebrates; a-crystallin shows a distant relationship to 
small heat-shock proteins, while p- and y-crystallins belong 
to another family. A different group of crystallins appear to 
be taxon-specific and frequently involve common enzymes of 
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Table I: {-Crystallin Relationships toward Each of the Zinc 
Dehydrogenase Lines Characterized“ 

line residue identity with crystallin spread 

well-known metabolic pathways [review in Wistow and Pia- 
tigorsky (1 987)]. Presumably, the ancient origins and wide- 
spread occurrence of these enzymes or derivatives of them 
resulted in stable conformations, which made them suitable 
for functions also in the lens. 

Taxon-Specific Mammalian Crystallins and the Present 
Case. Recently, two taxon-specific crystallins were purified 
from mammalian lenses, A-crystallin from rabbit (Mulders et 
al., 1988) and {“crystallin from guinea pig (Huang et al., 
1987). They are related to hydroxyacyl coenzyme A de- 
hydrogenase (Mulders et al., 1988) and alcohol dehydrogenase 
(Rodokanaki et al., 1989), respectively. The {-crystallin/ 
alcohol dehydrogenase case illustrates an apparent conservation 
of stable parts as presently described. The consequences are 
of interest for evolution of protein structures in general. 

Nonmammalian Crystallins. Characterized relationships 
between enzymes and lens proteins in nonmammals involve 
duck e-crystallin, identical with a lactate dehydrogenase 
(Wistow et al., 1987), and the following crystallins more or 
less different’ from the parent proteins: frog p-crystallin and 
aldose reductase or prostaglandin synthase (Carper et al., 1987; 
Watanabe et al., 1988), reptile/avian &crystallins and argi- 
ninosuccinate lyase [cf. R. F. Doolittle as quoted in Wistow 
and Piatigorsky (1987); Piatigorsky et al. (1988)], turtle 7- 
crystallin and enolases (Wistow & Piatigorsky, 1987), or in- 
vertebrate SIIl crystallin and cytosolic glutathione transferase 
(Siezen & Shaw, 1982; Tomarev & Zinovieva, 1988; Wistow 
& Piatigorsky, 1987). These and the presently discussed 
dehydrogenase relationships indicate that the recruitments of 
old protein structures to serve new functions have frequently 
occurred via gene duplication(s), accumulation of mutational 
differences, and acquisition of different genetic regulatory 
mechanisms resulting in altered tissue expression (Wistow & 
Piatigorsky, 1987). 

ALCOHOL DEHYDROGENASE 
Multiple Forms. The finding of f-crystallin as a distant 

relative of an alcohol dehydrogenase answers questions con- 
cerning which properties of a parent protein have been con- 
served in the new function and which have been altered. 
However, alcohol dehydrogenase, like crystallins, is not a single 
protein of simple origin. At least three separate types of 
alcohol dehydrogenase exist, with largely unrelated structures 
and mechanisms, the “long-chain” and “short-chain” alcohol 
dehydrogenases, with and without zinc a t  the active site, re- 
spectively (Jornvall et al., 1981), and an iron-activated alcohol 
dehydrogenase (Scopes, 1983; Neale et al., 1986). 

The Zinc-Enzyme, “Long-chain” Type. The best known 
type, that of the zinc-containing, long-chain enzymes, is the 
one first characterized; it includes the common liver and yeast 
alcohol dehydrogenases and is the type related to {-crystallin. 
This type exhibits a t  least three levels of gene duplication 
(Jornvall et al., 198713). They have led to (1) different en- 
zymes, alcohol and poly01 dehydrogenases (Jornvall et al., 
1981; ( 2 )  different alcohol dehydrogenase classes, I, 11, and 
111 (Vallee & Bazzone, 1983); and (3) different intraclass 
isozymes [review in Jornvall et al. (1987a)l. These separate 
levels of change in the zinc-enzyme type affect many prop- 
erties, including metal content [different for poly01 and alcohol 
dehydrogenases (Jeffery et al., 1984)], quaternary structure 

I Some of these differences may turn out to represent close similarities 
or even identities although not yet established as such, since the crys- 
tallins and the enzymes have been characterized from separate species. 
Consequently, species variations and enzyme/crystallin variations are 
presently superimposed in  the structures Characterized. 

