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ABSTRACT: Short-chain dehydrogenasesheductases (SDR) constitute a large protein family. Presently, at 
least 57 characterized, highly different enzymes belong to this family and typically exhibit residue identities 
only at the 15-30% level, indicating early duplicatory origins and extensive divergence. In addition, 
another family of 22 enzymes with extended protein chains exhibits part-chain SDR relationships and 
represents enzymes of no less than three EC classes. Furthermore, subforms and species variants are 
known of both families. In the combined SDR superfamily, only one residue is strictly conserved and 
ascribed a crucial enzymatic function (Tyr 151 in the numbering system of human NAD+-linked 
prostaglandin dehydrogenase). Such a function for this Tyr residue in SDR enzymes in general is supported 
also by chemical modifications, site-directed mutagenesis, and an active site position in those tertiary 
structures that have been characterized. A lysine residue four residues downstream is also largely conserved. 
A model for catalysis is available on the basis of these two residues. Binding of the coenzyme, NAD(H) 
or NADP(H), is in the N-terminal part of the molecules, where a common GlyXXXGlyXGly pattern 
occurs. Two SDR enzymes established by X-ray crystallography show a one-domain subunit with seven 
to eight B-strands. Conformational patterns are highly similar, except for variations in the C-terminal 
parts. Additional structures occur in the family with extended chains. Some of the SDR molecules are 
known under more than one name, and one of the enzymes has been shown to be susceptible to native, 
chemical modification, producing reduced Schiff base adducts with pyruvate and other metabolic keto 
derivatives. Most SDR enzymes are dimers and tetramers. In those analyzed, the area of major subunit 
contacts involves two long a-helices (aE, aF) in similar and apparently strong subunit interactions. Future 
possibilities include verification of the proposed reaction mechanism and tracing of additional relationships, 
perhaps also with other protein families. Short-chain dehydrogenases illustrate the value of comparisons 
and diversified research in generating unexpected discoveries. 

Knowledge about short-chain dehydrogenases has in- 
creased during the last few years from just limited findings 
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concerning the properties of a few dehydrogenases to a 
substantial body of structural information and characterized 
relationships. The first enzymes of this type were analyzed 
already in the ~ O ’ S ,  giving first partial and later complete 
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FIGURE 1 : Multiple sequence alignment of mammalian short-chain dehydrogenases/reductases (SDR). Left columns contain accession 
codes as listed in Table 1. A complete alignment of all 57 highly different SDR enzymes is available in the supplementary material. The 
abbreviated form given here includes, in addition to the mammalian forms, Streptomyces 3cl/20p-hydroxysteroid dehydrogenase (top) and 
Drosophila alcohol dehydrogenase (bottom). Black indicates '90% conservation, white against dark blue 70-90%, white against medium 
blue 50-70%, and black against light blue 30-50%. Positions for the 3d20p-hydroxysteroid dehydrogenase are given above the top 
sequence line; positional numbers for the other sequences are given to the right. Secondary structure elements are shown (top line for 
3a/20/?-hydroxysteroid dehydrogenase; bottom line for dihydropteridine reductase) above the alignment segments, with thick bars for a-helices 
and zigzag lines for /?-sheets, as obtained with the program ICM (Abagyan et al., 1994) utilizing the outline function based upon 
crystallographic analyses. Gaps apparent in all 13 structures are explained by the complete alignment when all 57 structures are included. 
The figure was created using the program PRALIN. 

primary structures of prokaryotic ribitol dehydrogenase 
(Moore et al., 1974; Dothie et al., 1985) and Drosophila 
alcohol dehydrogenase (Schwartz & Jomvall, 1976; Thatcher, 
1980). The proteins were then not recognized as a family, 
but the alcohol dehydrogenase was found to differ from the 
well-known alcohol dehydrogenases of liver and yeast, and 
the concept of a family of short-chain dehydrogenases was 
established when a distinctive pattern with the two alcohol 
dehydrogenase types was found to apply also to other 
dehydrogenases (Jornvall et al., 1981). Early data suggested 
that the coenzyme-binding site was situated in the N-terminal 
part of the molecules (Thatcher & Sawyer, 1980), that 
mechanisms were unrelated to those of other dehydrogenases 
known at that time (Schwartz & Jornvall, 1976; Thatcher 
1980), and that a TyrXXXLys segment was of special 
functional importance, constituting the most conserved 
segment (Jornvall et al., 1981). The short-chain dehydro- 
genase family then received little further attention for about 
a decade. Glucose dehydrogenase was added (Jornvall et 
ai., 1984), but the family was often considered special, 
consisting of prokaryotic dehydrogenases and insect alcohol 
dehydrogenase. 

