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The metabolism of xenobiotics and steroid hormones 
has been well studied with regard to their oxidation 
eatalyzed by the cytochrome P450 monooxygenase 
system, but less attention has been paid to their 
reductive metabolism, the common denominator of 
which is a carbonyl group (-C===O--CHOH) 
at the respective substrate molecule. Many enzymes 
that catalyze the reduction of carbonyl compounds 
of endogenous and/or exogenous origin to their 
corresponding alcohols, and simultaneously exhibit 
specificity for the oxidoreduction of certain hydroxy 
or keto groups at the steroid nucleus, have already 
been characterized. These enzymes have been 
classified either as being hydroxysteroid dehydro- 
genases having an additional substrate specificity 
towards non-steroidal xenobiotics or, conversely, 
the enzymes have been considered as carbonyl 
reducing enzymes possessing additional steroid- 
oxidoreducing properties. 

Enzyme activities in mediating both the oxido- 
reduction of steroids as well as the reduction of 
carbonyl compounds have been reported for many 
tissues and a large variety of animals, and identical 
enzymes have been classified under several numbers 
of the enzyme nome:nclature system. In addition, 
the exceptionally 108~ substrate specificity has 
precluded the development of a logical nomenclature 
based on unique substrate specificities. 

In contrast to the cytochrome P450 superfamily 
El], an establishment of a nomenclature for the 
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carbonyl reducing enzymes/hydroxysteroid dehydro- 
genases, which is based on protein structure and 
data of gene composition, including an assignment 
of the early trivial names, is hampered in two ways. 
First, only a limited amount of structural data on 
respective DNA sequences of the pertinent genes, 
as well as of the encoded proteins, is available today, 
and, second, the enzymes involved in carbonyl 
reduction obviously belong to more than one protein 
superfamily. 

This commentary, therefore, tries to combine the 
current knowledge on functional properties of 
carbonyl reducing enzymes/hydroxysteroid dehydro- 
genases with today’s available structural data in 
order to stimulate investigations directed towards 
their catalytic and mechanistic functions. Such 
studies should be useful in unde~tan~ng the 
physiologicai roles of these versatile oxidoreductases 
as well as in providing a means for specific 
modifications in terms of a therapeutic benefit. 

Most of the functional and structural overlaps 
between carbonyl reducing enzymes and hydroxy- 
steroid dehydrogenases concern aldehyde reductase 
(EC 1.1.1.2), aldose reductase (EC 1.1.1.21) and 
carbonyl reductase (EC 1.1.1.184) (previously 
referred to as aldo-keto reductases due to common 
functional properties) together with several 
hydroxysteroid dehydrogenases including ~(u-HSD~ 
(EC l.l.l..SO), 3@HSD (EC l.l.lSl), 17@HSD 
(EC 1.1.1.62), 3cx,2OaHSD (EC 1.1.1.53), 2Oa- 
HSD(ECl.l.l.l49)andll~HSD(ECl.l.~.l46).In 
addition, enzymes like prostaglandin 9-ketoreductase 
(EC 1.1.1.189) indanol dehydrogenase (EC 
1.1.1.112) and DDH (EC 1.3.1.20) were also shown 
to be functionally and/or structurally related to these 
enzymes. 

Based on structural data, the above enzymes 
have been generally classified into two protein 
superfamilies: (1) the aldo-keto reductases [2], and 
(2) the short-chain dehydrogenases [3]. Accordingly, 
the main characteristics of these two protein 
superfamilies, as far as they concern the pluripotency 

421 



422 E. MASER 

of hydroxysteroid dehydrogenases towards non- 
steroidal xenobiotics, will be considered in this 
article. 

CARBONYL REDUCTION 

Carbonyl reduction is a significant step in the 
phase I biotransformation of a great variety of 
aromatic, alicyclic and aliphatic xenobiotic carbonyl 
compounds (for review cf. Ref. 4), including 
pharmacologically relevant substances such as 
fenofibrate, oxisuran, ethacrynic acid [4], chlo- 
ralhydrate [S], acetohexamide [6] and befunolol 
[7, 81. However, this metabolic pathway has diverse 
consequences regarding the pharmacological and 
toxicological behavior of a parent drug containing a 
carbonyl group, such that it is impossible to generally 
and unequivocally ascribe activating or inactivating 
properties to this reaction. 

From the pharmacologist’s point of view, carbonyl 
reduction has been shown to be of significance in 
various inactivation processes of drugs bearing a 
carbonyl group, such as warfarin [9, lo] and 
haloperidol[8,11]. On the other hand, the respective 
carbinols formed may retain their therapeutic 
potency, thus prolonging the pharmacodynamic 
effect of the parent drug, or, in some instances, 
a compound gains activation through carbonyl 
reduction, as is the case for the alcohols of 
Adriamycin@ [12], naloxone [13], pentoxifylline [14], 
prodrug precursors of the Padrenergic blockers 
propranolol and alprenol [15], metyrapone [16] and 
chloral hydrate [5]. Also, from the toxicologist’s 
point of view, carbonyl reduction plays an important 
role in the toxification of daunorubicin and 
Adriamycin (cardiotoxicity) [17], whereas numerous 
reports also corroborate the concept of carbonyl 
reducing enzymes being involved in the detoxification 
processes for quinones [18], aflatoxin Bi [19,20], 
aldophosphamide [21], tripeptidyl aldehydes [22], 
and chlordecone [23]. 

The difference in tissue and intracellular dis- 
tribution suggests that several enzymes may be 
involved in the enzymatic reduction of carbonyl 
compounds and that the intracellular multiplicity of 
the enzymes may have some relation to their 
physiological function. At physiological pH values, 
reduction of biological aldehydes and ketones 
to alcohols can be accomplished by alcohol 
dehydrogenases (EC 1.1.1.1) [24], which are 
universally distributed in animal tissues. 

However, carbonyl reduction of biologically 
and pharmacologically active xenobiotic carbonyl 
compounds to the corresponding alcohols is generally 
mediated by cytosolic NADPH-dependent members 
of the aldo-keto reductase superfamily, which are 
widely distributed in humans and animals [25]. 
Although it has been suggested that aldo-keto 
reductases are involved in biogenic amine meta- 
bolism, aldehyde and ketone detoxification [4,26], 
ascorbic acid synthesis [27] and tetrahydrobiopterin 
biosynthesis [28], it is not yet possible to ascribe 
unequivocally a specific physiological role to these 
enzymes. Interestingly, aldo-keto reductases have 
been shown in several tissues to be affiliated with 
hydroxysteroid dehydrogenase activities. 

Aldehyde reductase 

One member of this family of enzymes is 
aldehyde reductase (EC 1.1.1.2)) previously named 
alcohol:NADP+-oxidoreductase, high K,,, aldehyde 
reductase, mevaldate reductase, daunorubicin-pH 
g.Sreductase, hexonatedehydrogenase,lactaldehyde 
reductase, glucuronate reductase and ALR 1 
[4,25,26,29]. The enzyme has been found in every 
species investigated, and its substrate specificity, 
kinetic mechanism and tissue distribution have been 
studied [26,30,31]. In addition, enzymes with the 
characteristics of aldehyde reductase have also been 
observed in all non-mammalian animal classes, e.g. 
amphibia, fish, insects, as well as in yeast (cf. Ref. 
32 and references therein). 

Some aldehyde reductases utilize NADH as a 
cosubstrate, but they can be distinguished from 
alcohol dehydrogenase by the fact that they are not 
inhibited by pyrazole and are susceptible to inhibitors 
such as barbiturates [4]. 

Frequently, aldehyde reductase has been shown 
in several tissues to be affiliated with hydroxysteroid 
dehydrogenase activities. Pietruszko and Chen [33] 
first reported a rat liver aldehyde reductase to be a 
3~HSD, which catalyzes the reversible oxido- 
reduction of 3cu-hydroxysteroids with A/B cis 
configuration, and postulated that the steroid 
dehydrogenase activity may be connected with its 
physiological function. Subsequently, Sawada et al. 
[34] purified an aldehyde reductase from guinea pig 
liver, which catalyzed the oxidoreduction of 17p 
hydroxysteroidsand 17-ketosteroids. Theyconcluded 
that this enzyme may play important roles in the 
metabolism of exogenous aldehydes and ketones as 
well as of endogenous steroids. 

Aldehyde reductase expressing specificity for the 
synthetic steroids isocortisol and ll-deoxyiso- 
corticosterone in human brain has been speculated 
to modulate hormonal function [35,36]. Although 
these steroids undergo reduction of the aldol side 
chain, the human brain aldehyde reductase can 
be considered as a “pluripotent” hydroxysteroid 
dehydrogenase since it allows access to its active site 
despite the relatively large structure of the substrates. 

Indications for coincident properties of aldehyde 
reductase and 3~HSD or 17PHSD have been 
reported subsequently for enzymes in rat [5,37], 
rabbit [38], and human [23, 361 liver, as well as in 
chicken kidney [39]. It is conceivable, therefore, 
that aldehyde reductase plays some role in 
endogenous steroid metabolism. 

Aldose reductase 

A second member of the aldo-keto reductase 
family is aldose reductase (EC 1.1.1.21), previously 
named alditol:NADP+-oxidoreductase, low Km 
aldehyde reductase and ALR 2 [29]. In addition to 
catalyzing the reduction of a wide range of xenobiotic 
and endogenous aldehydes and ketones [40], aldose 
reductase has received special attention recently due 
to its possible role in the reduction of glucose during 
diabetic hyperglycemia and its implication in the 
pathogenesis of various diabetic complications such 
as neuropathy [41], retinopathy [42] and cataracts 
[43]. Although the exact mechanisms by which 
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aldose reductase initiates these complications are 
not fully understood, in ocular cataracts the osmotic 
stress caused by the intracellular accumulation of 
sorbitol is thought to play a primary role in the 
development of lens Iopacity. 

