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Two large gene and protein superfamilies, SDR and MDR (short- and medium-chain dehydrogenases/
reductases), were originally defined from analysis of alcohol and polyol dehydrogenases. The superfam-
ilies contain minimally 82 and 25 genes, respectively, in humans, minimally 324 and 86 enzyme families
when known lines in other organisms are also included, and over 47,000 and 15,000 variants in existing
sequence data bank entries. SDR enzymes have one-domain subunits without metal and MDR two-
domain subunits without or with zinc, and these three lines appear to have emerged in that order from
the universal cellular ancestor. This is compatible with their molecular architectures, present multiplic-
ity, and overall distribution in the kingdoms of life, with SDR also of viral occurrence. An MDR-zinc, when
present, is often, but not always, catalytic. It appears also to have a structural role in inter-domain inter-
actions, coenzyme binding and substrate pocket formation, as supported by domain variability ratios and
ligand positions. Differences among structural and catalytic zinc ions may be relative and involve several
states. Combined, the comparisons trace evolutionary properties of huge superfamilies, with partially
redundant enzymes in cellular redox functions.

� 2010 Elsevier Inc. All rights reserved.
1. Background

Alcohol dehydrogenase (ADH) has long been the subject of
molecular studies and now illustrates several evolutionary proper-
ties common to proteins in general. Major steps in this chain of re-
sults are reviewed in this chapter. They cover over 60 years of
research at Karolinska Institutet since the mammalian protein was
crystallized [1], and close to 45 years since it was found to be N-ter-
minally acetylated [2]. ADH was initially selected for studies because
of its dehydrogenase function requiring cofactors with resulting ver-
satile kinetics [3]. Its zinc metalloprotein nature and medically
important role in alcohol elimination also motivated many studies.
It was one of the dehydrogenases early defined in primary and ter-
tiary structure, contributing to the then growing knowledge of a
coenzyme-binding domain, the now famous Rossmann-fold [4]. It
occurs in many dehydrogenases, kinases and other [5,6] proteins.
Two superfamilies were found and defined around ADH activities
ll rights reserved.

ics, Rheumatology and Mus-
niversity of Oxford, OX3 7LD,

olecular Biology, Karolinska
[7] and are now known as MDR and SDR, for Medium-chain and
Short-chain Dehydrogenases/Reductases, respectively. Many years
of work then established the family members, showed a series of
MDR gene duplications during vertebrate radiation, enzymogenesis
of novel functions, an origin of MDR-ADH from GSH-linked formal-
dehyde dehydrogenase, and distinctive evolutionary patterns for
MDR [8,9] and SDR [10] relationships.

From the ‘‘explosion” of organisms and forms since character-
ized in many genome projects, the SDR and MDR superfamilies
are now known in a multitude of forms. They include about 82
and 25 genes, respectively, in the human, manifold these numbers
when also other lines of life are included, and several tens of thou-
sands of variant forms in the sequence data banks [11,12]. From
this multitude of data and from observations on occurrences, mul-
tiplicities and variabilities, it is now possible to link previous
observations with novel conclusions. Combined, they illustrate
wide ranges of molecular evolution, including questions on ances-
tral origins, zinc metalloenzyme properties, and complex func-
tional aspects, as now outlined.

2. The MDR and SDR superfamilies

The huge group of proteins (and their genes) with related redox
coenzyme-binding domains as parts of their structures has a dis-
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tant origin. The group is subdivided into superfamilies, also of an-
cient origin, which represent recombinatorial events putting to-
gether different building units into separate orders, numbers,
sizes and arrangements, forming the basis for further evolution.
In the case of ADHs, at least four superfamilies of different basic
solutions are known. They share similarities in the Rossmann-fold
of the coenzyme-binding domains, and also share some end sub-
strates (‘‘alcohol” and other molecules) but have different overall
molecular architectures and different catalytic mechanisms. Two
of these superfamilies containing ADHs are well-characterized,
MDR and SDR, now representing many enzyme activities.

The general architectures, relationships, structures and family
properties of the MDR and SDR superfamilies were recently re-
viewed [11–14]. In short, the MDR proteins typically have two-
domain subunits, with the coenzyme-binding domain and its
building units in a consecutive fold covering much of the C-ter-
minal half. The other domain, the ‘‘catalytic” domain, presum-
ably derived from GroES chaperon building elements [15], is
typically co-folded from different parts, including much of the
N-terminal half and a C-terminal segment. In contrast, the SDR
proteins have a simpler molecular architecture, with largely
one-domain subunits, derived from just the coenzyme-binding
fold, with more or less extensions.