The field was greatly activated when mammalian enzymes 
of central interest, NAD+-linked 15-hydroxyprostaglandin 
dehydrogenase (Krook et al., 1990) and l7p-hydroxysteroid 
dehydrogenase (Peltoketo et al., 1988), were shown also to 
be typical short-chain dehydrogenases (Krook et al., 1990). 
These two enzymes considerably extended the family in 
activity type and occurrence, again emphasizing the conser- 
vation and importance of the TyrXXXLys structure. One 
year later, 20 members were known (Persson et al., 1991) 
and utilized for functional conclusions and comparisons 
(Baker, 1990; Tannin et al., 1991; Baron et al., 1991; 
Krozowski, 1992; Neidle et al., 1992; Chen et al., 1993). 
Now, in 1994, we know 60-odd different enzymes of 
this type. In addition, species and allelic variants, espe- 
cially of the Drosophila alcohol dehydrogenase (Villarroya 
et al., 1989; Atrian et al., 1992), increase the number 
further. 

Tertiary structures have been determined by crystal- 
lographic analyses of 3d20/?-hydroxysteroid dehydrogenase 
(Ghosh et al., 1991, 1994) and dihydropteridine reductase 
(Varughese et al., 1992). Furthermore, prostaglandin dehy- 
drogenases have been modeled (Krook et al., 1993a,b) into 
the steroid dehydrogenase structure. Knowledge of active 
sites and catalytic mechanisms has also increased. Com- 
parisons constantly highlight the TyrXXXLys pattern, clon- 
ing and mutagenesis confirm the importance of this pattern 
(Ensor & Tai, 1991; Obeid & White, 1992; Albalat et al., 
1992, 1994; Cols et al., 1993; Chen et al., 1993), and a 
catalytic mechanism based on these residues has been 
proposed (McKinley-McKee et al., 1991; Ghosh et al., 1994). 
In short, the family is well established, with a suggested 

role of specific residues, with a known one-domain ter- 
tiary structure, and with a widespread occurrence. On the 
basis of this knowledge, prospects of finding further char- 
acteristics and functional properties appear great. In par- 
ticular, relationships to other proteins would lead to a new 
understanding of conformational relationships and family 
connections. 

THE SDR FAMILY 

Data searches reveal that 57 characterized, highly different 
members exist within the short-chain dehydrogenase/reduc- 
tase family (abbreviated form, Figure 1; complete form in 
the supplementary material, Figure 7; Table 1). They have 
a residue identity level of 15-30%, indicating distant 
duplications and early divergence (Figure 2). Only one 
residue is strictly conserved, the above-mentioned Tyr residue 
(Tyr 152 in the numbering system of the 3d20p-hydroxy- 
steroid dehydrogenase used throughout this treatise unless 
otherwise stated, corresponding to Tyr 15 1 of human NAD+- 
linked prostaglandin dehydrogenase), confirming the funda- 
mental importance of this residue. Lys 156 is almost as 
conserved. Also, a GlyXXXGlyXGly segment characteristic 
of the coenzyme binding fold in dehydrogenases in general 
(Rossmann et al., 1975; Wierenga et al., 1985) is largely 
constant, as is a coenzyme-interacting Asp residue that 
regulates the specificity for NAD' or NADP+ by giving 
constraints on coenzyme binding (Scrutton et al., 1990; 
Bocanegra et al., 1993) in this (Chen et al., 1991) and other 
families of dehydrogenases (Rossmann et al., 1975). 

Conservation of the critical residues suggests that the short- 
chain dehydrogenases are functionally related, while remain- 
ing overall residue identities suggest that they are also 
structurally related. Nevertheless, the spread in enzyme 
activity, turnover, direction of reaction, structure, subunit 
size, tissue distribution, and species origin should be noted. 
The recognition of the family assignment helps identify 
functional roles. Several of the structures have not been 
isolated at the protein level but have been detected just as 
open reading frames from nucleotide sequence analyses, 
where the products can now be ascribed oxidoreductase 
functions. 

CONFORMATION 

Two of the structures in Figure 1 have been crystallo- 
graphically analyzed, 3d20j3-hydroxysteroid dehydrogenase 
(Ghosh et al., 1991, 1994) and dihydropteridine reductase 
(Varughese et al., 1992). Both constitute one-domain 
structures (Figure 3) with a seven (the steroid dehydrogenase) 
or eight (the pteridine reductase) strand pattern in d B  
arrangements, typical of the coenzyme-binding fold of 
dehydrogenases in general (Rossmann et al., 1975). Such a 
one-domain structure constitutes a clear difference from the 
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Table 1: Characterized Proteins Aligned into the Family of Short-Chain DehydrogenasesReductases in Figure 1" 