mammalian ADH 86 (27) 74-86 (23-27) 
plant ADH 70 (22) 67-72 (21-23) 
yeast ADH 67 (22) 60-68 (19-22) 
mammalian SDH 64 (2 i )  64 (21) 

“Column 2 gives the residue identity in number of positions and in 
percent (in parentheses) between crystallin and the alcohol de- 
hydrogenase structures in Figure l (human in the case of the 
mammalian alcohol dehydrogenase line), while column 3 gives the 
values for crystallin compared with all characterized alcohol de- 
hydrogenase structures within each line (only one alternative thus far 
reported for mammalian sorbitol dehydrogenase). ADH, alcohol de- 
hydrogenase; SDH, sorbitol dehydrogenase. 

[also different (Jornvall et al., 1987c)], enzymatic activities, 
and rates of evolutionary divergence [different among the 
alcohol dehydrogenase classes (Kaiser et al., 1989)]. 

ALIGNMENT 
An alignment of the primary structure of {-crystallin with 

those of alcohol/polyol dehydrogenases is given in Figure 1. 
The analysis included 20 alcohol/polyol dehydrogenases [ 17 
summarized in Jornvall et al. (1987c), plus three class I11 
structures (Kaiser et al., 1989)] and one f-crystallin structure 
(Rodokanaki et al., 1989), all compared in spans of variable 
size (Jornvall et al., 1981). The zinc-containing de- 
hydrogenases have been subgrouped into four lines: two di- 
meric (mammalian and plant alcohol dehydrogenase) and two 
tetrameric [yeast alcohol dehydrogenase and mammalian 
poly01 dehydrogenase (Jornvall et al., 1987c)l. The alignment 
given is based on maximal residue identities and minimal gap 
introductions and, in a manner similar to that for the de- 
hydrogenase alignments (Jornvall et al., 1978, 1987c; Jeffery 
et al., 1984; Branden et al., 1984; Eklund et al., 1985, 1987), 
is compatible with the tertiary structure of horse liver alcohol 
dehydrogenase directly analyzed by X-ray crystallography 
[Eklund et al., 1976; recent summary in Eklund and BrandEn 
(1987)l. At a few segments of the alignment, additional 
identities could have been obtained by further gap introduc- 
tions, especially in the terminal parts where similarities are 
weak. Since variations within each dehydrogenase line are 
small (Table I), only representative structures discussed are 
shown. Figure 1 lists one dehydrogenase of each of the major 
lines (mammalian alcohol, plant alcohol, yeast alcohol, and 
mammalian poly01 dehydrogenase), with the addition in the 
mammalian alcohol dehydrogenase line of alternatives to in- 
clude all characterized classes of this enzyme line. 

[-Crystallin exhibits the greatest overall similarity to the 
mammalian alcohol dehydrogenase line. Regarding the sep- 
arate classes within this line, the extent of similarities does 
not differ much but is greatest with class I, intermediate with 
class 111, and least with class 11. Class I is the traditional and 
abundant liver type of the enzyme. The somewhat closer 
similarity of crystallin to this class than to the other two classes 
is noteworthy because the class I structure is the one for which 
most variation has been characterized thus far [about 3-fold 
more variable than class I11 (Kaiser et al., 1989)]. 

However, the crystallin structure also shows particular 
similarities with the structures of the tetrameric dehydrogenase 
lines (yeast alcohol and mammalian poly01 dehydrogenases). 
Thus, many residues are unique to {-crystallin and these de- 
hydrogenases (56 positions, versus 5 5  unique to the dimeric 
dehydrogenases and [-crystallin). Furthermore, a segment 
lacking in the crystallin has an identically positioned border 
with a segment lacking in yeast alcohol dehydrogenase and 
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Crystallin 