Both these superfamilies occur in all life forms. This wide-
spread, homogeneous nature of the families in all kingdoms of life
and the recombinatorial formation of both subunit types from
building blocks, suggest that they are remnants from horizontal
gene transfers. This would apply to the communal pool of the last
universal cellular ancestor and would allow the genes then to
emerge with the kingdoms [16] for further Darwinian evolution.
This conclusion is supported by recent data from random genome
screenings of microorganisms and viruses from sea water, where
SDR genes are among the genes most abundant [17]. Hence, it
may be concluded that SDR genes are of extreme age, and emerged
early from the communal pool during cellular evolution [16]. This
conclusion is compatible also with the fact that SDR, and not MDR,
has the simplest structure, with just one domain and building
block, and the most wide-spread occurrence in nature [11], being
one of the early characteristics of life [17] at the stage when viral
gene transfer appears to have been a common feature [18]. The vir-
al gene transfers and the fact that these enzymes have ribonucleo-
tide cofactors, can also be taken to reflect even earlier origins, from
the stages of ancestral RNA worlds [19].

MDR, too, fits into an early formation pattern, but appears to be
of a later emergence from spillover at the communal pool stage,
compatible with its more complex architecture with different
building units, and its less abundant spread in life forms today.
Furthermore, the MDR superfamily has a special pattern of two
types, many being either metalloenzymes containing zinc, or just
non-metalloproteins without zinc [20]. Interestingly, the zinc-free
MDR families are more common in prokaryotes and with structural
features favouring NADPH binding, and hence reductase functions,
while the zinc metalloenzyme MDR families are more common in
eukaryotes and with structural features favouring NAD binding
and hence primarily dehydrogenase functions [20]. In conclusion,
it appears as if the three protein subunit types, SDR, non-Zn-
MDR and Zn-MDR, represent consecutive emergencies from the
communal pool, first SDR, then metal-free MDR, and finally zinc
metalloprotein-MDR (Fig. 1). All three have since diverged and
are now of wide-spread occurrence, with many enzyme types.
However, the family patterns still differ, with more early branch-
ings in the SDR than MDR superfamily, as visible by the evolution-
ary trees of present SDR and MDR forms in mammals (Fig. 2),
compatible with the earlier emergence of SDR (Fig. 1).
3. Zinc metalloenzyme nature

The 2-fold pattern of MDR enzymes, with and without zinc,
forms a link with function (above) and appears also to illustrate
characteristics of the metalloenzyme nature (Fig. 3). Thus, the
zinc-free MDR forms appear to be older than the zinc-containing
forms, are of mainly prokaryotic abundance and reductive. It even
appears possible that the early recruitment of the metal coincided
with the emergence of oxygen in the Earth’s atmosphere, and that
just zinc was then beneficial because of its inertness to redox-med-
iated valence changes, providing a basis for its function as a Lewis
acid catalyst in the enzyme reaction mechanism. The zinc-free
forms also appear, in the large family evaluations now possible
from the data banks, to be associated with a domain variability dif-
ferent from that of the metalloprotein subunit type [20]. Thus, all
MDR forms with a conservation of the coenzyme-binding domain
more than 2-fold that of the catalytic domain are of the non-Zn
type, and of the 10 families with the highest conservation in the
coenzyme-binding domain, eight are non-Zn-MDR forms. Hence,
forms with more variability in this domain (or either domain) in-
clude Zn-MDRs, almost as if zinc might replace amino acid conser-
vation in maintaining the domain functional. All comparisons of
domains, with and without zinc, with and without extreme residue
variability, or with reductive or oxidative enzymatic direction,
show surprisingly large numerical differences, suggesting that
the presence of zinc has extensive effects [20]. Notably, the cata-
lytic zinc, when present, is bound with three protein ligands to
the catalytic domain but has a function, apart from catalysis, to
also contribute to maintain the architecture for binding the coen-
zyme and for a conformational movement forming the substrate
binding site [13], giving an ordered reaction mechanism. Thus,
the catalytic zinc appears to allow for domain communications,
compatible with the observation that catalytic zinc atoms fre-
quently have one large, inter-ligand distance along the protein
chain [21].