Code Enzyme Source Code Enzyme Source 

2bhd-Strex 20-P-Hydroxysteroid DH Streptomyces Enta-Ecoli 

Dhpr-Rat Dihydropteridine red Rat Fix-Braja 

Pgdh-Human 15-Hydroxyprostaglandin DH (NAD') Human Ap27-Mouse 

Dhca-Human Carbonyl red (NADPH) H u "  Dhma-Flasl 

Pcr-How Protochlorophyllide red Hordeum 3adh-Psesp 

HmW-Leima Aldoketo red Leishmania Ba74-Eubsp 

3 bhd-Comte 

Ts2-Maize 

Masl-Agrra 

Dhii-Rat 

Bdh-Rat 

Dhes2-Hum 

25kd-Sarpe 

P6-Drome 

Adh-Drome 

Bnze-Psepu 

Bphb-Pseps 

Budc-Klete 

Gutd-Ecoli 

Bend-Acica 

Xyll-Psepu 

Fox2-Yeast 

Hde-Cantr 

Yinl-Lismo 

Yrtp-Bacsu 

Dhes3-Hum 

Ligd-Psepa 

Ridh Kleae 

3 - P-Hydroxy steroid DH 

Sex determination gene product TS2 

Agropine synthesis red 

Corticosteroid 1 1-P-DH 

D-P-Hydroxybutyrate DH 

Estradiol 17 P-DH type 2 

Development-specific 25 kd protein 

Fat body protein P6 

Alcohol DH 

cis-l,2-Dihydrobenzene- 1 ,2-diol DH 

Biphenyl-cis-diol DH 

Acetoin DH 

Sorbitol-6-phosphate 2-DH 

cis- 1,2-Dihydroxy-3,4-C-l-C DH 

cis-1,2-Dihydroxy-3,4-C- l-C DH 

H ydratase-DH-epimerase 

H ydratase-DH-epimerase 

Hyp 26.8 kD prot in inlA S'reg 

Hyp 25.3 kD prot in rtp 5'reg 

Estradiol 17 P-DH type 3 

Ca-DH, gene ligD 

Ribitol 2-DH 

Comamonas 

Maize 

Agrobacterium 

Rat 

Rat 

Human 

Sarcophaga 

Drosophila 

Drosophila 

Pseudomonas 

Pseudomonas 

Klebsiella 

Escherichia 

Acinetobacter 

Pseudomonas 

Saccharomyces 

Candida 

Listeria 

Bacillus 

Human 

Pseudomonas 

Klebsiella 

Hdha-Ecoli 

DhgbBacme 

Ba72-Eubsp 

Act3-Strco 

Tr 1-Dastr 

Tr2-Dastr 

P29x-Dastr 

Verl-Asppa 

Nodg-Azobr 

Phbb-Alceu 

Phbb-Zoom 

Nodg-Rhime 

Ardh-Cantr 

Scdh-Picab 

Fabg-Cupla 

Fabg-Ecoli 

Ke6-Mouse 

Dhk2-Strvn 

Dhes-Human 

Spre-Human 

Y ura-M yxxa 

2,3-Dihydro-2,3-DB DH 

FixR protein 

Adipocyte p27 protein 

N-Acylmannosamine 1-DH 

3-a-Hydroxysteroid DH 

7-a-Hydroxysteroid DH 

7-a-Hydroxysteroid DH 

Glucose 1-DH 

7-a-Hydroxysteroid DH 

Putative ketoacyl red 

Troponine red I 

Troponine red I1 

Troponine red homologue 

ver- 1 gene product 

Nodulation protein G. 

Acetoacetyl-CoA red 

Acetoacetyl-CoA red 

Nodulation protein G 

Arabinitol DH 

Short-chain DH 

3-Oxoacyl-ACP red 

3-Oxoacyl-ACP red 

Ke 6 protein 

GPK putative ketoacyl red 2 

Estradiol 17 P-DH 

Sepiapterin red 

Hyp prot in uraA 5'region 

Escherichia 

Bradyrhizobium 

Mouse 

Flavobacterium 

Pseudomonas 

Eubacterium 

Escherichia 

Bacillus 

Eubacterium 

Streptomyces 

Datura 

Datura 

Datura 

Aspergillus 

Azospirillum 

Alcaligenes 

Zoogloea 

Rhizobium 

Candida 

Picea 

Cuphea 

Escherichia 

Mouse 

Streptomyces 

Human 

H U "  

Myxococcus 

Identification codes refer to the Swissprot database (Bairoch & Boeckmann, 1993) and its original references, except for the structures not yet 
in the database, for which references are given in the supplementary material, where EC numbers and data on taxonomic classification, quaternary 
structure, and coenzyme utilization are also listed. Abbreviations: ACP, acyl-canier protein; C-1-C, cyclohexadiene- l-carboxylate; DB, 
dihydroxybenzoate; DH, dehydrogenase; GPK, granaticin polyketide synthase; hyp, hypothetical; prot, protein; red, reductase; reg, region. 

two-domain structures of the well-studied mammalian alco- 
hol, lactate, malate, and glyceraldehyde 3-phosphate dehy- 
drogenases (Rossmann et al., 1975), which also have the 
coenzyme-binding structure ("the Rossmann fold"), but in 
one of two domains in different relative order. The 
coenzymes were initially considered to be differently bound 
between the characterized short-chain dehydrogenases and 
the two-domain dehydrogenases but are now known to be 
similarly bound deep in the catalytic cavity of both protein 
types [cf. Ghosh et al. (1994)l. 