Mammalian ADH horse I 
Mammalian ADH human I 
Mammalian ADH human I1 
Mammalian ADH human I11 
Plant ADH 
Yeast ADH 
Mammalian SDH 
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IKWLNGSCMACEYCELGNESNCPHADLSG------------------------- YTHDGSFQQ----~ATADAVQAAHIPQGTDLAEVAPVLC 
IQPGA-PRQTDEFCKIGRYNLSPTIFFCA------------------------TPPDDGNLCR----FYKHNANFCYKLPDNVTFEEGAL~-E 
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TECVNPQDYKKPIQEVLTEMSNG@-VDFSF~IGRLDTMVTA- 
TEC INPQDYKKPIQEVLKEMTDG~~VDFSF~VI  GRLDTMMAS - 
TDCLNPRDLHKPIQEVIIELTKG&VDFALDCAGGSETMKAA- 
TECINPQDFSKPIQEVLIEMTDG~-VDYSF%CIGNVKVMRAA- 
TEFVNPKDHNKPVQEVLAEMTNG~-VDRSVGCTGNINAMIQA- 
EVFIDFTKEKDIVGAVLK-ATNGG-AHGVINVSVSEAAIEAS- 
DFILEISNESPEEIAKKVEGLLGSKPEVTI~~~TGVETSIQAG- 

AGI~VYKALKS-BNLM 
PLSVGIHACRR-AGV 
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PPDSQNLSMNPMLLLSGR~WKGAIFGGF-KSKDSVPKLVADFMAKKFALDPLITHV FEKINEGF--DLLRS~E-SIRTILTF------- 

LEACHKGWGVSVVOGVAASGEEIATRPFQLVTG KGTAFGGW-KSVESVPKLVSEYMSKKIKVDEFVTHN F--ELMHSGK-SIRTVVKI------- 

TRYVR-ANGTTVL~GMPAGAKCCSDVFNQVVK----SISIVGSY-VGNRADTREALDFFAR--GLIKSPIKVVGLSTLPEIY--EKMEK~QVVGRYVVDTSK----- 
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FIGURE 1 : Structural comparison of {-crystallin with each of the four lines of zinc-containing long-chain alcohol/polyol dehydrogenases. The 
four evolutionary lines are from Jornvall et al. (1987c), and in each case except the mammalian dehydrogenase line, the representative has 
been chosen that corresponds to the structure previously utilized for conformational comparisons, i.e., the horse E-type alcohol dehydrogenase 
subunit actually analyzed by X-ray crystallography (Eklund et al., 1976; Eklund & BrandQ, 1987), the maize isozyme 1 structure (BrandEn 
et al., 1984), the yeast (Saccharomyces cereuisiae) isozyme 1 structure (Jornvall et al., 1978), and the sheep liver sorbitol dehydrogenase structure 
(Eklund et al., 1985). In addition, all three classes of human alcohol dehydrogenase have been included in the mammalian line (human 
subunit of class I, human ?r subunit of class 11, and human x subunit of class 111) in order to allow judgment on class distinctions within the 
mammalian enzyme. Residues strictly conserved in all these lines are given against a black background, whereas residues conserved between 
the majority of the alternatives within at  least three of the four dehydrogenase lines (column 4 in Table 11) are given against a hatched background. 
Numbers given refer to the positions of the class I horse and human liver alcohol dehydrogenase subunits (Jornvall et al., 1987~).  ADH, alcohol 
dehydrogenase; SDH, sorbitol dehydrogenase. The stippling below the mammalian SDH line indicates the segment of maximal conservation 
and corresponds to the stippling in Figure 2B. Arrows marked 1 indicate the ligands to the active-site zinc atom, while arrows marked 2 indicate 
the ligands to the second zinc atom. 
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PPASQNLSINPMLLLTG KGAVYGGF- KSKEGI PKLVADFMAKKFS LDAL I THV 
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mammalian pol yo1 dehydrogenase (Figure 1). Consequently, 
the overall residue identities with the mammalian alcohol 
dehydrogenase line and some of the particular similarities with 
the tetrameric lines emphasize different relationships. Both 
the similarities and differences can be further interpreted as 
discussed below. 

CONFORMATIONAL AND FUNCTIONAL CONSEQUENCES 
The consequences of the alignment in Figure 1 are of special 

interest in relation to the characteristic properties of alcohol 
dehydrogenases, i.e., overall conformation, quaternary struc- 
ture, active site, and coenzyme-binding fold. 