Of additional interest is that Zn-MDR proteins, like mammalian
ADH, frequently have also a second zinc ion bound per subunit.
This is then a ‘‘structural” zinc, differently coordinated [21] with
four closely spaced protein ligands [13]. This ion center, when
present, is in a variable region, absent or different in other related
forms (like sorbitol DH) and appears to contribute to subunit inter-
actions (cf. Fig. 3), influencing the quaternary structure of the pro-
tein [22]. Sequence alterations in this region allow ligand shifts,
suggesting that the structural zinc atom [23], like the catalytic
one, may be in a strained conformation, typical of an entatic state
of the zinc [24]. Furthermore, also the active-site zinc in some
MDR-ADH forms may acquire ligand shifts [25] and this is then
associated with considerable zinc movement and conformational
changes that affect coenzyme binding [26] and may participate
in product release during the reaction cycle [27].

As stated, the major division among the MDR-enzyme types is be-
tween the presence or absence of the catalytic zinc ion. The struc-
tural zinc, when present, usually occurs in addition to the catalytic
zinc, hence appears to form a secondary variable, of later origin (or
loss) than the catalytic ion. Nevertheless, the data bank comparisons
show that two MDR families (numbered 58 and 83 [20]) exist in
which the protein has just the structural zinc ion. Hence, in special
cases, either zinc ion may emerge (or be lost) during evolution. In
conclusion, the combined data suggest that catalytic and structural
zinc may both contribute profound effects on the protein and supply
domain intercommunications, subunit interactions, or substrate
bindings. In short, the zinc appears to give the protein an additional
strength, as if compensating for domain variability and for evolu-
tionary changes in the protein scaffold.



Fig. 1. Ancestral origins of SDR and MDR forms at separate stages. As given in the text, SDR has the simplest build-up and widest spread in nature, suggesting a very early
origin from ab elements to a Rossmann-fold domain in the universal cellular ancestor (wavy blue lines) for subsequent Darwinian evolution in the cells of all three kingdoms
of life. MDR has a more complex build-up, is less wide-spread, and compatible with a later exit into Darwinian evolution, and still further so for Zn-MDR. Timings of the
origins are still unclear, but here given as being before the last cellular ancestor although especially the third line could have later origin(s), possibly correlated with additional
events (oxidative atmosphere, cf. text).
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Finally, a note on the feature of the similar SDR and MDR cata-
lytic mechanisms. When present, a catalytic zinc with a hydroxyl
from dissociated water provides a ligand for deprotonation of the
alcohol substrate, to allow for hydride transfer to the adjacent nic-
otinamide ring of the coenzyme [13]. In the metal-free SDR en-
zymes, a hydroxyl-tyrosinate ion stabilized by an adjacent Lys
residue gives a similar acid–base catalyzed mechanism and hy-
dride transfer to the coenzyme [11]. However, in both cases, de-
tailed reaction mechanisms are complex and still the subject of
study at increased resolution [13,14,28].

4. Family divergence

In addition to the superfamily relationships, reflecting early for-
mations of the SDR and MDR systems, and the roles of zinc as out-
lined above, both superfamilies also exhibit extensive divergence,



Fig. 2. Separate molecular patterns of the constituent enzyme family branches in the mammalian SDR and MDR forms. SDR has more family branches overall, much early
branching, and less frequent later branching than MDR, compatible with an earlier origin of SDR and earlier lockings into defined functions. Scale bars show the cumulative
horizontal branch length corresponding to 10% sequence differences.

Fig. 3. Zn-ADH variability patterns. The middle, continuous line represents the subunit architecture, with a catalytic (black) and a coenzyme-binding (red) domain, and two
zinc ions, one ‘‘catalytic” (Zn1) protein–liganded by three well-spread residues covering much of the catalytic domain and bordering to the second domain, and one
‘‘structural” (Zn2) liganded by four closely spaced residues well inside one domain. Blue regions indicate the most variable segments in the ‘‘variable” classes of the protein
(marked I) and in the ‘‘constant” classes (marked III), clearly showing the separate variability patterns between the enzymes of classes I and III.

128 H. Jörnvall et al. / Biochemical and Biophysical Research Communications 396 (2010) 125–130
producing separate enzyme activities in family relationships. Two
trends are relevant to consider in relation to this divergence, one
regarding SDR, the other regarding MDR.