The large size of the domain in the short-chain dehydro- 
genases is in part explained by three long strands @D, /3E, 
and BF) and two long helices (aE and aF). In the structures 
determined, helices aE and aF are conserved, constituting 
a subunit interacting area, giving strong dimer interactions 
in both the steroid dehydrogenase (tetramer) and dihydro- 

pteridine reductase (dimer). This surface corresponds to the 
interactions involving the areas symmetry-related by the 
crystallographic Q axis. Similarly, these helices are con- 
served in the two additional structures known from model 
building, NAD+-linked prostaglandin dehydrogenase 
(Krook et al., 1993a) and NADP+-linked prostaglandin 
dehydrogenase, or carbonyl reductase (Krook, et al., 
1993b), but only the former is a dimer, while the latter is a 
monomer. 

The two available crystal structures of typical short-chain 
dehydrogenases have similar folds for most regions but 
initially gave some different assignments, especially in the 
C-terminal parts and in coenzyme binding. On the basis of 
further data of the hydroxysteroid dehydrogenase (Ghosh et 
al., 1994), the overall subunit conformations and properties 
are now known to be quite similar, with localized differences 
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FIGURE 2: Phylogenetic tree drawn in the form of a star to emphasize the early and fairly uniformly distant duplications giving rise to the 
forms corresponding to the structures in Figure 7 (protein designations as in Table 1). The tree is calculated with the program ClustalW 
(Thompson et al., 1994), with branch lengths proportional to mutational distances (horizontal bar gives the length representing mutations 
of 10% of the positions). 

largely in the C-terminal parts (Figure 4). The similarity 
between these two three-dimensional structures is impressive 
in view of the fact that the residue identity amounts to only 
15%. 

CONSERVED RESIDUES 

In the alignment of 57 short-chain dehydrogenases/ 
reductases, only eight residues are conserved in more than 
90% of the structures (black in Figure 1). They are the 

glycine residues involved in coenzyme binding (Gly 13, 17, 
and 19), the above-mentioned functionally important resi- 
dues (Tyr 152 and Lys 156), and three further residues (Gly 
132, Ser 139, and Pro 182). Significantly, half of the 
conserved residues are glycines, which is typical of distantly 
related proteins with a conserved fold [cf. Borrfis et al. 
(1989)1* 

Considering also the residues conserved down to the 70% 
level (dark blue in Figure 1), we get sequence motifs or 
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FIGURE 3: Stereoview of 3d20P-hydroxysteroid dehydrogenase with conserved residues marked: (A, top) entire subunit; (B, bottom) 
close-up view of active site. Positions with a residue present in more than half of the structures of the multiple alignment (Figure 1) are 
marked with colors as in Figure 1. The figure was created using the program Insight11 (Biosym). Most of the residues conserved (colored) 
are found around the active site, in the area of subunit contacts (top), and in the P-sheet. Coordinates from Ghosh et al. (1994). 

FIGURE 4: Superposition of the two presently available three-dimensional structures of short-chain dehydrogenases, 3d20P-hydroxysteroid 
dehydrogenase [blue, from Ghosh et al. (1994)l and dihydropteridine reductase [red, from Varughese et al. (1992)], three-dimensionally 
aligned using the program MIDAS (Ferrin et al., 1988). The alignment is centered around segment 82-90 in the steroid dehydrogenase. 
A high similarity in the three-dimensional structure is clearly visible although the pairwise residue identity amounts to only 15%. 

“fingerprints” typical of this enzyme family. They can be 
utilized in searching databases in order to find further family 
members. Still, glycine is the most common residue type 
conserved. Inclusion of residues conserved down to the 50% 
level (medium blue in Figure 1) increases the proportion of 
the hydrophobic residues Ile, Leu, Val, and Ala, indicating 
that a hydrophobic core of the fold is conserved throughout 
the family. 