Ooerall Conformation. The crystallin is homologous with 
the alcohol dehydrogenases over extensive parts of the protein 
chains (60-86 residues are identical; Table I). Furthermore, 
the large gap segment in the crystallin overlaps a gap segment 
in two of the alcohol dehydrogenase lines (and coincides a t  
one end; cf. Figure 1, top and bottom two lines around positions 
90/ 120-140). Consequently, the crystallin structure is con- 
cluded to exhibit an overall conformation related to those of 
the alcohol dehydrogenases. The latter have previously been 

suggested to be related in tertiary structure (Branden et al., 
1984; Eklund et al., 1985, 1987; Jornvall et al., 1978), and 
the extent of residue identity between the four separate alcohol 
dehydrogenase lines was similar to those now observed with 
the crystallin (Table I). 

The type and positions of the residue identities are of sig- 
nificance. Thus, glycine is by far the residue most strictly 
conserved (Table 11). Such a distribution is a property typical 
of distantly related proteins with similar overall conformations. 
Furthermore, the actual positions of these glycine residues in 
the tertiary structure of the alcohol dehydrogenase show that 
a large proportion of them are located at reverse turns or other 
bends in the enzyme conformation (Figure 2A). This fact 
supports a conservation of the general characteristics of the 
dehydrogenase tertiary structures in that of the crystallin, with 
largely similar folding patterns. This conclusion applies to 
overall properties only, and localized deviations could well 
occur as detected below. 

Deviating Patterns, Quaternary Structure. The overall 
similarity between crystallin and the mammalian alcohol de- 
hydrogenase line (Table I) does not apply to the crystallin gap 
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FIGURE 2: Characteristics of the crystallin structure in relation to the crystallographically analyzed (Eklund et al., 1976; Eklund & BrandCn, 
1987) horse liver alcohol dehydrogenase structure. (A) Positions of conserved residues. Residues strictly conserved (corresponding to column 
2 in Table 11) are shown black, and those conserved between the majority of the alternatives within at  least three of the four dehydrogenase 
lines (column 4 in Table 11) are hatched. The corresponding residues are in all cases also indicated by the one-letter code and the position 
in the horse enzyme. Data for the conserved residues are taken from Figure 1, while the conformation of the model enzyme is from Eklund 
et al. (1976) and Eklund and BrandCn (1987). (B) Regions with the most conserved and variable segments. The long black region constitutes 
the gap segment in the crystallin of Figure 1, showing it to correspond exactly to surface loops of the dehydrogenase catalytic domain, including 
the structural zinc atom. A shortcut of the protein chain at  the arrows marked S (for gap start) and E (for gap end) illustrates a possibility 
for direct continuity without large alterations of remaining chain folds. The stippled segment corresponds to the most conserved region shown 
in Table I11 at  the center of the six P-pleated sheet strands of the stable conformation of the coenzyme-binding domain. The catalytic zinc 
atom is numbered 1 and the second (structural) zinc atom 2. 

Table 11: Conserved Residues between t-Crystallin and the Four 
Dehydrogenase Linesa 

conserved between crystallin and 
over half of all DHs in 

each of the at least three of 
four DH the four DH 

residue strictly conserved lines lines 

ASP 
Thr 
Glu 
Pro 

Ala 
Val 
Ile 
Leu 

GlY 

TYr 
LYS 
sum 

1 1 1 
2 
2 

2 2 3 
9 13 16 

1 5 
1 3 7 

2 
1 
1 
1 

13 20 41 

Residues in columns 2 and 4 are black and hatched, respectively, in 
Figure 2A. DH, dehydrogenase. 

region covering positions 90-1 39 of the dehydrogenase. In- 
stead, the crystallin gap segment coincides with a similarly 
positioned but smaller gap in the yeast alcohol and mammalian 
sorbitol dehydrogenases (Figure 1). The latter gap has pre- 
viously been shown to correlate with the absence of one loop 
at a surface of the catalytic domain (Eklund et al., 1985; 
Jornvall et al., 1978) and has been suggested as a possible 
reason (because of exposure of a novel subunit surface) why 
the two dehydrogenase lines lacking this loop represent tet- 
rameric enzymes, while the two enzyme lines having this loop 
(mammals, plants) give dimeric enzymes. Significantly, the 
{-crystallin quaternary structure is also tetrameric (Huang et 
al., 1987; Rodokanaki et al., 1989), further supporting a 
correlation between this surface loop and dimer-dimer in- 
teractions. 