Aldose reductase has been purified to homogeneity 
from many tissues (cf. Ref. 44 and references 
therein), and the amino acid sequence has been 
determined. Because the aldose reductase protein is 
blocked at the NH1 terminus, most of the reported 
amino acid sequenclss are deduced from cloned 
cDNA sequences and reveal a high degree of identity 
(> 84%) among the reported protein sequences. On 
the other hand, deduced sequences of aldehyde 
reductase from human liver and placenta define 
proteins that are 325 amino acids long and have 52% 
identity with human placental aldose reductase [2]. 
Southern blot analysis of human [2] and rat [45] 
genomic DNA indicates the existence of multiple 
aldose reductase genes. 

The ability of aldose reductase to express 
hydroxysteroid dehydrogenase activities has 
obviously received less attention, although there 
exist two reports on aldose reductase catalyzing 
the C-21 reduction of isocorticosteroids [36,46]. 
Interestingly, molecular cloning of bovine testicular 
~OLU-HSD, an enzyme that plays an essential role in 
the regulative conversion of progesterone to the 
biologically less active 20d+hydroxyprogesterone, 
revealed its complete sequence identity with bovine 
lens aldose reductase [47]. 

A recent crystallographic analysis of human 
placental aldose reductase has pointed out that its 
active site pocket is large in size and has an extremely 
hydrophobic nature, which is consistent with the 
observation that aromatic compounds (such as 
isocorticosteroids) are the best substrates [48]. 

Carbonyl reductase 

Carbonyl reductase (EC 1.1.1.184), also known 
as NADPH:secondary-alcohol oxidoreductase, 
prostaglandin 9-ketoreductase, daunorubicin-pH 6.0 
reductase and ALR 3 [29], has long been considered 
to belong to the aldo-keto reductase superfamily 
based on its functional properties. Recent structural 
investigations, however, revealed no significant 
homologies to the aldo-keto reductases but, in 
contrast, indicated a relationship to the short-chain 
dehydrogenase superfamily [2,49]. The enzyme is 
ubiquitous in nature.. catalyzing the reduction of a 
large number of biologically and pharmacologically 
active carbonyl compounds to their corresponding 
alcohols [4,25]. The role of carbonyl reductase in 
humans is at present unknown. The metabolism of 
activated carbonyl groups, including quinones, 
suggests a possible role in the detoxification of 
common cellular metabolites or other natural or 
xenobiotic compounds. Wermuth et al. [18] reported 
that carbonyl reductase accounted for 50-70% of 
the NADPH-quinone-reducing activity in human 
liver and could provide the enzymatic basis for 
detoxification of quinones in humans [18,50]. 

Carbonyl reductase activities have in many cases 
been affiliated with -HSD activities. Wermuth [51] 
purified an NADPH-dependent carbonyl reductase 
that was able to reduce a number of biologically 

and pharmacologically active carbonyl compounds 
including quinones. The enzyme, surprisingly, 
exhibited 9-ketoreductase activity towards prosta- 
glandins and 3-ketoreductase activity towards 
steroids. Chang and Tai [52] isolated a prostaglandin 
9-ketoreductase/l5-hydroxyprostaglandin dehydro- 
genase from swine kidney capable of catalyzing 
steroid oxidoreduction and xenobiotic carbonyl 
reduction. 

Several laboratories have reported on the 
properties of purified carbonyl reductases, to 
coincidentally catalyze prostaglandin 9-keto and/or 
15-keto reduction as well as expressing 3a- 
hydroxysteroid dehydrogenase activity in rat ovary 
[53], testis and vas deferens [54], rabbit liver [7, lo] 
and kidney [8], human testis [55] as well as in pig 
and human kidney [56]. For example, Schieber et 
al. [56] have purified a prostaglandin 9-ketoreductase 
from pig and human kidney. Although the enzymes 
were shown to catalyze the interconversion of 
prostaglandin Ez to prostaglandin Fr,, and the 
oxidation of prostaglandins EZ, Fz@ and D2 to 
their corresponding biologically inactive 15-keto 
metabolites, the catalytic properties measured for 
prostaglandin 9-ketoreductase suggest that its in vivo 
function is unlikely to be the catalysis of oxidation/ 
reduction at the prostaglandin 9-position. Rather, 
the enzyme reduces various carbonyl compounds 
with high efficiency. Sequence homology of tryptic 
peptides, as well as catalytic and immunological 
properties, suggest that this enzyme is carbonyl 
reductase. Moreover, several steroids were also 
substrates with low specificity. Imamura et al. [8] 
have purified carbonyl reductase from rabbit kidney 
and shown it to exhibit prostaglandin 9-ketoreductase 
as well as 3cu-hydroxysteroid dehydrogenase activi- 
ties. Whether this is one and the same enzyme 
and whether its main physiological function is 
hydroxysteroid dehydrogenase, prostaglandin 9- 
ketoreductase or carbonyl reductase remains to be 
elucidated. 

In general, to assess an enzyme’s physiological 
role, structural data, i.e. the three-dimensional 
modelling of its active site by X-ray crystallographic 
studies, as well as functional group information by 
site-directed mutagenesis, are required to elucidate 
the catalytic mechanism and to image the optimal 
substrate molecule in the catalytic site. Although 
carbonyl reductase has been described as having a 
monomeric structure, a dimeric form [57] identical 
with that of 17#&HSD has been reported in chicken 
liver. Hara and coworkers [58,59] purified a 
pyrazole-sensitive, tetrameric carbonyl reductase 
from pig lung, which was composed of identical 
subunits of 24 kDa. They suspected this enzyme of 
playing a role in regulating the physiological action 
of androgenic steroids, because of its high 
hydroxysteroid dehydrogenase activity towards 5rx- 
androstan-17pol-3-one, the active mediator of the 
androgenic testosterone. 

Considering the above data, it is conceivable 
that the aldo-keto reductases and hydroxysteroid 
dehydrogenases share overlapping substrate speci- 
ficities and that respective enzymes may have an 
evolutionary relationship. Moreover, it isnoteworthy 
to state that several aldo-keto reductases exhibit 
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higher affinities for physiological steroids than for 
non-steroidal, xenobiotic carbonyl compounds, from 
which it might be concluded that the respective 
enzymes, in fact, are hydroxysteroiddehydrogenases. 

Microsomal carbonyl reducing enzymes 

One of the features characteristic of the aldo-keto 
reductases is their subcellular localization in the 
cytosolic fraction of the cell [4]. However, carbonyl 
reduction of non-steroidal xenobiotics also takes 
place in the microsomal fraction, and various reports 
indicate that some of the enzymes involved are related 
to microsomal hydroxysteroid dehydrogenases [60- 
63]. Moreover, based on substrate specificity and 
kinetic data, these membrane-associated enzymes 
were considered to actually be SLY- or 17PHSDs that 
are physiologically involved in steroid metabolism, 
but also must have a role as drug-metabolizing 
enzymes in the detoxification of biologically active 
carbonyl compounds to more hydrophilic and less 
active alcohols [64-671. 

Indanol dehydrogenase 

In addition, enzymes obviously not belonging to the 
aldo-keto reductases or short-chain dehydrogenases 
have also been affiliated with steroid dehydrogenases, 
which is true, for example, for indanol dehydrogenase 
(EC 1.1.1.112). Several isoforms of indanol 
dehydrogenase have been purified from rabbit [68] 
and monkey [69] liver and were shown to catalyze 
not only xenobiotic carbonyl reduction and benzene 
dihydrodiol oxidation, but also to exhibit 3a+ and/ 
or 17p (rabbit) and 3(2O)o- (monkey) hydroxysteroid 
dehydrogenase activities, which led to the suggestion 
that indanol dehydrogenase acts as a hydroxysteroid 
dehydrogenase or a dihydrodiol dehydrogenase 
in vivo. It is questionable whether indanol 
dehydrogenases are, in fact, pluripotent hydroxy- 
steroid dehydrogenases which, in addition to their 
specificity towards physiological steroid substrates, 
are able to catalyze the oxidation or reduction of 
xenobiotics. 

Dihydrodiol dehydrogenase 

DDH (trans- 1,2-dihydrobenzene-1,2-diol: 
NADP+-oxidoreductase) catalyzes the NADP+- 
dependent oxidation of trans-dihydrodiols of aro- 
matic hydrocarbons to their corresponding catechols 
and is thus of importance in the detoxification of 
mutagenic polycyclic aromatic hydrocarbons [70- 
72]. The carcinogenic activation of polycyclic 
aromatic hydrocarbons often proceeds through 
dihydrodiol precursors to diol-epoxide ultimate 
carcinogens. By catalyzing the oxidation of these 
proximate carcinogenic dihydrodiols, DDH reduces 
their carcinogenic and mutagenic potential. On the 
other hand, DDH may be involved in the patho- 
genesis of naphthalene cataract in the rabbit by 
producing the catechol metabolite 1,2-dihydroxy- 
naphthalene from tram-1,2-dihydroxy-1 ,Zdihydro- 
naphthalene (naphthalene dihydrodiol), which is 
readily auto-oxidized to cytotoxic 1,2-naphtho- 
quinone and H202 [73]. 

DDH exists in multiple forms in most mammalian 
tissues, and the multiple forms of the enzyme have 
been reported to be identical to 3(~-HSD [74-821, 

17PHSD [68,75,78,83-861, 3a(17/3)-HSD [87], 
20a+HSD [77] and/or aldehyde reductase 
[71,75,77,80,84,88], depending on the tissue 
source. For example, in Swiss-Webster mouse liver 
there appear to be four forms of DDH, three of 
which are associated with 17PHSD [83]. In the liver 
of male ddY mice, a major and a minor form of 
DDH are identical to 17PHSD and aldehyde 
reductase, respectively [84]. In rabbit liver, at 
least eight isoforms of DDH exist, which were 
distinguished on the basis of substrate and inhibitor 
specificity as carbonyl reductase, aldehyde reductase 
as well as 3(~-HSD and 17PHSD [78]. 