THREE-DIMENSIONAL POSITIONS OF THE 
CONSERVED RESIDUES 

The positions of the conserved residues in relation to the 
fold of 3d20P-hydroxysteroid dehydrogenase are shown in 
Figure 3, color-coded in the same manner as in Figure 1. 
The conserved Tyr 152 and Lys 156 residues, as well as the 
largely conserved Gly pattern and the coenzyme-binding site 

the crystallographic analysis of the steroid 
, are outlined. Exact positions of substrates 

tations of the relationships suggest 
a substrate binding and a catalytic site that affect Tyr 

with the sequence patterns and 
conservations. Also, Ser 139 and the segment Asn-Asn-Ala- 
Gly, positions 86-89, seem to be of interest (Figure 3B) 
regarding the active site and the coenzyme binding. Crystal- 
lographic analyses of the hydroxysteroid dehydrogenase 
suggest that Ser 139, as well as Thr 12, Arg 16, and Asn 87 
(Ghosh et al., 1994), has enzymatic or binding functions (cf. 
below). 

A cautious note should be added that active sites and 
mechanisms need not be identical for all short-chain dehy- 
drogenases, considering the enormous spread of substrate 
specificity of the 57 enzymes characterized. The family may 
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Table 2: Mutants and Natural Variants Reported for Short-Chain Dehydrogenases“ 
enzyme and enzyme and 

position mutated to effect position mutated to effect 
ADH Tyr 152 Gln inactive 

Asn 8 Ala active (ADHuF) CYS 0.25% 
168% Lys 156 Ile inactive 

2.2% 
inactive 

Gly 14 Val 

Ala 69% Ala 167 Val inactive 
Asn inactive Pro 182 Arg inactive 

Asp 38 Asn active Gly 184 Leu inactive 
Leu inactive Thr 185 Ile inactive 
Arg inactive Lys 192 Thr active (ADHF) 

Ala 45 ASP active (ADHuF) Ser 195 Phe inactive 
Ala 51 Glu active (ADH;) Pro 214 Ser increased thermostability 
Asn 56 Thr 133% (AD H c m ) 
Thr 104 Ile inactive Gly 232 Glu active (ADHD) 
Gly 130/Gly 132 CysAle inactive Trp 235 Arg inactive 
Gly 132 Val inactive PGDH 

ASP inactive Tyr 151 SD inactive 
Cys 135 Ala 117% HSDH 
Cys 135lCys 218 AldAla 145% Asp 110 SD decreased 
Tyr 152 Phe inactive Tyr 179 Phe 

virtually inactive -4% 
Ala 13 GlY 

Ser 165 Phe 

inactive 
His inactive Ser inactive 
Glu inactive Lys 183 Arg inactive 

a Abbreviations: ADH, alcohol dehydrogenase from D. melanogaster and D .  lebanonensis; PGDH, NAD+-linked 15-hydroxyprostaglandin 
dehydrogenase; HSDH, 1 ID-hydroxysteroid dehydrogenase. In the column “effect”, values relate to the activity versus the wild-type activity. 
Positional numbers refer to the actual number in the enzyme quoted and not to that in 3a/20/3-hydroxysteroid dehydrogenase as elsewhere in the 
text. Tyr 152 in Drosophila ADH corresponds to Tyr 151 in PGDH and Tyr 179 in HSDH (cf. Figure 1). The method of mutagenesis and 
references are given in the supplementary material. 

have diverged into distinct sublines, having separate active 
site relationships and catalytic mechanisms. This would at 
this stage prevent further correlations. Nevertheless, such 
differences need not be postulated now, and if anything, the 
extreme conservation of a tyrosine residue suggests con- 
served functional influences. 

The Gly pattern, with conserved GlyXXXGlyXGly, is 
largely identical in the short-chain dehydrogenases and the 
medium-chain, two-domain, liver alcohol, glyceraldehyde, 
and lactate dehydrogenases, highlighting an importance of 
strict space relationships and little free space in the coen- 
zyme/enzyme interactions. However, slightly different 
spacings do occur [cf. Jomvall et al. (1984)l. Furthermore, 
the sequence pattern is present also in other nucleotide- 
binding dehydrogenaseskinases, allowing recognition of 
binding sites in many cases (Wierenga et al., 1985; Bocanegra 
et al., 1993). 

SITE-DIRECTED MUTAGENESIS 

DNA and cDNA data are available for nearly all of the 
short-chain dehydrogenases in Table 1, and many are also 
available as recombinant forms in expression systems ready 
for study by site-directed mutagenesis. Special predictions 
from the tertiary structures, and from comparisons of the 
native molecules, have constituted primary goals for testing 
by mutagenesis (Table 2). It is therefore no surprise that 
early reports on site-directed mutagenesis have involved the 
Gly pattern (Chen et al., 1990; Albalat et al., 1994) or the 
critical Tyr and Lys residues in llg-hydroxysteroid dehy- 
drogenase (Obeid & White, 1992) and Drosophila alcohol 
dehydrogenase (Albalat et al., 1992; Cols et al., 1993; Chen 
et al., 1993). In addition, the two Cys residues of Drosophila 
alcohol dehydrogenase have been studied (Chen et al., 1990) 
by mutagenetic exchanges, since all the alcohol dehydroge- 
nases of the liver family type are Cys-rich with crucial Cys 