In addition, the segment lacking from {-crystallin is con- 
siderably extended toward the N-terminal part, compared with 
the segment lacking from the yeast alcohol and mammalian 

sorbitol dehydrogenase lines (Figure 1). However, this ex- 
tension corresponds to positions 90-1 18 in the mammalian 
alcohol dehydrogenase structure (Figure l ) ,  which exactly 
constitutes a second loop, adjacent to the first and also located 
a t  the surface of the catalytic domain in the dehydrogenase 
structure (Figure 2B). Consequently, the extra segment 
lacking from the crystallin structure, though increasing the 
difference between crystallin and dehydrogenases, still confines 
the variations to the same surface of the subunit. The extended 
gap segment therefore supports the conclusion that this surface 
area may be involved in determining the quaternary structure 
and does not violate the conclusion about overall related 
conformations. In fact, the protein overall conformation can 
be obtained even with a “shortcut” between adjacent chain 
parts at the arrows indicated in Figure 2B, accounting for the 
absence of the two loops without large effects on remaining 
parts. As a consequence, the second zinc atom (the structural 
zinc atom), characteristic of the mammalian alcohol de- 
hydrogenases, is absent in {-crystallin, exactly as in sorbitol 
dehydrogenase, where the lack has been shown by actual zinc 
analysis (Jeffery et al., 1984). 

Active Site, CataZytic Properties. The three residues binding 
the catalytic zinc atom in all the dehydrogenase structures 
(Eklund et al., 1976, 1985, 1987; Jornvall et al., 1978, 1987c; 
Jeffery et al., 1984; Brandbn et al., 1984; Eklund & Brandbn, 
1987; Kaiser et al., 1989) are all absent in the {-crystallin 
structure (Figure 1). Thus, Cys-46 is replaced by Asn, His-67 
by Thr, and Cys-174 in the alcohol dehydrogenases (Glu-154 
in the sorbitol dehydrogenase) by Ile. None of these crystallin 
residues is typical of zinc-binding residues in proteins. Con- 
sequently, it can be concluded that {-crystallin lacks the 
catalytic zinc atom, thereby explaining the absence of alco- 
hol/sorbitol dehydrogenase activity, which is in agreement with 
the direct enzymatic measurements (Zigler, unpublished re- 
sults). Importantly, this change appears to be absolute. Thus, 
there is no Cys, His, or Glu residue that could easily replace 
the residues lost (Figure 1). Furthermore, the segment around 
the His-67 zinc-binding residue in the dehydrogenases, al- 
though being the most conserved region among the variable 
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ports the recruitment theory (Wistow & Piatigorsky, 1987; 
Wistow et al., 1987) for the taxon-specific crystallins of the 
eye lens. These recruitments have occurred repeatedly, ex- 
plaining why different crystallin forms are taxon-specific and 
showing separate relationships between crystallin forms and 
lactate dehydrogenase, argininosuccinate lyase, enolase, glu- 
tathione transferase, prostaglandin synthase, aldose reductase, 
hydroxyacyl coenzyme A dehydrogenase, and alcohol de- 
hydrogenase [Carper et al., 1987; Doolittle as quoted in 
Wistow and Piatigorsky (1987); Huang et al., 1987; Mulders 
et al., 1988; Piatigorsky et al., 1988; Rodokanaki et al., 1989; 
Siezen & Shaw, 1982; Tomarev & Zinovieva, 1988; Watanabe 
et al., 1988; Wistow et al., 1987; Wistow & Piatigorsky, 19871. 
In addition, the present case illustrates that the recruitment 
apparently involves conservation of the most stable structural 
characteristics, but lack of structures little stabilized. Thus, 
in the case of the alcohol dehydrogenase/{-crystallin pair, the 
crystallin has conserved the hydrogen-bonded most central part 
of the coenzyme-binding domain that constitutes a very old 
and common region of many dehydrogenase and kinase 
structures. Similarly, the crystallin structure lacks the two 
zinc atoms per alcohol dehydrogenase subunit and six zinc- 
binding cysteine residues, which, when present, are more or 
less reactive (Johansson et al., unpublished results) and hence 
sensitive to oxidation or other reactions. The crystallin 
structure has only 5 thiols per subunit, versus 15 in human 
alcohol dehydrogenase. Finally, the loop segment absent in 
crystallin corresponds to the only segment in the entire alcohol 
dehydrogenase structure that lacks stabilization by an extensive 
secondary structure (Eklund et al., 1976; Eklund & BrandEn, 
1987). In summary, the crystallin structure has all properties 
of a stable conformation with much secondary structure and 
with few sensitive residues, as expected from efficient utili- 
zation of a gene product recruited from a metabolic enzyme 
structure. 