Although benzene dihydrodiol is a common 
xenobiotic substrate of all these enzymes, the 
physiological substrates of several DDH isoforms 
are often hydroxysteroids, leading to the conclusion 
that the respective DDHs not only function as 
steroid-metabolizing enzymes but, in fact, are 
hydroxysteroid dehydrogenases. Interestingly, sev- 
eral hydroxysteroid dehydrogenases have been 
purified and characterized, which, in addition to 
their specificity for steroidal substrates, also can 
function as dihydrodiol dehydrogenase. For example, 
3a+HSD purified from mouse [89], rat [76,79,90,91], 
rabbit [78], hamster [87] and human liver [81], as 
well as mouse kidney [80], 17PHSD purified from 
mouse [84], rabbit [78], hamster [87] and guinea pig 
liver [86] and 3(17)a+HSD from mouse kidney [80] 
were shown to oxidize benzene dihydrodiol (cf. 
“hydroxysteroid dehydrogenases” in this article). 

At this point some clarification of enzyme 
nomenclature may be required. The term DDH may 
be directly inferred from the enzyme’s functional 
properties, namely detoxification of dihydrodiols by 
oxidation, which is probably a special case of alcohol 
oxidation to a ketone followed by a ketol-enol 
rearrangement of the oxoalcohol to the aromatic 
catechol[71]. The aromatic character of the reaction 
product renders the reaction irreversible, which is 
not the case with other substrates, such as steroids 
or xenobiotic aldehydes and ketones. In this case, 
these enzymes can act as dehydrogenases or 
reductases depending on the cosubstrate. Accord- 
ingly, based on the physicochemical and functional 
properties, the multitude of DDHs can be classified 
as either aldo-keto reductases or hydroxysteroid 
dehydrogenases. Currently, DDH is classified as 
belonging to subgroup 1.3 in IUB nomenclature 
(C-C dehydrogenases), which is objected to by Klein 
et al. [78], who suggested that a reclassification of 
these enzymes to subgroup 1.1 in IUB (C-O 
dehydrogenases) would be more appropriate. In this 
context it is noteworthy to state that occasionally 
3a+HSD is termed DDH, although values of 
androsterone oxidation surpass those of benzene 
dihydrodiol oxidation [92]. 

HYDROXYSTEROID DEHYDROGENASES OF THE 
ALDO-KETO REDUCTASE SUPERFAMILY 

Hydroxysteroid dehydrogenases are pyridine 
nucleotide-dependent oxidoreductases, which 
mediate the interconversion of secondary alcohols 
to ketones on the steroid nucleus and side chain in 
a positional and stereoselective manner. The enzymes 
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are believed to play pivotal roles in the regulation 
of steroid hormone action [93,94], displaying 
either ordered or random Bi-Bi sequential kinetic 
mechanisms. However, recent reports give evidence 
that several hydroxysteroid dehydrogenases exhibit 
other activities besides steroid oxidoreduction, 
among which xenobiotic carbonyl reduction is the 
most prominent. 

3wHydroxysteroid dehydrogenase 

3~HSD was first identified by its activity in con- 
verting dihydrocorti.costerone to 3&etrahydro- 
corticosterone [95] .and was subsequently shown 
to convert the potent androgen Sa+dihydrotes- 
tosterone into the weak androgen 3a+androstane- 
diol[96,97], thus terminating androgen action. The 
most thoroughly characterized 3~HSD is the 
homogenous enzyme from rat liver cytosol [76,90], 
and immunotitration data suggest that it represents 
l-3% of the cytosolic protein in this tissue [98]. 

3~HSD displays dual pyridine nucleotide speci- 
ficity for NAD(H) and NADP(H) and accounts for 
the major DDH and ketone reductase activities 
present in rat liver cytosol [76]. Initial-velocity and 
product-inhibition studies are consistent with a 
sequential ordered Bi-Bi mechanism in which 
pyridine nucleotide binds first and leaves last [99]. 
The enzyme reduces a series of biologically important 
3-0~0 steroids of the androstane (Cr,), pregnane 
(C,,), and cholane (C,,) series, in which the A/B 
ring fusion may be cr’s or tram [5, 100, 1011. 

In addition to its role in the metabolism of steroid 
hormones, 3~HSD serves additional functions in 
rat liver in terms of bile acid synthesis and transport 
of bile acids from the sinusoidal to the canalicular 
pole of the rat hepatocyte [lOl-1041. For example, 
rat liver 3~HSD stereospecifically reduces the bile 
acid precursors 7u+hydroxy-5@-cholestane-3-one and 
7a,12cu-dihydroxy-5@cholestane-3-one to bile acids 
[105], whereas 3~HSD from human liver catalyzes 
the reduction of 3,7-disubstituted 3-keto bile acids 
but is inactive towards the bile acid precursors [loll. 
From this example it becomes apparent that similar 
hydroxysteroid dehydrogenases may already differ 
in terms of their specificity towards physiological 
steroid substrates, a fact which, of course, is more 
pronounced in the case of non-steroidal xenobiotic 
carbonyl substrates. 

After the appearance of several papers reporting 
on the 3(~-HSD properties of aldo-keto reductases 
or DDHs, genuine 3~u-HSDs were described as 
having the ability of xenobiotic carbonyl reduction 
and/or dihydrodiol oxidation, thus mimicking the 
action of aldo-keto reductases or DDH. It, therefore, 
seems possible that identical enzymes have been 
classified under several numbers of the enzyme 
nomenclature! 

3a+HSD from rat liver cytosol was purified by 
Penning and coworkers [76] and, based on 
physicochemical properties and substrate speci- 
ficities, assumed to be the same enzyme as DDH 
described by Vogel et al. [71]. The enzyme was 
shown to be a monomer of M, 33,000 and to react 
at comparable rates with both NAD(H) and 
NADP(H). Examination of the substrate specificity 
of the purified enzyme for truns-dihydrodiol 

metabolites of polycyclic aromatic hydrocarbons 
indicates that the enzyme catalyzes the NAD(P)- 
dependent oxidation of trans-dihydrodiols of 
benzene, naphthalene, phenantrene, chrysene, 5- 
methylchrysene, and benzo[a]pyrene under physio- 
logical conditions thus suppressing the formation 
of anti-diol epoxides, which are known to be ulti- 
mate carcinogens [70,71,90]. However, since 3~ 
hydroxysteroids were by far the most efficient sub- 
strates, this enzyme should be considered to be 
3(~-HSD, and numerous reports indicate that 3a- 
HSD and DDH are, in fact, identical enzymes 
[71,76,79,90,98,106]. On the other hand, dis- 
sociation of 3(~-HSD activity from DDH activity was 
shown to be species dependent [74]. 

In addition to catalyzing hydroxysteroid oxido- 
reduction and benzene dihydrodiol oxidation, 3a- 
HSD also promotes the NAD(P)H-dependent 
reductions of various quinones (e.g. 9,10-phen- 
anthrenequinone, l,Cbenzoquinone), as well as that 
of various aromatic aldehydes and ketones, which 
suggests another role of 3~HSD in the detoxification 
of xenobiotic carbonyl compounds. Interestingly, rat 
liver FLU-HSD has been demonstrated to catalyze 
the reduction of camphoroquinone, a natural 
monoterpene, non-aromatic quinone [107]. 

The purified enzyme is effectively inhibited by 
non-steroidal, anti-inflammatory drugs [108] in the 
rank order of their pharmacological potency and 
at concentrations relevant to therapeutic doses, 
suggesting that 3a+HSD may be an additional target 
for these drugs. In addition, 3(~-HSD binds 
arachidonic acid and prostaglandins with affinity in 
the low micromolar range at its active site [76, 1081, 
which led to the suggestion that FLU-HSD may also 
act as a hydroxyprostaglandin dehydrogenase. 
Indeed, Penning and Sharp [109] provided evidence 
that homogeneously purified 3a-HSD from rat liver 
displays 9-, ll-, and 15-hydroxyprostaglandin 
dehydrogenase activity and that this enzyme 
may represent a major 9-hydroxyprostaglandin 
dehydrogenase in this tissue. The ability to function 
as a prostaglandin dehydrogenase adds another 
series of substrates to 3a+HSD, which has already 
been ascribed multiple functions. 

However, whereas this enzyme belongs to the 
aldo-keto reductase superfamily, two other prosta- 
glandin dehydrogenases have been described as 
belonging to the short-chain dehydrogenases: one, 
a dimeric form with NAD+-specificity, and the other 
an NADP+-dependent, monomeric form that is 
identical to carbonyl reductase [llO, 1111 (see 
below). 

Rat hepatic 3a-HSD was also found to act as a 
chloral hydrate reductase [5,37,112], underlining 
its pharmacological importance in the metabolism 
of this sedative hypnotic. In addition to a variety of 
other xenobiotic carbonyl compounds, endogenous 
biogenic aldehydes derived from serotonin, trypt- 
amine, tyramine, octopamine and norepinephrine 
were preferred substrates for this enzyme, providing 
evidence that 3~HSD also functions as carbonyl 
reductase for these endogenous carbonyl compounds 
[5]. Among the substrates tested, C,,3-keto steroids 
were the best substrates for the rat hepatic enzyme 
[51. 



426 E. MASER 

Several isoforms of 3a-HSD associated with 
indanol dehydrogenase were found in male rabbit 
liver cytosol. The monomeric enzymes (M, 30,000- 
37,000) showed high carbonyl reductase activity but 
low dihydrodiol oxidation, which is mainly catalyzed 
by 17/3-HSD in this tissue [68]. All these 3~HSDs 
could reduce xenobiotic carbonyl compounds such 
as pyridine4_aldehyde, 4_nitrobenzaldehyde, DL- 

glyceraldehyde, 4-benzoylpyridine and 4-nitro- 
acetophenone , which led the authors to the 
conclusion that they may be important as drug- 
metabolizing enzymes. 