functions. In all the short-chain dehydrogenases studied, 
results of the site-directed mutagenesis fully confirm and 
extend the conclusions from crystallography and comparisons 
of native forms. Thus, recombinant proteins with the Gly 
pattern removed have virtually no activity (Chen et al., 1990), 
those with the complete Gly pattern restored lead to an 
increase of activity (Albalat et al., 1994), and those with the 
Tyr or Lys residues removed are inactive (Cols et al., 1993; 
Chen et al., 1993) except for special replacements (Y152C 
and K156R) which show some fractional activity (Chen et 
al., 1993). Direct chemical modifications also support a role 
of the Tyr residue (Krook et al., 1992), while mutagenetic 
exchanges of the Cys residues do not give inactive enzymes 
(Chen et al., 1990). Chemical mutagenesis (Schwartz & 
Jornvall, 1976; Thatcher, 1980; Fossett et al., 1990; Mah- 
moud et al., 1991) has also been used and gives conclusions 
on roles of additional residues (Table 2). 

It is to be expected that further site-directed mutagenesis 
will allow rapid progress along two additional lines. One is 
to establish whether there is uniformity among the short- 
chain dehydrogenases, ie., whether functionally important 
residues are the same in most or all of the enzymes, as 
presently appears to be the case, or whether sublines and 
further subdivisions occur. The other is to establish further 
distinctions of crucial segments. Since few residues are 
strictly conserved, the similar structures appear to be sta- 
bilized more by conservation of properties and approximate 
positions than by conservation of exact positions. Alterna- 
tively, the presence of just a few strictly conserved resi- 
dues might indicate that sublines and differences occur to a 
larger extent than hitherto recognized. These questions can 
be studied by analyses of additional, native forms but will 
also be amenable to analysis by mutagenesis. Suitable 
candidates for exchanges are those marked as conserved at 
the 70% and 90% levels in Figures 1 and 3 but still not 
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mutated (Table 2) and all those lining the active site (Fig- 
ure 3B). 

CATALYTIC MECHANISM 

A mechanism based on the observed conformations, native 
structures, and residue conservations would require a role 
for Tyr 152 and Lys 156. Such a role has been suggested 
(Jomvall et al., 1981; Krook et al., 1990), and a mechanism 
with the Tyr in ionized form, stabilized via the side chain of 
Lys 156, giving a nucleophilic attack on the substrate, is 
likely (McKinley-McKee et al., 1991; Ghosh et al., 1991, 
1994; Whiteley et al., 1993; Figure 5 ) .  However, other 
potentially important residues have also been pointed out, 
and the crystallographic study of the steroid dehydrogenase 
highlights the positions of Thr 12, Arg 16, and Asn 87 
(Ghosh et al., 1991, 1994). Thus, the mechanism centers 
around a few residues which can now be studied further. 

The TyrLys mechanism would constitute an explanation 
of the strict conservation and appears compatible with many 
known data. However, considering that the proteins have 
widely different functions, dehydrogenases as well as re- 
ductases, the latter of both CO and CC double bonds, such 
a uniform mechanism might not have been anticipated. 
Notably, in the medium-chain alcohol dehydrogenases/ 
reductases (MDR), relationships around the catalytic zinc 
atom, and even the catalytic zinc atom itself, are not at all 
conserved (Borriis et al., 1989; Persson et al., 1993). Thus, 
the possibility of a uniform SDR mechanism, as well as of 
a common Tyr function, should be further scrutinized. 

CHEMICAL MODIFICATIONS 

During the analyses of one of the short-chain dehydroge- 
nases, a novel type of native, chemical modification in 
proteins was established. Several forms of the carbonyl 
reductase, identical to NADP+-linked prostaglandin dehy- 
drogenase, differ by modification of a single lysine residue, 
at position 238 of that enzyme (Krook et al., 1993b; Forrest 
et al., 1990), where a Lys residue can be reductively alkylated 

by biogenic ketones, ranging from pyruvate (Krook et al., 
1993b) to oxaloacetate and a-ketoglutarate (Wermuth et al., 
1993). The reductive step appears to be carried through by 
an autocatalytic mechanism, and it is probably significant 
that carbonyl reductase, the protein for which this new type 
of modification was detected, has carbonyl compounds as 
substrates and reduction as its chemical reaction. Hence, 
although of general interest because of the frequent presence 
of Lys residues in proteins and of a-keto derivatives in cells, 
occurrence of this type of chemical modification may be 
limited. Lys 238 has a position separated from but close to 
the active site (Figure 3A). The different forms appear to 
have similar enzyme activity (Krook et al., 1993b; Wermuth 
et al., 1993). The residue obtained with the reduced pyruvate 
adduct is N-(carboxyethy1)lysine. 