Regarding the question from which line the recruitment 
occurred, different possibilities seem to exist. Since {-crystallin 
is quite different from alcohol/sorbitol dehydrogenase, one 
possibility is that it represents recruitment from yet another 
line, hitherto unknown, of this enzyme superfamily. If so, that 
enzyme could already have lost/never acquired the zinc atoms 
and have a different enzymatic mechanism and metabolic role. 
No such enzyme is known and its possible activity or existence 
is hypothetical. However, it should be noted that a novel 
protein similar to {-crystallin has been detected in liver from 
several mammalian species (Zigler & Du, 1989). Also, the 
time of guinea pig taxon-specific divergence appears short in 
relation to the large differences observed. Consequently, a 
recruitment from such a hypothetical enzyme line is possible, 
provided the demonstration of the novel protein in liver does 
not reflect an ectopic expression of the {-crystallin gene. 

The other alternative is that {-crystallin has been recruited 
from the alcohol/sorbitol dehydrogenase line. If so, the 
properties of the crystallin are noteworthy. Thus, the {- 
crystallin shows partly different similarities. The lacking 
segment and one set of unique residue identities suggest re- 
lationships with the tetrameric alcohol/ poly01 dehydrogenases, 
while overall residue identities and another set of positions 
suggest relationships with the dimeric enzymes. This mixed 
pattern appears to indicate the existence of both divergence 
and convergence in the evolution of {-crystallin: divergence 
from an original line and convergence toward the other(s), 
presumably because of structural requirements. Since the 
{-crystallin is hystricomorphic and guinea pig proteins may 
deviate to a considerable extent from those of other mam- 

Table 111: Residue Identities between {-Crystallin and the 
Dehydrogenases for the Central Part of the Dehydrogenase 
Coenzyme-Binding Domain and the Whole Domain in Relation to 
Overall Protein Identities” 

region residue identitv (%) 
dehydrogenase positions 190-222 34 (31-52) 
dehydrogenase coenzyme-binding domain 29 (19-29) 
whole protein chains 27 (19-27) 

“Values shown relate to the crystallin/human fll alcohol de- 
hydrogenase subunit similarity and, within parentheses, those for the 
comparison of crystallin and any of the dehydrogenases. 

dehydrogenases and the only segment where they have three 
consecutive residues strictly conserved (Jornvall et al., 1987c), 
is also largely exchanged in the crystallin structure (having 
only Gly-66 conserved; Figure 1). 

Strict Conservation, Coenzyme-Binding Fold. Despite the 
many exchanges between the crystallin and dehydrogenase 
structures (Table I), one segment is especially well conserved, 
the one corresponding to positions 190-222 in the de- 
hydrogenase structure (Figure l). This constitutes the center 
of the coenzyme-binding fold and encompasses central strands 
of the six-strand @-pleated sheet structure forming the back- 
bone of the coenzyme-binding domain of the dehydrogenases 
(Eklund et al., 1976; Eklund & BrandEn, 1987). The maxi- 
mally conserved strands are highlighted in Figures 1 and 2B. 
This 33-residue segment is far more conserved than the whole 
protein chain and has many alcohol dehydrogenase typical 
residues, covering the PA-aB-PB center of the coenzyme- 
binding fold [Figure 2B; cf. Eklund et al. (1976) and Eklund 
and BrandEn (1987)]. Consequently, the most characteristic 
dehydrogenase structure, constituting an evolutionarily old and 
heavily hydrogen-bonded structure (Rossman et al., 1978), is 
extensively conserved in the crystallin structure. Furthermore, 
this conservation is large (Table 111), independent of whether 
the crystallin is compared to one or the other of the four 
dehydrogenase lines, and is largest (3642%) toward the yeast 
enzyme, whereas overall residue similarities are most clearly 
visible toward the mammalian alcohol dehydrogenase (Table 
1). 
CONSEQUENCES OF THE RELATIONSHIPS 