Interestingly, Imamura et al. [7] have purified a 
befunolol reducing enzyme from rabbit liver which, 
in addition to other pharmacologically relevant 
substances such as levobunolol, acetohexamide and 
daunorubicin , catalyzes the oxidoreduction of 
prostaglandin and 3o-hydroxysteroids. Moreover, 
since K, values of this enzyme were lower for 
steroids and prostaglandins than those for xenobiotic 
carbonyl compounds, the authors assumed that this 
enzyme, in fact, may function as an oxidoreductase for 
endogenous steroids and prostaglandins. Therefore, 
befunolol reductase of rabbit liver may be 3a-HSD, 
but its real relation to 3u+HSD cannot be proven 
unless its amino acid sequence composition is 
determined. 

Also, carbonyl reductase from rabbit kidney 
catalyzes 3&-hydroxysteroid oxidoreduction with 
lower K,,, values than xenobiotic carbonyl reduction 
and might be 3(~-HSD [8]. If this were true, 3a-HSD 
from rabbit kidney mediates carbonyl reduction of 
a variety of drugs including acetohexamide, 
metyrapone, haloperidol, trifluperidol, moperone, 
loxoprofen, befunolol, levobunolol and daunorubicin 
PI. 

Klein et aE. [78] purified eight isoforms of DDH 
from the same tissue, some of which share properties 
of 3&-HSD and/or aldo-keto reductases and, in the 
authors’ opinion, should be classified as such (see 
under “dihydrodiol dehydrogenase” in this article). 

Monomeric 3(~-HSD from mouse liver cytosol (M, 
34,000), catalyzing the reversible oxidoreduction of 
the 3cY-hydroxy group of C19-, Crl- and CZ4-steroids, 
showed a strict specificity for NADP(H) that is 
clearly different from the dual cosubstrate specificity 
[NAD(H) and NADP(H)] of the enzyme from rat 
tissues [74,76,112], but it exhibited the same non- 
specificity towards xenobiotic carbonyl compounds. 
However, the K,,, values for xenobiotics were much 
higher than those for steroids [89], underlining that 
this enzyme is 3a-HSD with the additional ability 
for xenobiotic carbonyl compound reduction, and 
not vice versa, a carbonyl reductase with HSD 
properties. 

Hamster liver was shown to contain two different 
3~HSDs [87,113] which were described previously 
as DDHs [75]. The two monomeric enzymes, 
although having similar molecular masses of 38,000, 
differed from each other in p1 values, cosubstrate 
dependence, heat stability and substrate specificity. 
The NADP(H)-linked enzyme catalyzed the oxido- 
reduction of various 3Lu-hydroxysteroids, whereas 
the NAD(H)-linked enzyme was active also on the 
17/5hydroxy group of testosterone and androstanes. 
The NADP(H)-dependent 3~HSD of hamster liver 

has been reported to cross-react immunologically 
with mouse liver 3~HSD, but not with hamster liver 
NAD(H)-dependent 3~HSD. The two proteins also 
gave different fragmentation patterns by gel 
electrophoresis after digestion with protease. Thus, 
hamster liver contains a 3a(17B)-HSD structurally 
and functionally distinct from 3(~-HSD. 

Since the 3o- and 17pHSD activities were 
depressed to similar degrees by various inhibitors, 
the NAD(H)-dependent enzyme may catalyze the 
dehydrogenation on the two different positions of 
the steroid molecule at the same catalytic site. 
Consequently, the hydroxy group at both the A and 
D rings of the steroid molecule may be able to bind 
to the active center of the enzyme. This points to 
the fact that the active site of certain hydroxysteroid 
dehydrogenases allows access of steroid substrates 
with dual orientation of the steroid molecule as well 
as with tolerable variations in their molecular 
structure as regards stereochemical and functional 
group configuration of the steroid nucleus. However, 
both enzymes were active on a variety of aromatic 
aldehydes and ketones, underlining their importance 
as a means in the detoxification of xenobiotic 
carbonyl compounds [75]. 

Purified human liver 3(~-HSD [loo] shows extensive 
similarities in amino acid sequence, immunological 
reactivity, and enzymatic properties to human 
chlordecone reductase [114], which was described 
previously as a 36- kDa monomeric oxidoreductase 
that is capable of reducing the organochlorine 
pesticide chlordecone to its alcohol metabolite. 
There is strong evidence that human SLY-HSD and 
chlordecone reductase are, in fact, identical proteins 
[23]. Hence, SLY-HSD catalyzes chlordecone carbonyl 
reduction, which leads to increased biliary excretion 
of the pesticide and concomitant reduction of its 
neurotoxicity, since bile is the major excretory route 
[115]. Interestingly, human liver has been reported 
to contain several DDHs, two of which were found 
to be 3~HSDs [77,81] based on functional 
properties. In addition to dihydrodiol oxidation, 
both enzymes effectively catalyzed reduction of 
xenobiotic carbonyl compounds, which emphasizes 
the role of 3(~-HSD in drug metabolism. 

Rat liver 3&-HSD has been crystallized for X-ray 
studies, and its cDNA has been cloned and sequenced 
[91,116,117]. The deduced aminoacid sequence 
shows 69% identity with bovine lung prostaglandin 
F synthase [91,118], thus proving its affiliation to 
the aldo-keto reductase superfamily [2]. The fact 
that prostaglandin F synthase is capable of 
metabolizing some of the same xenobiotics as the 
rat hepatic 3a-HSD, but inefficiently reduces 
dihydrotestosterone [ 1191, together with the com- 
petitive inhibition of 3~HSD by indomethacin 
and its capacity to oxidize hydroxyprostaglandins 
[76,109] confirms the close homology between these 
two proteins. 

Microsomal3whydroxysteroid dehydrogenase 

Aside from the cytosolic forms, 3cu-HSDs are also 
localized in the microsomal fractions of human [120] 
and rat liver [121-1241 as well as rat kidney [125], 
among which several exhibit reductase activity 
towards xenobiotic aldehydes and ketones [64-67]. 
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Rat liver microsomal 3a-HSD is a monomeric 
32,000 kDa enzyme, which was found to be active 
exclusively with NADPH as cosubstrate and which 
effectively reduces xenobiotic carbonyl compounds 
such as2,3-butanedione, 4_nitrobenzaldehyde, aceto- 
phenone, pyridine-4-,aldehyde and 4-nitroaceto- 
phenone. However, 3-keto reduction with Sa+di- 
hydrotestosterone ant1 Spdihydrotestosterone gave 
the lowest K,,, values. Testosterone treatment led to 
significant rises of the enzyme activity, indicating 
that the enzyme is inducible by androgens [67]. 

Guinea pig liver microsomes contain two immuno- 
logically distinct hydroxysteroid dehydrogenases 
[65,66]. The major form is a tetrameric glycoprotein 
of single subunits of M, 32,000, which was shown to 
reduce .5a- and Spdihlydrotestosterone irreversibly. 
The minor form is a monomeric protein with M, 
34,000, which not only reduces 17-oxosteroids but 
also oxidizes 17-hydrfoxysteroids. The major form 
may be 3a-HSD (although only described as 3- 
ketosteroid reductase) and the minor form should 
be 17PHSD. Nevertheless, both enzymes were 
capable of reducing a variety of xenobiotic carbonyl 
compounds including, for example, 2-(2-amino-5- 
bromobenzoyl)pyridine (a metabolite of bromaze- 
Pam), metyrapone, cyclohexanone, menadione, 
a-naphthoquinone aml phenanthraquinone. 

Thus, in liver microsomes, at least in rats and 
guinea pigs, hydroxysteroid dehydrogenases are 
involved in xenobiotic carbonyl reduction and play 
a role as drug-metabolizing enzymes in the 
detoxification of biologically active carbonyl com- 
pounds to more hydrophilic and less active alcohols. 
As no structural data on these membrane-associated 
hydroxysteroid dehydrogenases are available today, 
an assignment to any protein superfamily cannot be 
accomplished. 

20a-Hydroxysteroid dehydrogenase 

20a+HSD catalyzes the interconversion of 20-0~0 
pregnanes into 20a.hydroxy derivatives and is 
distributed in various mammalian and non-mam- 
malian species [47,1X-129]. In general, these are 
monomeric proteins with M, values of 35,000- 
40,000, which are specific for 20Lu-hydroxysteroid 
substrates, although some were described to exhibit 
additional 3a+HSD activity for androstanes and 
pregnanes [69,77,129]. 

3(20)a-HSD associated with indanol dehydro- 
genase (cf. “indanol dehydrogenase”) from monkey 
liver [69] catalyzes the reversible conversion of 3a- 
or 20&-hydroxy groups of several bile acids and 5p 
pregnanes to the corresponding 3- or 20-ketosteroids. 
The k,,, values for dehydrogenation of steroids were 
low, but k,,,/K,,, values for 3-ketosteroid reduction 
were comparable to or exceeded those for 1-indanol 
and xenobiotic carbonyl substrates. Since k,,,/K, 
values for 3a-hydroxysteroid dehydrogenation were 
much in favor for a distinct 3a-HSD in the same 
tissue [130], which may be responsible for the 
metabolism of various types of steroid hormones 
and bile acids, this enzyme may act as a 3(20)a-HSD 
in the metabolism Iof specific steroids such as 
progesterone and so’me bile acids. Nevertheless, 
high carbonyl reductase activity towards xenobiotic 
aldehydes and ketone:s has been observed [69,77], 

indicating that 20o-HSD plays an important role in 
the reductive metabolism of xenobiotic carbonyl 
compounds. 

