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Abstract. Screens were made for alcohol dehydrogenase
(ADH) of the classical type (the MDR superfamily) in
translations of human and other relevant genomes, corre-
sponding to the organism types from which the enzyme
was initially purified. Considerable multiplicities were
detected in the dimeric enzymes from higher eukaryotes:
seven forms in the human (plus three pseudogenes), all
genes on chromosome 4, in the order class IV — class Iy
— class I — class la — class V — class 11 — class 111,
and eight forms in Arabidopsis thaliana (plus one
pseudogene). These multiplicity patterns, and the species
variability in the animal (human/mouse) and plant (4ra-
bidopsis/pea) lines, suggest parallel but separate duplica-

tory events, giving rise to three families of dimeric MDR-
ADH: class III, the animal non-class III, and the plant
non-class III enzymes, with functions in formaldehyde
elimination, in alcohol/aldehyde detoxication and in spe-
cial pathways in higher eukaryotes. Multiplicity, although
to a lesser extent, was also noted in tetrameric MDR-
ADH, suggesting functional divergence between the
dimeric and tetrameric enzymes. Combining these obser-
vations, at least five levels of divergence are reflected in
the present ADH forms, corresponding to nodes at the
SDR/MDR, the dimer/tetramer, the class III/non-class
III, the class I/P, and the more recent class splits, each
branch associated with separate functional patterns.

Key words. Alcohol dehydrogenase; MDR; SDR; enzyme multiplicity; genome; duplicatory event; formaldehyde
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Introduction

Alcohol dehydrogenases (ADHs) were detected early and
have the lowest EC number, EC 1.1.1.1. Four types, in
particular, were initially studied and long served as dif-
ferent models and markers [1]. They were yeast ADH (the
largest), crystallized as early as 1937 [2]; Drosophila
ADH (the smallest), purified in 1968 [3], liver ADH, and
plant ADH (both intermediate), crystallized or purified in
1948 and 1968, respectively [4, 5]. Later, all four types
were found to occur in multiple forms [1], and later still
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to represent different evolutionary lines [6], although
they are now known to be related in a more diverse man-
ner than initially visualized.

With the completion of the sequencing of the human and
other genomes, the genetic representation of these four
ADH types has been established, allowing comparisons
not only of the ADHs, but of the entire enzyme systems
to which they belong, i.e., MDR (medium-chain de-
hydrogenases/reductases) [Nordling E., Jérnvall H. and
Persson B., submitted] and SDR (short-chain dehydro-
genases/reductases) [7]. Such overall comparisons have
revealed at least eight different MDR families and at least
five different SDR families. In the human genome, they
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cover, minimally, 23 MDR and 63 SDR genes [Nordling
E., Jornvall H. and Persson B., submitted]. Notably, addi-
tional families with ADH activity also occur, such as
iron-dependent ADH [8], whose gene has been identified
in the human genome, long bacterial ADH [9], and AKR
(aldo-keto reductases) ADH [10].

Recent comparisons [Nordling E., Jérnvall H. and Pers-
son B., submitted] have concered group distinctions
rather than direct correlations within each enzyme activ-
ity. In the present work, therefore, we centered on the
classical ADH activity in relation to the four ADH types
originally defined (as above) and the human genome. The
results show differential multiplicities and allow func-
tional conclusions.

Materials and methods

Dimeric and tetrameric ADH members were identified
from protein sequences translated from the genomes of
Homo sapiens [11, 12], Drosophila melanogaster [13],
Caenorhabditis elegans [14], Arabidopsis thaliana [15],
Saccharomyces cerevisiae [16], and Escherichia coli [17]
using FASTA3 [18] with previously identified members
of these groups [19] as query sequences. Hits with an ex-
pect value below 10! were extracted and aligned with
ClustalW [20]. ADH data were also collected from
SwissProt for pea and mouse [21]. Evolutionary trees
were calculated from the alignments using the neighbor-
joining technique implemented in ClustalW. The cer-
tainty of each branch point was assessed with bootstrap
tests of the different trees. The trees with comparisons of
mammalian and plant ADHs were rooted using the
prokaryotic Haemophilus influenzae ADH (ADH3_
HAEIN) as outgroup. The resulting evolutionary trees are
displayed with TreeView [22]. All genomic sequences
have been checked versus the SwissProt database [21]
for functional annotation, and the SwissProt identifier is
given when known.