EXTENDED SDR FAMILY 
Another family of steroid dehydrogenases, including 38- 

hydroxy-5-ene steroid dehydrogenase and UDP-glucose 
4-epimerase, has been described (Baker & Blasco, 1992; 
Labesse et al., 1994). It now consists of 22 proteins and is 
distantly related to the SDR family. This was detected 
already in a previous multiple alignment study (Persson et 
al., 1991) and received additional support from a three- 
dimensional structural alignment of the epimerase and two 
members of the SDR family (Holm et al., 1994). The 
a-helices and /3-sheets of these three enzymes are similarly 
positioned for the N-terminal 180-odd residues (Figure 6). 
Beyond position 180 in the UDP-glucose 4-epimerase, 
however, there are no similarities between this enzyme and 
the steroid dehydrogenase or dihydropteridine reductase. This 
position is at the domain border of the UDP-glucose 
4-epimerase (Bauer et al., 1992). Therefore, the SDR family 
and the epimerase family appear to have a building block of 
180 amino acid residues in common. Tyr 149 and Lys 153 
of the epimerase, corresponding to Tyr 152 and Lys 156 of 
the 3d20P-hydroxysteroid dehydrogenase, are also located 
at the binding pocket (Bauer et al., 1992). It seems likely 
that the SDR and epimerase enzyme families have similar 
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catalytic mechanisms. The extended SDR family then 
represents a remarkable spread of enzyme reactions, covering 
EC numbers from three different enzyme classes, i.e., 
oxidoreductases (dehydrogenases and reductases, EC l), 
lyases (dehydratases, EC 4.2), and isomerases (epimerases, 
EC 5.1, and isomerases, EC 5.3). 

HYPOTHESIS: INTERFAMILY EXTENSIONS 

The tertiary structure of enzymes is the structural level 
most conserved. It often implies family relationships even 
at stages when divergence has removed similarities in the 
primary structures, as demonstrated within the field of 
dehydrogenases by the nucleotide-binding fold [cf. Rossmann 
et al. (19731 which exhibits few sequence similarities outside 
the Gly pattem mentioned above. In fact, very few examples 
are known of greatly altered tertiary structures that derive 
from similar origin, although influenza hemagglutinin 
(Bullough et al., 1994) and small peptides [cf. Jorgensen et 
al. (1991)l may constitute such examples, in revealing major 
conformational changes of even unaltered primary structures 
upon pH changes, membrane fusion, or binding interactions. 
Overall, it appears that conserved tertiary structures indicate 
common origins, while different tertiary structures often 
suggest separate origins. 

However, it is known that single point mutations can 
destabilize protein structures, as when zinc ligands are 
removed in a dehydrogenase with structural zinc (Jelokovfi 
et al., 1994), critical residues are altered in the hemoglo- 
binopathies well-known for a long time [cf. Perutz and 
Lehmann (1968)], or aggregational properties are altered with 
amyloid-forming proteins (McCutchen et al., 1993). If there 
has been a general divergence with successively arising new 
functions, many present-day structures now having different 
folds and functions should have related origins. In this 
regard, short-chain dehydrogenases/reductases are of special 
interest. They have a minimally part-chain relationship 
(Rossmann et al., 1975) to the medium-chain dehydrogenases 
[cf. Jomvall et al. (1981)], the SDR enzyme dihydropteridine 
reductase appears to share structural features with enzymes 
of other families (Whiteley et al., 1993), and the extended 
SDR family involves enzyme types of several different EC 
classes, oxidoreductases, lyases, and isomerases. Further- 
more, several SDR enzymes exhibit superficial coincidences 
with other reductases in metabolism. One such reductase 
with a completely different conformation is aldose reductase. 

It has an eight-folded B-pleated sheet barrel structure with 
coenzyme binding (Wilson et al., 1992; Borhani et al., 1992; 
Rondeau et al., 1992) different from that of both the short- 
chain dehydrogenases now outlined and the well-known 
medium-chain (MDR; Persson et al., 1994) enzymes of 
mammalian dehydrogenases (Rossmann et al., 1975). Nev- 
ertheless, aldose reductase has a size similar to that of the 
short-chain dehydrogenases, has eight B-strands, largely 
parallel arrangements of these, and belongs to another large 
family (Bruce et al., 1994) which catalyzes reactions simi- 
lar to those of the short-chain dehydrogenases. It would 
be interesting to consider whether the multiple-strand 
nature, constituting an apparent coincidence between the 
SDR dihydropteridine reductase and the aldo-keto reduc- 
tase family (both eight strands), could reflect a basic pattem 
in common, but now concealed by yielding two separate 
lines, with different assembly of the strands into a barrel 
(the aldo-keto reductases) or an extended Rossmann fold 
(SDR). 