5. EC enzyme class divergence in SDR

Considering the early origin of SDR (Fig. 1), the subsequent
divergence has had time to progress far. Hundreds of SDR enzyme
activities and corresponding families have been detected. Keeping
similar coenzyme-binding structures and active-site relationships,
other variability patterns differ greatly, and at least five sub-super-
family types of protein chain have been discerned in the data bank
comparisons: ‘‘classical”, ‘‘extended”, ‘‘intermediate”, ‘‘divergent”
and ‘‘complex” SDR enzymes [29]. This divergence has also evolved
novel enzyme types regarding the EC classification of enzymes into
six classes. Thus, most of the SDR families are still dehydrogenases
or reductases of the EC 1 class (219 families recognized last year),
but some lyases (EC 4 enzymes) have also evolved (26 families rec-
ognized last year), as well as some isomerases (EC 5 enzymes). The
active-site Tyr residue, assisted by adjacent Lys, Asn, and Ser resi-
dues, has been found to adjust to the basic reaction mechanisms in
these cases, too, still with acid–base catalysis and proton transfers
[11]. Thus, SDR proteins do not only represent very distant origin,
including viral representation [11,17] presumably from a time
when virally-mediated lateral gene transfers commonly occurred
[18], but also a wide activity type, involving half of all enzyme
activity types (three of six EC classes, thus far). Few gene/protein
superfamilies exhibit this great divergence.
6. Enzymogenesis and recent isozyme divergence in MDR

A more recent divergence pattern, but still of old age (�500 mil-
lion years [30]), is apparent in the ADH line of the MDR superfam-
ily and has paralleled the vertebrate radiation by a series of gene
duplications (Fig. 4). The parent form has been shown to be the
GSH-dependent ADH 3 type [31], which is a formaldehyde dehy-
drogenase [32] with the GSH adduct hydroxymethylglutathione
as substrate. Notably, handling of formaldehyde is an old prerequi-
site, since formaldehyde is a compound in interconversions within
the one-carbon pool, involving both serine and glycine relation-
ships as well as methylation reactions. The ADH 3 type also has
an inherent classical ADH activity [33]. This activity is apparently
sufficient for aldehyde and alcohol elimination in sub-vertebrate
ocean life. However, starting at the origin of osseous fish [8], a ser-
ies of gene duplications has occurred during vertebrate radiation,
allowing for creation of additional enzyme activities and leading
to the classical liver ADH (the ADH 1 form) in higher vertebrates.
These various ADH types are also called classes but are distinct
from the EC classes above, and contain only EC 1 enzymes. In the
human, we have six such ADH genes, while other species have
additional genes of this type from further duplications. In addition,
we (and other vertebrates) have recent sets of duplications, giving
rise to traditional isozymes, also line-specific. In this manner, the
human now has seven genes for ADH, all clustered in 100.0–
100.4 Mb (q23) of chromosome 4 [12]. The duplications are of
separate age, and reflect functional evolution, with enzymogenesis
of new activities from the ancestral form of GSH-coupled formalde-



Fig. 4. Phylogenetic tree linking the gene relationships among all human ADH classes and their counterparts in the rat, showing the different origins and evolutionary speeds
of the separate forms. Scale bar shows the cumulative horizontal branch length corresponding to 10% sequence differences.
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hyde dehydrogenase. Expression patterns, organ distributions and
molecular evolutionary properties differ among these genes [33].
In total, the duplication pattern during vertebrate evolution
(Fig. 4) very much resembles the globin tree in vertebrates, where
each duplication has generated a new functional variant. This has
allowed for the evolution of allosteric hemoglobin to permit oxy-
gen transport, and additional duplications to give embryonic and
fetal variants for placental life at different oxygen tensions, much
like we have a series of differently adjusted ADHs. Notably, one hu-
man ADH form is also of special fetal expression [33].

The ADH classes and more recent isozymes have been studied
in detail and have revealed two interesting observations, one on
segment variability along the protein chain [8], the other on paral-
lel isozyme variability in many other dehydrogenases [34]. Both
variations are further treated below.