A dimeric 20a-HSD devoid of 3(~-HSD activity 
has been purified and characterized from the 
protozoan Tetrahymena pyriformis [126]. The 
enzyme is capable of reducing several non-steroidal 
carbonyl compounds, such as pyridine-Caldehyde, 
pyridine3-aldehyde and acenaphthenequinone, as 
well as oxidizing trans-benzene dihydrodiol. 
Although T. pyriformis 20~~HSD was inhibited by 
aldose reductase inhibitors, it resembles aldehyde 
reductase and dihydrodiol dehydrogenase rather 
than aldose reductase with respect to substrate 
specificities. N-terminal amino acid sequence shows 
(slight) similarity to human placental aldose reductase 
[2], human liver aldehyde reductase [2], rat liver 3a- 
HSD [91,116] and bovine lung prostaglandin F 
synthase [118], supporting the idea that 20a-HSD 
from T. pyriformis may also belong to the aldo-keto 
reductase superfamily. 

Recently, bovine testicular [47] and rabbit ovarian 
[127] ~OLU-HSD have been cloned. Based on amino 
acid sequence similarities to human chlordecone 
reductase [114], bovine lung prostaglandin F synthase 
[118], human aldose reductase [2], human aldehyde 
reductase [2], and frog lens crystallin [131], this 
mammalian 20c~-HSD can be placed into the 
aldo-keto reductase superfamily [47,127]. While 
oxidoreductase activity for non-steroidal substrates 
has not been investigated with rabbit ovarian 2Oa- 
HSD [127], the bovine testicular enzyme was 
demonstrated to exhibit reductase activities towards 
xenobiotic carbonyl compounds [47]. 

Interestingly, chlordecone reductase [114] has 
82% identity with rabbit ovarian 20a-HSD cDNA 
[127], whereas the organochlorine pesticide chlor- 
decone has ovarian toxicity. Complete identity was 
reported between bovine testicular 20a+HSD and 
bovine aldose reductase [47]. This leads to the 
intriguing suggestion that there may exist several 
homologies between hydroxysteroid dehydrogenases 
and aldo-keto reductases near or at the 100% level 
which have not been recognized yet due to tissue 
and species variations. 

HYDROXYSTEROID DEHYDROGENASES OF THE 
SHORT-CHAIN DEHYDROGENASE SUPERFAMILY 

Procaryotic SLu-hydroxysteroid dehydrogenase 

Procaryotic 3a+HSD was first isolated from 
Pseudomonas testosteroni [132], but has been also 
found in Clostridiumperfrngens [133], Eubakterium 
Ientum [134] and Pseudomonas putida [133]. 3a+ 
HSD from P. testosteroni is inducible by testosterone, 
and its molecular weight has been reported to be 
both 100,000 [132] and 47,000 [135] as determined 
by gel filtration. This discrepancy was explained by 
the property of the enzyme to exhibit reversible, 
concentration-dependent monomer-dimer tran- 
sitions [136]. Analysis by SDS-PAGE revealed that 
the enzyme consists of two types of subunits of 
approximately 25,000 [137]. 

Recently, a novel inducible isoform of 3a+HSD 
with M, 28,000 was described in P. testosteroni 
which, in addition to the reversible oxidoreduction 
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of several 3cu-hydroxysteroids with different A/B 
ring fusions and B ring conformations, is capable 
of reducing the xenobiotic carbonyl compounds 
metyrapone, 4-nitrobenzaldehyde and 4-nitro- 
acetophenone [138-1401. No dihydrodiol dehydro- 
genase activity that distinguishes P. testosteroni 30~ 
HSD from rat liver 3(~-HSD could be detected [90]. 
The N-terminal amino acid sequence shows striking 
homologies to members of the short-chain dehydro- 
genase family such that this procaryotic enzyme can 
be grouped into this family. It thus corresponds to 
P. testosteroni 3BHSD, which is also classified as a 
short-chain dehydrogenase [141] and is capable of 
reducing the carbonyl substrate 4_nitrobenzaldehyde, 
although no immunological cross-reaction between 
the two enzymes has been found [140]. 

ll/3-Hydroxysteroid dehydrogenase 

1lPHSD is a 34 kDa microsomal enzyme 
responsible for the interconversion of active ll- 
hydroxyglucocorticoids (cortisol and corticosterone) 
to inactive 11-0x0 forms (cortisone and dehydro- 
corticosterone) [142]. By this action 1lPHSD 
protects the Type I mineralocorticoid receptor 
against active glucocorticoids, the levels of which are 
lOO- to lOOO-fold higher than the mineralocorticoids, 
and thus ensures mineralocorticoid specificity of the 
non-selective Type I receptor, which has equal 
affinities to aldosterone and cortisol [143,144]. 
Diminished 1lPHSD activity has been associated 
with the clinical syndrome of apparent mineralo- 
corticoid excess, which is characterized by sodium 
retention, potassium wasting and hypertension, 
without measurable increases in aldosterone [145]. 

11PHSD activity is also found in glucocorticoid 
target tissues, notably the liver [146, 1471, where it 
may regulate steroid exposure to the glucocorticoid 
Type II receptor. It has long been controversially 
discussed whether 1lPdehydrogenation and ll- 
oxoreduction are catalyzed by a single bidirectional 
enzyme or if the 11PHSD system comprises two 
kinetically distinct enzymes [148, 1491. Recently, 
homogenously purified 1laHSD from mouse liver 
was shown to contain both ll-dehydrogenation as 
well as ll-oxoreducing activities of glucocorticoid 
metabolism, thus disproving the two-enzyme theory 
[150]. Because the activities of 11/l-HSD are much 
higher in the liver than in the kidney, the liver 
enzyme was suggested to have other functions in 
addition to the metabolism of glucocorticoids [151]. 

Surprisingly, mouse liver 1lPHSD was demon- 
strated to be capable of catalyzing the reductive 
metabolism of xenobiotic carbonyl compounds, 
such as metyrapone, p-nitroacetophenone and p- 
nitrobenzaldehyde [152]. Enzyme kinetic studies 
suggest that both glucocorticoids and xenobiotic 
carbonyl substances bind to the same catalytically 
active site of ll@HSD [152]. Hence, corresponding 
to other carbonyl reducing enzymes, microsomal 
1lPHSD of liver may be considered to play a role 
in the phase I biotransformation of pharmacologically 
relevant carbonyl substances as well as protecting 
organisms against toxic carbonyl compounds by 
converting them to less lipophilic and more soluble 
and conjugatable metabolites [152]. 

The cDNAs of rat liver [153] and human testis 

[154] 1lPHSD have been cloned, and a comparison 
of the deduced amino acid sequence to that of other 
known proteins revealed that ll@-HSD is a member 
of the short-chain dehydrogenase superfamily [3]. 

A second, NADH-specific high-affinity isoform of 
1lPHSD seems to exist in rat distal tubule and in 
placenta, which apparently has no capabilities for 
xenobiotic carbonyl reduction [151, 1551. Several 
laboratories have been unable to isolate the gene 
for the kidney 1lPHSD isoform using the liver llg 
HSD cDNA as a probe, which may indicate that the 
high-affinity kidney form may be encoded by a 
different gene. 

The enzyme 11/3-HSD is another example of the 
versatility of hydroxysteroid dehydrogenases to 
permit substrates of both steroidal and non-steroidal 
structures access to the catalytic site. Although 
steroid oxidoreduction by 1lPHSD is restricted to 
carbon 11 of the steroid nucleus, thus exhibiting 
specificity towards glucocorticoids, several other 
steroids of the androstane and pregnane class were 
shown to be potent and competitive inhibitors of 
this enzyme [156]. Hence, on the one hand, a variety 
of steroids binds to the catalytically active site of the 
enzyme, but improper orientation of the functional 
group moiety prevents catalytic activity. On the 
other hand, certain xenobiotic aldehydes and ketones 
fit into the substrate binding pocket of ll@HSD, 
such that the active site affords hydrogen transfer 
between the functional groups of the substrate and 
cosubstrate. 

Most carbonyl compounds are lipid soluble and 
are expected to distribute in membranes rich in lipids. 
Hence, microsomal hydroxysteroid dehydrogenases 
may play a more significant role in the reductive 
metabolism than the cytoplasmic reductases. For a 
variety of pharmacologically and toxicologically 
relevant substances, including acetohexamide [157] 
and haloperidol [158], enzymatic conversion via 
carbonyl reduction within the microsomal fraction 
is known, but the lack of exact data prevents an 
exact assignment to a specific enzyme unless the 
respective activity can be proved with homogenous 
enzyme preparations. 

17PHydroxysteroid dehydrogenase 

17PHSD (EC 1.1.1.62 and EC 1.1.1.64) catalyzes 
the interconversion of estradiol and estrone as well 
as testosterone and androstanedione in a variety of 
tissues with NAD(H) or NADP(H) as cosubstrates 
[159-1611. The enzyme thus is crucial to the 
regulation of intracellular levels of biologically active 
steroid hormones, since both androgens and 
estrogens bind to their pertinent receptors with 
higher affinity as 17@-hydroxy steroids than as 17- 
keto steroids. There is considerable evidence that 
17preduction and -oxidation of androgens and 
estrogens are catalyzed by different isozymes with 
distinct substrate specificities and intracellular 
localizations. At least hepatic 17PHSD is present 
in microsomal and cytosolic fractions [159, 1601. 
Steroids are not the only substrates for hepatic 17p 
HSD, and it has been proposed that the majority of 
the hepatic benzene dihydrodiol dehydrogenase 
activity is catalyzed by an NADP+-dependent 17p 
HSD [86]. It therefore appears that the hepatic 17/L% 



Xenobiotic carbonyl reduction by hydroxysteroid dehydrogenases 429 

HSD is involved in the metabolism of foreign 
compounds as well as of physiological steroid 
hormones in vivo. 