The comparisons clearly show that mammalian {-crystallin 
and alcohol/polyol dehydrogenases are structurally related. 
The homology extends over the whole protein chains (Figure 
1); the most conserved residues are glycine residues (Table 
I), largely confined to bends in the tertiary structure (Figure 
2A). The single long segment lacking in the crystallin cor- 
responds to surface loops and is compatible with an otherwise 
largely unchanged chain fold through a polypeptide “shortcut” 
(Figure 2B). The absence of the structural zinc atom coincides 
with lack of this segment and the absence of the catalytic zinc 
atom with the lack of known enzyme activity. Finally, the most 
extensively conserved structure is represented by a central 
segment in one domain, corresponding to stable secondary 
structures with 0-strands (Figure 2B). Naturally, the overall 
strict agreements do not exclude further localized dissimilarities 
than those regarding the zinc atoms and the surface loop. 
Nevertheless, the overall agreement establishes the common 
origin through an ancestral gene duplication and places {- 
crystallin as a deviating member of the alcohol/polyol long- 
chain dehydrogenase superfamily (Jornvall et al., 1981, 1987~). 
The inclusion of the crystallin in this protein group has con- 
sequences for conclusions on both the crystallin structure and 
the dehydrogenase structures. 

Consequences for  the Crystallin Protein. The fact that 
{-crystallin is related to alcohol dehydrogenase strongly sup- 
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malian forms [cf. Persson et al. (1989) for another enzyme], 
it would be of interest to know the structures of guinea pig 
alcohol and sorbitol dehydrogenases. However, guinea pig 
alcohol dehydrogenase has been purified and its properties, 
including the presence of different enzyme classes, resemble 
those of other mammalian alcohol dehydrogenases (Keung & 
Fong, 1988). Consequently, guinea pig alcohol dehydrogenase 
has not evolved differently than other alcohol dehydrogenases 
and most likely does not constitute the novel hypothetical 
enzyme eluded to above. Thus, the two possibilities remain, 
both equally unexpected, demonstrating recruitment involving 
either an exceptionally large trimming of a parent alcohol/ 
sorbitol dehydrogenase structure or the existence of a hitherto 
uncharacterized liver enzyme with an unknown substrate. 

Consequences for Alcohol Dehydrogenase Relationships. 
Three levels of duplicatory events have been traced in the 
evolution of the zinc-containing long-chain alcohol de- 
hydrogenases (Jornvall et al., 1987b,c). At the first level, the 
alcohol dehydrogenase and poly01 dehydrogenase lines sepa- 
rated; these two types of structure now exhibit overall residue 
identities of only about 25% (Jornvall et al., 1987b). At the 
most recent level, the separate isozymes of mammalian alcohol 
dehydrogenases became apparent, presently exhibiting residue 
identities of more than 90%. The intermediate level is the one 
giving rise to the three classes of mammalian zinc-containing 
alcohol dehydrogenases. These three classes constitute the 
abundant, classical liver-type (class I) enzyme and the separate 
alcohol dehydrogenases of classes I1 and 111, which differ in 
structure, substrate specificity, and organ distribution (Vallee 
& Bazzone, 1983; Jornvall et al., 1987b,c). Species variations 
within the classes suggest that class I11 is highly constant in 
structure, whereas class I exhibits a variation about 3-fold more 
divergent (Kaiser et al., 1989). Furthermore, the three classes 
differ at the active site, the area for subunit interactions, and 
in the segment around the second zinc atom, suggesting that 
they constitute separate enzymes rather than simple isozymes 
(Jornvall et al., 198713). Noticeably, the same types of vari- 
ation, Le., variations affecting areas of subunit interactions 
and the loop around the second zinc atom, are exactly those 
now found to affect the crystallin structure in relation to those 
of the alcohol dehydrogenases. Thus, the crystallin shows that 
the interclass dehydrogenase variability is not an isolated 
phenomenon for just the alcohol dehydrogenases, but affects 
similarly other members of this protein superfamily. 

Furthermore, the crystallin relationship can illustrate the 
origin of the separate classes. This question is important, 
because the three classes differ in substrate specificity (Vallee 
& Bazzone, 1983) and neither class has a clearly defined, 
known metabolic role. It is now apparent that the crystallin 
relationship starts to show a distinction between class I1 and 
the other classes of alcohol dehydrogenase (23% residue 
identity toward class I1 versus 26-27% toward class I and 
25-26% toward class 111). Thus, class I1 appears to be the 
class least similar to crystallin. It is the only class for which 
species variations have thus far not been characterized and 
for which the extent of divergence is therefore unknown. In 
contrast, classes I and 111 (Kaiser et al., 1989) reveal different 
extents of changes and separate properties. Separate properties 
are now also extended to class 11, showing its relation to 
crystallin not to resemble those of either of the other two 
classes. 