7. Segment variability, with one ‘‘constant’’ form and one
‘‘evolving’’ form

Upon discovery of these multiple ADH structures, their species
variabilities were traced, initially to get functional information on
which residues that are important. But with results on the residue
variabilities, interesting patterns were observed tracing separate
lines. Thus, our seven ADH genes exhibit two types of evolutionary
pattern. One, the ADH 3 gene (and protein), is comparatively con-
stant among species and varies like for many basic metabolic en-
zymes (with �6% divergence between the human and rat
proteins), while the other ADHs (ADH non-3 type) overall vary
about 2- to 5-fold more. This was originally unexpected but has
now been shown in also other dehydrogenases (below). Thus,
ADH (and several dehydrogenases) have multiple genes, where
one type is fairly constant, like for fundamental enzymes in gen-
eral, and another is considerably more variable [34]. The different
pressure on their evolutionary conservation must reflect separate
functional roles. Notably, the ‘‘constant” ADH (ADH 3) is the parent
form and has a strict major enzyme activity (GSH-coupled formal-
dehyde DH activity), while the secondary duplications have given
rise to more variable forms. Apparently, the parent form keeps
the original, basic enzyme activity, while the secondary forms
evolve faster and adjust to novel functions, giving rise to enzymo-
genesis, including of the classical liver ADH activity. Again, this is
to some extent paralleled with the globin family, where one func-
tional gene (for a-chains) keeps the original activity, while the
other (b) evolves separate functions (for c and d type of activities).

Furthermore, segment variability within these ADH subunits
differ. One form (the ‘‘constant” ADH 3 form) appears to have its
most variable segments at surface positions or else at ‘‘non-func-
tional” positions (Fig. 3), whereas the other forms (the ‘‘evolving”
non-3 ADH forms) have their most variable segments at functional
regions of the active-site, the subunit interactions, and the struc-
tural zinc loop [8] (Fig. 3). Thus, not only do the two structural
types differ overall in evolutionary rate, but also in segment posi-
tions for the variabilities that do occur. The ‘‘constant” form is, both
overall and in segments, the parent form, while the ‘‘variant” form
in both senses is the secondary, duplicatory product. Finally,
although with less known support, the two evolutionary types ap-
pear to differ in duplicatory tendency, the ‘‘constant” type not
forming many isozymes by further duplications. In contrast, the
‘‘variable” form giving rise to more isozyme duplications and more
allelic variability, at least in the human. Hence the differences ap-
pear fairly extensive between the ‘‘constant” and the ‘‘variant”
type, affecting both local segments and the entire conservation,
even possibly correlating with duplicatory tendencies. The two
forms keep their considerably different evolutionary rates over
extensive time periods.

8. Parallel evolutionary patterns in many dehydrogenases

With the above patterns noticed, we also find similar two-type
constant and variable enzyme forms in several other dehydrogen-
ases, including aldehyde dehydrogenase [33] (of another structural
family). In fact, some dehydrogenases are now known to be highly
multiple, especially ADH and aldehyde DH. The latter with no less
than 18 genes in the human, and with a duplicatory variability
apparently larger than for ADH in the sense that aldehyde dehy-
drogenase genes now are spread over many chromosomes in the
human, while all human ADH genes are in one locus. Combined,
these observations suggest that ADH and several other DHs have
important functional roles. They appear to be essential both to
maintain their conserved and, in parallel, to evolve further. This
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multiplicity explains why ADH single-gene knock-out modified
animals show few phenotypic differences, because of the many
functionally redundant forms. Overall, though, such redundancy
suggests vital functions for ADH and several DHs.

Finally, some functional conclusions as to the physiological roles
of these enzymes can be drawn. The overall conclusion is that we
need ADHs, aldehyde dehydrogenases and other dehydrogenases
for protection against a variety of toxic alcohols, aldehydes and other
compounds, more or less like we need (and have) multiple cyto-
chrome P450s in detoxification reactions [35]. Functional mutants,
by absence or knock-outs, in both the P450 case and the DH cases
may have limited immediate effects but give long-term reduced
capacity, eventually leading to toxicity and presumably loss of cell
functions, and hence cancer. Notably, although P450 and ADH can
convert similar substrates, they differ in long-term, with P450 forms
having high capacity but DH forms giving less dangerous products,
with no reactive oxygen species, and only mild DH reactions. At
the same time, the constant evolution of variable forms opens for
generation of novel activities and thus novel functions. Two such
‘‘novel” and potentially interesting functions regarding ADH are,
on the one hand, the role of both SDR and MDR enzymes in retinoid
metabolism [33,36], with much influence on regulatory functions
[33], and on the other hand, the fairly recently found ADH function
in chemical elimination of the NO molecule, like ADH 3 does, as re-
cently reviewed [36]. Hence, continued studies of the ‘‘old” ADH en-
zyme functions are still of importance and give unexpected results.
In conclusion, the ADH activity represents a ‘‘living” and evolving
gene ‘‘battery”, can now be traced back to an early vertebrate origin,
and further back to ancestral relationships at the build-up of cellular
life and the start of divergent evolution.
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