Xenobiotic carbonyl reducing activity of 17/3-HSD 
was first reported by Sawada and coworkers [34], 
who isolated two NADP(H)-dependent isoforms 
from guinea pig liver. They showed that both 
enzymes were capalble of reducing a variety of 
xenobiotic aromatic aldehydes and ketones at the 
same catalytic site, w.hich is also responsible for 17/J- 
hydroxysteroid oxidoreduction, and proposed that 
17PHSD may play an important role in the 
metabolism of exogenous carbonyl compounds. In 
a later study, the same authors purified eight DDHs 
from the same source [85], seven of which were 
demonstrated to be 1’7pHSD isoforms, whereas one 
form turned out to be aldehyde reductase. The other 
seven forms oxidized alicyclic alcohols and benzene 
dihydrodiol and reduced xenobiotic carbonyl com- 
pounds, although 17/$hydroxysteroids showed higher 
affinities. The identification of most guinea pig 
DDHs with multiple forms of 17PHSD isozymes 
differs from reports that rat liver DDH is identified 
with 3cr+HSD [74,76], but is in agreement with the 
observation that mouse liver DDH is 17/J-HSD 
[83,84]. Nevertheless, mouse liver 17PHSD also 
catalyzes carbonyl compound reduction and is even 
suggested to be identical to indanol dehydrogenase 
and carbonyl reductase [84]. Multiple forms of 17p 
HSD associated with xenobiotic carbonyl reducing 
activities have been reported from rabbit liver 
[68,78]. A dimeric 17PHSD with dual cosubstrate 
specificity and carbonyl reductase activity has been 
described in chicken liver [57], whereas a microsomal 
form of 17PHSD that catalyzes a variety of 
xenobiotic carbonyl compounds has been shown in 
guinea pig liver [66]. 

Recently, a human placental 17PHSD cDNA has 
been cloned [162], and preliminary X-ray diffraction 
data of a crystallized active enzyme form have been 
reported [163]. 17PHSD belongs to the short-chain 
dehydrogenase superfamily [3], and one enzyme 
form (17PHSD type 2) was demonstrated to possess 
a pronounced 20a+H.SD activity towards progestins 
[162]. 

Sa,2OPHydroxysteroid dehydrogenase 

3a,20PHSD, also known as 20PHSD or as 
cortisone reductase, catalyzes the interconversion of 
20phydroxysteroids to their respective 20-keto 
derivatives as well as the 3a+ and 3poxidoreduction 
of a variety of androstanes [164-1671, and has thus 
far been regarded as .a polyfunctional enzyme [167]. 
An NAD(H)-linked 3a,20@-HSD was first purified 
from Streptomyces hydrogenans [168] and sub- 
sequently shown to be highly inducible by steroids 
[169]. Based on the primary structure, the enzyme 
was classified as a member of the short-chain 
dehydrogenase superfamily [170]. The enzyme is 
active as a tetramer [ 1711 and was the first hydroxy- 
steroid dehydrogenase for which the X-ray crystallo- 
graphic structure was reported [172]. 

Reductase activity towards non-steroidal sub- 
strates was demonstrated by Gibb and Jeffery [173], 
who showed that the crystalline preparation of S. 
hydrogenans 3a,20@-HSD reduced adamantanone. 

A mammalian, NADP(H)-dependent 3a,20/3- 
HSD from neonatal pig testis has been purified [166] 
and crystallized [174]. The enzyme also exhibits high 
reductase activities towards non-steroidal carbonyl 
compounds, which were even higher than the values 
for steroid oxidoreduction [175]. cDNA cloning and 
amino acid prediction revealed 85% homology to 
human carbonyl reductase [175], documenting that 
3a,20pHSD and carbonyl reductase bear both 
functional as well as structural resemblances. Based 
on respective sequence homologies, the mammalian 
3a,20PHSD may also be assigned to the short-chain 
dehydrogenase family [174,175]. 

An enzyme-cosubstrate-inhibitor complex of S. 
hydrogenans 3a;20PHSD with carbenoxolone and 
NADH was crystallized recently [176]. The pre- 
liminary X-ray analysis indicates that the three- 
dimensional structure is significantly different from 
the 3&,20fiHSD-NADH (enzyme<osubstrate) 
complex [172]. These studies revealed that the 
steroid-binding pocket of 3a,20/3-HSD is a large 
hydrophobic cleft near the surface and adjacent 
to the cosubstrate-binding site, in which the 
carbenoxolone molecule can be accommodated with 
either its C-3 or C-30 end oriented towards the 
cosubstrate-binding site [176]. This feature may 
explain the capability of 3a,20/?-HSD to be active 
on both ends of a steroid substrate, namely as 3cr- 
as well as 20@-oxidoreductase. 

Interestingly, an exocyclic-keto reductase activity 
for progesterone and S-warfarin has been described 
in hepatic microsomes from adult male rats [63]. 
Although the respective enzyme has not been 
purified, the functional data obtained suggest that 
one and the same enzyme catalyzes the reduction of 
progesterone to its 20@-hydroxy derivative and S- 
warfarin to its llS-hydroxy product. Considering 
that this enzyme is a microsomal 3a;20PHSD with 
putative warfarin reducing activities, this might be 
another example of the versatility of 3&,20/I-HSD 
to accept steroidal and non-steroidal compounds as 
substrates. 

STRUCTURAL CONSIDERATIONS 

The short-chain dehydrogenase superfamily 

P. testosteroni 3a+HSD [138-1401 and 3PHSD 
[141], mammalian 1lPHSD [150,153,154], 178 
HSD [162,163], 20PHSD [174,175], S. hydrogenans 
3q20PHSD [170] as well as carbonyl reductase 
[2,49] belong to the protein family of the short- 
chain dehydrogenases [3], which also includes 
3/I-hydroxy-5-ene-steroid dehydrogenase (EC 
1.1.1.145)[177],sepiapterinreductase(EC1.1.1.153) 
[178] and dihydropteridine reductase (EC 1.6.99.7) 
[179]. At least thirty different proteins are known 
to belong to this family, which forms a diverse group 
of enzymes, acting on many classes of substrates, 
e.g. sugars, steroids, alcohols, aromatic aldehydes 
and ketones, quinones, and prostaglandins. They 
are found in procaryotes as well as in lower and 
higher eucaryotes, including humans, which suggests 
that they originated from a common ancestor at least 
1.8 billion years ago. Alignment of the different 
enzymes reveals large homologous parts with 
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clustered similarities, indicating regions of special 
functional and/or structural importance [3]. 

Although many of the proteins have not yet been 
characterized enzymatically, there also seem to be 
similarities in cosubstrate stereospecificity and 
reaction mechanism in that they transfer the pro-S 
hydrogen of the pyridine nucleotide and exhibit an 
ordered Bi-Bi kinetic mechanism by which the 
cosubstrate binds first and leaves last [6,165,180]. 
Several of the above-described pluripotent hydroxy- 
steroiddehydrogenasesshowpreferentialcosubstrate 
specificity for either NAD(H) or NADP(H) or, in 
some cases, exhibit dual cosubstrate specificity 
towards both pyridine nucleotides, a fact that can 
be explained on the basis of some structural 
considerations. 

A highly conserved region near the N-terminus is 
part of the coenzyme binding site [3,181] and is 
predicted to consist of a pa$3 unit, the Rossman fold 
[182, 1831, which is characteristic for dinucleotide 
binding regions and which has been demonstrated 
in the crystal structure of 3@,20/3-HSD [172]. In 
addition, three highly conserved glycine residues 
close to the N-terminus were described in the region 
predicted to be involved in coenzyme binding 
[172, 1811. 

There is also a conserved negatively charged 
residue (aspartate) at the C-terminus of the second 
Pstrand which forms a hydrogen bond to the 2’- 
hydroxyl group of the adenine ribose of the NAD+ 
[3,172, 184-1861. This residue is important in 
discriminating between the cosubstrates NAD(H) 
and NADP(H), since repulsion between the 2’- 
phosphate group on the adenosine and the conserved 
aspartate prevents binding of NADP(H) but permits 
binding of NAD(H) [184,187]. Thus, the presence 
of a negatively charged amino acid in this position 
appears to explain the preference for NADH over 
NADPH in enzymes that otherwise are very similar 
in amino acid sequence. Accordingly, 17PHSD 
[57,161] and 1lPHSD [150,152] isoforms can use 
either NADPH or NADH as cofactors, which might 
be explained by the fact that they contain an alanine 
and threonine, respectively, in the position where 
aspartic acid is found in other short-chain dehydro- 
genases that exhibit NAD(H) specificity [188]. 
Moreover, both enzymes also contain a nearby 
arginine residue that could bind the negatively 
charged phosphate group in the 2’-position of 
NADP(H) [188]. 

The C-terminal part of the short-chain dehydro- 
genases is considered to contain the substrate binding 
site [3]. This part exhibits many variations in terms 
of primary structure, which might explain the 
broad substrate specificities for some short-chain 
hydroxysteroid dehydrogenases. From the three- 
dimensional structures of 3a,20@HSD [172] and 
dihydropteridine reductase [180] the topologies of 
the active site with coenzyme bound are known. A 
well-conserved pentapeptide, beginning at residue 
155 in human 17pHSD [189], together with adjacent 
conserved residues, is likely to have a general role 
in catalysis. Chemical modification and site-directed 
mutagenesis studies identified tyrosine-152 and 
lysine-156 to be essential for enzyme activity in 
3a,20PHSD, 15-OH-prostaglandin dehydrogenase 

[190,191] and Drosophila alcohol dehydrogenase 
[190, 1921 as well as their homologues in 11/3-HSD 
[193]. The strong conservation of these two amino 
acids in enzymes that act on steroids, prostaglandins, 
sugars and xenobiotic carbonyl compounds suggests 
that they have an important functional role in 
substrate binding and catalysis. Nevertheless, in 
some instances the active site conformation obviously 
allows access and catalysis of substrates bearing 
limited variations in terms of their molecular 
structure. 