Finally, the successive changes in metal content within the 
alcohol dehydrogenase/polyol dehydrogenase/crystallin family 
are noteworthy. Thus, the corresponding subunits exhibit two 
zinc atoms, one zinc atom, and zero zinc atoms, respectively, 
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as judged from previous analyses of the dehydrogenases 
(Jeffery et al., 1984) and the present comparisons for the 
crystallin. The successive differences in metal content were 
noteworthy already when only the alcohol and poly01 de- 
hydrogenases were characterized, but are now even more 
apparent, showing a lineage of related proteins with three 
different stages regarding metal content. 

CONCLUSIONS 
The following properties are of particular interest for con- 

clusions on protein structures in general. 
(1) The relationships add the “long-chain” zinc-containing 

dehydrogenase family to the group of protein families that 
contain highly divergent members involving both enzymes and 
other proteins. The early cases of lysozyme/cr-lactalbumin 
(Hill & Brew, 1975) and serine proteases/haptoglobin (Ku- 
rosky et al., 1974), together with recent additions of, for ex- 
ample, lipases/vitellogenins (Bownes et al., 1988; Persson et 
al., 1989) and enzymes/crystallins (Wistow & Piatigorsky, 
1987), with the present case in particular, show that many 
protein families are large with wide relationships across con- 
ventional borders. Apparently, protein structures exhibit 
limited variability. The crystallin member now detailed of the 
“long-chain, zinc-containing dehydrogenase” family has neither 
the zinc ligands (hence not the zinc) nor the same substrates 
if at all any enzyme activity. Successive variations in me- 
talloprotein metal content are well illustrated by alcohol de- 
hydrogenase/sorbitol dehydrogenase/ {-crystallin. The lack 
of known enzyme activity can be ascribed to the absence of 
single residues (here active-site zinc ligands) in the same 
manner as for the loss of Glu-35 in lysozyme, Ser-195 in 
chymotrypsin, and a putative functional serine in lipases re- 
garding the other examples of enzymes/nonenzymes mentioned 
above. Thus, small protein changes can have large effects on 
important properties at the same time as extreme divergence 
does apparently not alter basic folds. 

(2) The most conserved segments are central regions of an 
evolutionarily old domain, particularly involving glycine res- 
idues at critical positions, as shown early for cytochrome c 
(Smith & Margoliash, 1964) and known within the alco- 
hol/polyol dehydrogenases themselves (Jornvall et al., 1984). 
Apparently, such structures are stable, making them suitable 
also for recruitments as structural proteins. 

(3) Natural protein trimming occurs and suggests the re- 
moval (if .(-crystallin is derived from alcohol dehydrogenase) 
or nonacquirement (if derived from a novel, hitherto unknown 
protein already having these characteristics) of unstable parts, 
such as oxidation-sensitive cysteine residues, superficial seg- 
ments, and loops nonstabilized by elements of secondary 
structure. Obviously, observations on the naturally occurring 
variants complement those possible to obtain from directed 
mutagenesis. Native variability exhibits successive changes, 
and as presently shown, extensive differences between enzymes 
and structural proteins can be correlated with particular 
residues or segments in critical regions. Combined, observa- 
tions on both natural variants and directed mutants facilitate 
delineation of basic folds. Regarding differences in metal 
content, quaternary structure, and biological activity, the 
crystallin/alcohol dehydrogenase/polyol dehydrogenase protein 
family illustrates exceptionally well several types of relation- 
ship, emphasizing stability and multiplicity. 

ADDED IN PROOF 
A report has recently appeared, extending the family of 

long-chain zinc-containing dehydrogenases to include also 
prokaryotic threonine dehydrogenase (Aronson et al., 1989). 
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One further line can therefore be added to Figure 1 and Table 
I, and the family can now be summarized as alcohol/po- 
lyol/threonine dehydrogenases/{-crystallin. 
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