The answer is unknown, and the example may be far- 
fetched or constitute a wrong case but raises further interest 
in both SDR/MDR enzymes and a@ proteins in general. In 
part, this almost brings us back in time to when patterns 
were looked for in dehydrogenases, by attempts at lumping 
Cys reactivities (Harris, 1964; Holbrook et al., 1967) or 
different domains of the two-domain dehydrogenases (Jom- 
vall, 1977) into common origins. In the case of the reactive 
residues, that lumping turned out to be wrong. Chemical 
reactivity of single residues is now known to arise by 
different mechanisms. Lack of significance still also seems 
true regarding attempts at lumping domains with unrelated 
folds, but the extreme divergence and the coincidences in 
sheet patterns merit further analyses of the MDR, SDR, and 
other reductase families. Supersecondary structures (Rao & 
Rossmann, 1973) and molecular building units [cf. Daniels- 
son et al. (1994)l are of interest. 

PERSPECTIVES 

Which lessons can be drawn from the rapid progress in 
short-chain dehydrogenase research and from the recognition 
of this family and its structures? Overall, three aspects 
appear especially interesting to biochemistry. 

One concems the value of early comparisons and basic 
research in general. Much of the present knowledge has been 
collected en passant. One of the initial SDR structures 
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(ribitol dehydrogenase) was obtained because of purification 
from a system feeding organisms with a suboptimal substrate 
(Hartley, 1973). The other initial structure (Drosophila 
alcohol dehydrogenase) was studied because this polymor- 
phic enzyme (Johnson & Denniston, 1964) occupied a 
position in the evolutionary selectionist-neutralist debate and 
its function in catabolizing alcohols was similar to that of 
mammalian alcohol dehydrogenases (Schwartz & Jomvall 
1976; Thatcher 1980). Most of the cloned structures exist 
as “sequence reports”, and several are not known in protein 
form but deduced as open reading frames. Although easily 
overlooked, they fit into the scheme (Figure 7) and give 
metabolic insight. Even limited conclusions, like those from 
the early comparisons that initially suggested the conserved 
TyrLys pattern, are valuable in promoting recognitions. 

The second aspect of general interest relates to the presence 
of multiply modified subforms of these enzymes. Many 
dehydrogenases occur in posttranslationally modified forms, 
giving different bands upon electrophoresis or chromatog- 
raphy. In several cases, these multiplicities have been related 
to adducts or suggested to be derived from deamidations, 
oxidations, or other modifications. We now see that modify- 
ing groups derived from intermediary metabolism also occur, 
giving rise to a new type of native protein modification. Thus, 
specific chemical modifications may be more widespread 
than anticipated. Considering the reaction established 
with carbonyl reductase and carboxyethylation of lysine 
residues, it may be important to study further dehydrogenases 
with reactive substrates, such as aldehyde dehydrogenases. 

Finally, the distinction of the short-chain dehydrogenase 
family may possibly lead to recognition of novel family 
relationships between unrelated conformations as hypoth- 
esized above. If true, this would illustrate transitions in 
protein conformations that would perhaps promote discover- 
ies of unexpected, further relationships among families, 
proteins, and their building elements. 

NOTE ADDED IN PROOF 
After compilation of the present structures, novel Swissprot 

database entries with clear SDR patterns and corresponding 
annotations have appeared (Dhkr-Strcm, Dlte-Bacsu, 
Hetn-Anasp, Kdud-Erwch, Oxir-Strat, Sord-Klepn, 
Yim4-Yeast, Yiv5-Yeast, Yiv6-Yeast, Yjgi-Ecoli, 
Yjgu-Ecoli, YkfS-Yeast, and Yohf-Ecoli; all at ’70% 
residue differences toward previous forms). Two additional 
forms, Ywfh-Bacsu (annotated) and Sxl9-Yeast (nonanno- 
tated), have parts of this pattern. A further, recently reported 
tertiary structure (Dessen et al., 1995) appears to have SDR 
similarities but was only assigned to dehydrogenases in 
general and to a special reductase, suggesting the possibility 
of still further SDR branches. 

SUPPLEMENTARY MATERIAL AVAILABLE 
Two tables giving extended versions of Tables 1 and 2 in 

the text and one figure extending Figure 1 in the text by 
giving a complete alignment of the 57 enzyme structures 
listed in Table 1 (5 pages). Ordering information is given 
on any current masthead page. The supplementary material 
is also available via anonymous ftp from ftp.mbb.ki.se. 
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