An important potential for understanding how 
substrates bind to steroid dehydrogenases has come 
from the determination of the crystal structure of 
3o,20PHSD by Ghosh et al. [172], who successfully 
modeled cortisone into a putative binding site in the 
tertiary structure of 3@,20PHSD of S. hydrogenans 
[176]. 

The aldo-keto reductase superfamily 

As already described above, several hydroxy- 
steroid dehydrogenases have been cloned and 
sequenced, including rat liver [153] and human testis 
[154] llpHSD, human placental 17PHSD [194] as 
well as mammalian 3a,20PHSD [175] and 3&,2Op 
HSD from S. hydrogenam [170], which all have been 
shown to belong to the short-chain dehydrogenases, 
a phylogenetically ancient gene superfamily that 
includes many enzymes of bacteria and invertebrates 
as well as mammals [3]. However, rat liver 3~HSD 
bears no significant sequence homology with these 
proteins, indicating that the mammalian liver 3~ 
HSD does not belong to this group [91,195]. Rather, 
comparison of the homology between 3~HSD and 
entries in the GenBank and EMBL data banks 
identifies significant homologies with bovine lung 
prostaglandin F synthase [118], human placental 
aldose reductase [2], human liver aldehyde reductase 
[2], human liver chlordecone reductase [114] and 
frog lens crystallin [131], suggesting that 3a-HSD 
belongs to the aldo-keto reductase superfamily 
[91,116, 1171. The homology to structural proteins 
like lens crystallin is worth mentioning since these 
proteins are known to bind NADPH and to display 
lactate dehydrogenase [196] as well as low prosta- 
glandin H2 9,11-endoperoxide reductase activity 
[197]. 

As is the case with the short-chain dehydrogenases, 
the high degree of identity among the members of 
the aldo-keto reductase superfamily suggests that 
they have been highly conserved during evolution. 
In addition, whereas 70% homology has been found 
between rat liver 3(~-HSD and human liver 
chlordecone reductase [116], even complete identity 
has been proposed if both enzymes are derived from 
human liver [23], thus emphasizing species variations. 

Alignment of the N-terminal sequence of 20&- 
HSD from T. pyriformis with those of other 
hydroxysteroid dehydrogenases showed a con- 
siderable degree of similarity to bovine testicular 
~OWHSD, rat liver ~wHSD [126], as well as human 
placental aldose reductase [2], human liver aldehyde 
reductase [2], and bovine lung prostaglandin F 
synthase [118], suggesting that this procaryotic 20~ 
HSD does also belong to the aldo-keto reductase 
superfamily. 
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The large number of highly conserved residues 
makes it difficult to identify residues that might be 
important in terms of catalytic function. Analysis of 
the sequences of 3(~-HSD and related enzymes 
revealed a pair of conserved closely spaced glycine 
residues (Gly-20 and Gly-22) followed 28 residues 
later by a conserved acidic residue (AspJO). This 
region is predicted to be in a @Y@ conformation and 
could, in principle, constitute part of the nucleotide 
cosubstrate-binding site [116]. Analysis of the 
deduced amino acid sequence and isolation of the 
active site peptides by Penning and coworkers 
[91,195] are in agreement with this observation and 
suggest that the pyridine nucleotide binding site may 
reside at the NH*-terminus, while the steroid-binding 
site may reside at the COOH-terminus of rat liver 3~ 
HSD. 

The kinetic mechanism of 3~HSD predicts an 
ordered Bi-Bi mechanism in which the cosubstrate 
binds first and leaves last [99]. These findings imply 
that during catalysis the pyridine nucleotide binds 
first to the NH*-terminus, the steroid substrate binds 
to the COOH terminus, and the two structural 
domains are brought together to form the central 
complex so that dehydrogenation can proceed. 

At this point, some common principles between 
the short-chain dehydrogenases and the aldo-keto 
reductases should be discussed. In analyzing the 
primary structures of the SCAD, Jijrnvall and 
coworkers [llO] described a motif Tyr-X-X-X-Lys, 
which is completely conserved. This consensus 
sequence is also found in 3~HSD at amino acid 
residue 205-209 as Tyr-Cys-Lys-Ser-Lys, and is also 
present in the aldose reductase and rho-crystallin, 
but not in prostaglandin F synthase [91]. On the 
other hand, there do not exist any sequence 
homologies between the aldo-keto reductases and 
the short-chain deh:ydrogenases. Hence, the two 
superfamilies are obviously not related and must 
have evolved separately. However, they share some 
common similarities with respect to catalytic function 
and structural organization. Both families comprise 
oxidoreductases that can use either NADH and/or 
NADPH as cosubstrates, among which pluripotent 
hydroxysteroid dehydrogenases stand out in terms 
of their additional ability to act as dihydrodiol 
dehydrogenase, quinone reductase and/orxenobiotic 
carbonyl reductase. Moreover, the alternating 
stretches of /I-sheets and cu-helices with the proposed 
N-terminal cosubstrate binding site (including 
conserved glycine residues), together with the Tyr- 
X-X-X-Lys motif near the putative substrate binding 
COOH terminus in members of both superfamilies, 
suggest a common requirement for specific con- 
formational features to afford catalytic activity. 

Two interpretations seem feasible: either (1) two 
different lines branched off from a common 
ancestor resulting in substantially divergent protein 
superfamilies, or (2) according to compelling 
necessities in terms of catalytic function, both 
superfamilies arose from a different ancestor, thus 
implying an example of convergent evolution. 
Nevertheless, the constitutivity and overall abun- 
dance emphasize the biological importance of these 
pluripotent hydroxysteroid dehydrogenases from 
both protein superfamilies. 

FUNCTIONAL CONSIDERATIONS 

Dual specificity at one catalytic site 

Dual activity at the active site of a single 
enzyme is a common feature of steroidogenic 
oxidoreductases. Kinetic studies and affinity-labeling 
experiments on bacterial and mammalian hydr- 
oxysteroid dehydrogenases have shown that some 
of these enzymes exhibit dual substrate specificity, 
a single protein catalyzing oxidoreduction at two 
distinct positions on the steroid molecule. 3&17/% 
HSD activity of P. testosteroni [198], 3a;20@HSD 
activity of S. hydrogenans [165,199,200], 3q3/3,20/% 
HSD from pig testis [166], 3(17)a-HSD from mouse 
kidney [SO], 3417&HSD of hamster and male 
rabbit liver [68,75,87], 3fi,20~HSD from fetal calf 
[201] and fetal lamb [202] erythrocytes, 3q20~u-HSD 
from human liver [77] and 17/?,20&-HSD activities 
of human placenta [162,203] have been reported to 
be mediated by single enzymes. 

Hydroxysteroid dehydrogenases which, on the 
one hand, show dual steroid substrate specificity for 
3c~- and 17/3-hydroxysteroids and, on the other hand, 
additionally exhibit specificity towards xenobiotic 
carbonyl compounds were described in hamster 
[75,87,113] and rabbit liver [68,78] as well as in the 
case of 3(17)(u-HSD activity in mouse kidney [80]. 
Since indanol dehydrogenase showed low K,,, or high 
&t/K,, values for some 3- and 20-ketosteroids, 
comparable to the values of rat liver 3a+HSD and 
rat ovary 20~HSD [69], the enzyme, which has been 
recognized as a drug-metabolizing enzyme, may act 
also as a bifunctional 3(20+HSD in monkey liver. 
The bifunctional activity of the enzyme may be 
important for the conversion of Sppregnandione to 
5@pregnane-3n,20m-diol, a major metabolite of 
progesterone and pregnenolone . Moreover, activities 
towards even more than two functional groups of 
the steroid molecule have been reported for 
3~u,3/3,17/3,20~HSD from rabbit liver, which could, 
therefore, be considered as a polyfunctional 
hydroxysteroid dehydrogenase [204]. 

An important advance in understanding the 
catalytic mechanism of dual activity at the same 
active site might come from investigations of 
tertiary structures of enzyme-cosubstrate-substrate/ 
inhibitor complexes. Ghosh et al. [176] have 
crystallized an enzyme-NADH-carbenoxolone com- 
plex of 5. hydrogenans 3c~,20/%HSD and provided 
evidence that the carbenoxolone molecule can be 
accommodated in the large steroid-binding pocket 
with either its C-3 or its C-30 end oriented towards 
the cosubstrate binding site, which might explain the 
ability of this enzyme to act as a 3c~- as well as a 
20/3steroid oxidoreductase. 

Multiple specificity towards non-steroidal substrates 

As described above, several hydroxysteroid 
dehydrogenases of the two protein superfamilies, 
the aldo-keto reductases and the short-chain 
dehydrogenases, exhibit versatility in that they 
perform catalytic activity towards physiological 
steroid substrates as well as towards non-steroidal 
carbonyl-containing xenobiotics. Structural and 
kinetic data revealed that catalysis proceeds at a 
common catalytic site. Dual specificity towards 
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Fig. 1. Pluripotent hydroxysteroid dehydrogenases involved in xenobiotic carbonyl reduction. 

different functional groups at the steroid nucleus 
already emphasizes the complex steroid-binding 
characteristics and may be consistent with the view 
that the active site is larger than a steroid molecule 
[48,173,176]. 

This leads to the intriguing concept that several 
hydroxysteroid dehydrogenases may have broader 
substrate specificity than originally anticipated. 
Possibly, certain xenobiotic aldehydes and ketones 
either have the same orientation within the active 
site comparable to the physiological steroid substrate 
of a given enzyme, or the xenobiotic molecule is 
small enough to perform flexible orientation within 
the active site, such that hydrogen transfer between 
the functional groups of the substrate and cosubstrate 
can proceed. However, in these cases the large size 
conformation of the substrate binding pocket 
provides pluripotency towards the respective 
enzymes. 

To assess the biological importance of the 
pluripotency of these particular hydroxysteroid 
dehydrogenases several questions have to be 
answered: (1) What is the specific physiological 
function of these enzymes? (2) Do they have more 
than one specific function? (3) From what kind of 
ancestral precursor protein have these hydroxysteroid 
dehydrogenases evolved? (4) What role did these 
ancestral molecules fulfill in ancient organisms? (5) 
Were they specific towards yet unknown substrates 
with perhaps steroid-like structure? (6) What is the 
reason for their evolutionary conservation? At this 
point a philosophical approach should be indicated. 

As already stated above, the constitutivity and 
overall abundance of these pluripotent hydroxy- 
steroid dehydrogenases emphasize their biological 
significance, which is supported by the fact that the 
coincident ability of enzymes for hydroxysteroid 
dehydrogenation and xenobiotic carbonyl reduction 
has evidently been invented twice and subsequently 
been conserved during evolution in two different 
protein superfamilies, corresponding to the principle 
of convergent evolution (Fig. 1). It is possible that 
early ancestors of today’s pluripotent oxidoreductases 
originally functioned in the catabolism of a variety 

of carbonyl compounds as a means of using even 
complex polycyclic hydrocarbons as a source of 
carbon and energy. Evidence for such considerations 
is provided by the fact that certain procaryotes, i.e. 
P. testosteroni, can grow on steroids or polycyclic 
hydrocarbons as its sole carbon and energy source 
[132,205]. Moreover, P. testosteroni is inducible by 
various steroids [132] and, upon induction, expresses 
a ICY-HSD isoform which exhibits versatile substrate 
specificities towards steroids and non-steroidal 
carbonyl compounds [138--140-J. 

Two other examples for the occurrence of 
pluripotent hydroxysteroid dehydrogenases in lower 
organisms are 3a;20@-HSD from S. hydrogenans, 
which mediates ketone-reduction of adamantanone 
[173] and 20a-HSD from the protozoan T. pyriformis, 
which reduces several non-steroidal carbonyl com- 
pounds and oxidizes trans-benzene dihydrodiol [ 1261. 

In the course of time and due to evolutionary 
pressure, some hydroxysteroid dehydrogenases may 
have acquired absolute specificity towards a given 
steroid molecule. On the other hand, the enduring 
presence of xenobiotic carbonyls may have led to 
the persistence of the multifunctional potency of 
other hydroxysteroid dehydrogenases, which today 
may serve several functions. One of these functions, 
as postulated by numerous authors, is that these 
hydroxysteroid dehydrogenases play a role as drug- 
metabolizing enzymes in the detoxification of 
biologically active carbonyl compounds to more 
hydrophilic, conjugatable and less active alcohols. 
However, besides multicellular organisms like 
mammals, procaryotes and lower eucaryotes also 
have to deal with injurious and toxic molecules, 
which suggests that the respective enzymes may 
already have served as detoxifying tools in ancient 
organisms. 

Another idea is that pluripotent hydroxysteroid 
dehydrogenases have evolved from ancestral proteins 
that have been developed as a device in the regulation 
of hydrophobic signal molecules in unicellular 
organisms. In higher organisms, the hormone system 
serves as a complex intercellular communication 
system and is dependent on intracellular hormone 
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receptor specificity and the existence of hydroxy- 
steroid dehydrogenases which regulate the intra- 
cellular active hormone level. This resembles, in 
many aspects, the situation in Rhizobium/plant 
signal transduction, where hydrophobic plant 
flavonoids as well as different bacterial gene 
products act as sign.al molecules in the interspecies 
communication. Sequence analysis of these gene 
products, NodG prfotein from Rhizobium meliloti 
[206] and FixR protein from Brudyrhizobium 
juponicum [207] (bacteria that form nitrogen-fixing 
nodules in the roots of alfalfa and soybeans, 
respectively), revealed an unexpected relationship 
to the pluripotent hydroxysteroid dehydrogenases 
of the short-chain dehydrogenase superfamily 
[3,189]. In addition, some flavonoids have steroid- 
like actions in mammals as well as anti-cancer activity 
[2Os-2121. 

Sequence homologies of procaryotic enzymes, 
such as S. hydrogenans 3~~,20j%HsD and P. 
testosteroni 3~HSD, to 11/3-HSD and 17P_HSD of 
mammalian tissues (I138,140,213] support the idea 
that the original function of several hydroxysteroid 
dehydrogenases could have been the metabolic 
regulation of hydrophobic signal molecules in 
unicellular organisms [213], although the hydro- 
phobic signal molecules are unknown. 

Nevertheless, the broad substrate specificity of 
these hydroxysteroid dehydrogenases for non- 
steroidal compounds, suggests that, at an earlier stage 
of evolution, they were incorporated into bacteria 
as a means of detoxifying xenobiotic chemicals. This 
property may have been conserved during evolution, 
such that these enzymes “today” play an additional 
role in drug metabolism in mammalian tissues. 
However, if ancestors of the aldo-keto reductases 
or short-chain dehydrogenases indeed had more 
specific functions in unicellular organisms, it would 
be interesting to speculate by which evolutionary 
strategy they have acquired their diverse substrate 
spectrum of today (or pluripotency in case of the 
hydroxysteroid dehydrogenases). In this context the 
principle of “gene sharing” may be of prominent 
significance. 

Gene sharing as an evolutionary strategy was first 
described for duck lactate dehydrogenase and duck 
lens crystallin, and means that a functional gene 
acquires and maintains a second function without 
duplication and without loss of the primary function 
[196,214,215]. This. process thus differs from the 
use of a single gene to generate more than one 
protein with different functions by alternative RNA 
splicing, DNA rearrangement, or posttranslational 
modifications. Such genes are under two or more 
different constraints, which might significantly slow 
the evolutionary process for parts of these genes 
while elsewhere accelerated modifications take place. 
Gene sharing may occur widely in nature and may, 
perhaps initiated by the acquisition of new gene 
promoter elements, precede gene duplication, 
specialization and subsequent divergence. 

Gene sharing adds to the compactness of the 
genome, which is of considerable priority in 
procaryotic genomes and which could have been the 
primary cause for the development and multiplicity 
of the aldo-keto reductase and short-chain dehydro- 

genase protein superfamilies. It is possible that an 
ancestral gene, encoding for a protein with a specific 
function (for example, metabolic regulation of signal 
molecules), may have acquired additional roles 
(for example, catabolism of polycyclic carbonyl 
compounds as a source of carbon and energy), which 
during the course of evolution and due to adaptive 
modifications and selections have resulted in the 
establishment of a protein superfamily, whose 
members, on the one hand, are evolutionarily 
related, but, on the other hand, act on diverse 
substrates such as steroids, sugars, prostaglandins, 
quinones and a variety of aromatic aldehydes and 
ketones. Hence, whereas the aldo-keto reductases 
and short-chain dehydrogenases obviously have 
evolved from a different ancestor and show a classic 
example of convergent evolution, the pluripotent 
specificity of some of their members, i.e. hydroxy- 
steroid dehydrogenases, may illustrate gene sharing 
as an alternative evolutionary approach for attaining 
diversity towards a broad substrate spectrum. 

PROSPECTIVE VIEW-CONCLUSIONS 

In view of the role that these pluripotent 
hydroxysteroid dehydrogenases have in regulating 
the actions of their physiological steroid substrates 
(and thus contribute to the maintenance of normal 
cell physiology), together with their widespread 
capability for the metabolism of non-steroidal 
carbonyl compounds, insights into mechanistic 
characteristics of enzyme function as well as 
predictions of catalytic activity and substrate 
interactions seem useful and have an important 
application in providing means for specific modi- 
fications in terms of a therapeutic benefit. Information 
and rational explanations for their broad substrate 
specificity and non-specific nature towards xenobiotic 
carbonyl compounds also seem desirable in view of 
the increasing roles being proposed for several 
multifunctional hydroxysteroid dehydrogenases in 
drug metabolism and carbonyl compound detoxi- 
fication. 

First of all, intensive genomic and cDNA analysis 
will be required to determine the origin and precise 
relationship of these proteins, which eventually will 
contribute to the elucidation of their ancient as well 
as current physiological functions. To define the 
topography of the active center and to identify the 
substrate-binding domains, functional residues can 
be predicted by multiple sequence comparisons and 
be confirmed by affinity labeling, thus proving the 
multifunctional nature of the various pluripotent 
hydroxysteroid dehydrogenases. Site-directed 
mutagenesis combined with the overexpression of 
the wild-type and the mutant cDNA in cultured cells 
in the presence of physiological steroid substrates or 
non-steroidal xenobiotic carbonyl compounds will 
then be necessary to assess the importance of these 
residues. 

More direct data concerning the functional 
significance of conserved residues and the interaction 
of substrates with the catalytic site may come from 
the determination of the crystal structure of the 
enzyme together with the modeling of potential 
substrates or competitive inhibitors along with 
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cosubstrates into the putative binding pocket of 
the tertiary structure of the respective enzyme. 
Subsequent analysis of enzyme-substrate-cosub- 
strate complexes is likely to yield new information 
on the molecular interactions and how hydride 
transfer occurs. 

In conclusion, the pluripotent hydroxysteroid 
dehydrogenases of both superfamilies, the aldo-keto 
reductases and the short-chain dehydrogenases, may 
have a more significant and hitherto not fully 
appreciated role in general cellular metabolism. 
Detailed knowledge on structural and functional 
properties of these pluripotent enzymes possibly 
provides a molecular understanding of the catalytic 
mechanism and may allow the rational design of 
specific effecters that might be used in pharmacologic 
therapy. 
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