Results and discussion

Overall properties

Screens were made for the originally purified ADH en-
zyme types (yeast, Drosophila, liver, and plant) in the
genomes of human, 4. thaliana, S. cerevisiae, and D.
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melanogaster, and were compared, where relevant, to
corresponding forms in mouse, pea, E. coli, and C. ele-
gans. The screenings revealed the presence of ten human,
ten Arabidopsis, five yeast, and one Drosophila MDR-
ADH genes. Of the human genes, three had properties
like pseudogenes (recognized by unusual exon/intron pat-
terns, combined with a lack of upstream promoter ele-
ments such as TATA, CAAT or GC boxes, and with devi-
ating chromosome localizations), while the remaining
seven genes correspond to the enzymes of classes I (three
genes) and II-V (one each) [23, 24]. The seven genes are
all on chromosome 4 (fig. 1), in the order class IV —
class Iy — class I — class la — class V — class II —
class III, compatible with early assignments [25]. This to-
tal number suggests that additional classes, sometimes
named in other species [cf. 23, 24], do not occur in hu-
mans and may in some cases be just species variants of
human orthologues. The screenings, of course, also re-
vealed several properties already known for ADH en-
zymes. First, that Drosophila ADH is different from all
other ADHs, illustrating the fact that they belong to dif-
ferent superfamilies [26], SDR versus MDR, respec-
tively. Furthermore Drosophila also has an MDR form,
the glutathione-dependent formaldehyde dehydrogenase
[27] (equivalent to ADH class III, but with low ethanol
activity). However, of these organisms, only Drosophila
has an SDR-ADH, demonstrating that the insect line and
the other lines handle alcohol metabolism by different en-
zyme forms. Since this study concerns MDR enzymes,
Drosophila ADH will not be further considered here, ex-
cept for the class I[II MDR-ADH type.

The screenings also showed that ethanol-active MDR-
ADH, when present, appears to occur multiply. The mul-
tiplicity [6] and the general occurrence of ethanol activ-
ity [28] have been noted before, but can now be correlated
with enzyme type and with eukaryotic organism type.
These and other functional conclusions are most clearly
revealed when the MDR-ADH enzymes are divided into
the two constituent families of dimeric and tetrameric
ADHes, initially represented by the liver and yeast ADHs,
respectively.

Dimeric ADHs

Deduction of relationships for the dimeric ethanol-active
ADHs from evolutionary trees constructed with the
ClustalW method reveals divergence into at least three

Mb‘ |100.39 |100.44 |100.52 |100.59|100.62 |100.65 |100.73
111 11 \Y o 1B Iy v

Figure 1. Genomic representation of ADH classes on human chromosome 4 [12]. All genes are on the lagging strand, are displayed as a
continuous sequence without indications for the introns, and with start points given in megabases (Mb), numbered according to the lead-
ing strand.
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Figure 2. Structural relationships reflected by evolutionary trees for dimeric ADH of the MDR type as deduced from the completed
genomes studied. Bootstrap values are given for all nodes, and line lengths represent calculated structural divergence. Designations im-
mediately to the right of all lines show the species (AT, A. thaliana; HS, H. sapiens; EC, E. coli; DM, D. melanogaster; CE, C. elegans;
SC, S. cerevisiae) and the SwissProt identifier or the genomic identifier [21]. The word pseudo immediately above the code designates
pseudogenes. Designations to the left of the brackets show commonly used class names [23, 24], and those to the right, the three groups

now discerned.

groups (fig. 2), corresponding to the formaldehyde-active
class III enzyme from all species, the ethanol-active non-
class Il enzymes from animals, and the ethanol-active
non-class I1I enzymes from plants. This tri-partite group-
ing of dimeric MDR-ADH suggests several functional
conclusions regarding these enzymes. One is that only
plants and vertebrates appear to have the ethanol-active
dimeric MDR-ADHSs. Another is that in both the verte-
brate and plant groups of these enzymes, the multiplicity
is extensive, derived from a number of gene duplications.
And a third, that the patterns in the non-class III groups
from vertebrates and plants show some similarities, with
both early and late branching frequently at similar levels
(fig. 2). To illustrate this similarity in patterns from the
animal and plant lines of MDR-ADH, we also included
species variants in each case (fig. 3), in a manner similar
to that previously undertaken [29] but now comparing
mouse to the human form, and with time estimates for the

branch points. We then see a largely symmetrical pattern
between the human/mouse and the Arabidopsis/pea vari-
ability regarding both the formaldehyde-active and the
ethanol-active lines (fig. 3). This supports a common func-
tion for non-class III ADHs in higher eukaryotes. However,
the time estimates, calculated in two different manners,
show that the species separation values for class III are too
distant, falsely suggesting that the class III species separa-
tions are more distant than those for classes I and P (fig. 3)
and also more distant than accepted radiation nodes of
higher vertebrates. Hence, the constant speed expected for
class III evolution may be slightly higher than previously
calculated [30], or class III may evolve faster in higher eu-
karyotes, perhaps giving them novel enzymogenesis and
additional functions, as already known for class I with its
recent isozyme emergence [23, 24].

Although ClustalW does not sensitively distinguish dis-
tant relationships, and although some of the branchings
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Figure 3. Comparison of mammalian (human/mouse) and plant (4rabidopsis/pea) ADH types. SwissProt identifiers are given [21]. Trees
are rooted using the prokaryotic H. influenzae ADH (ADH3_ HAEIN) as outgroup. Estimated separation times are given at each node in
million years ago (MYA) assessed by branch lengths and the known separation time of class I and class III ADH [30]. For comparison, sep-
aration times are also given (within parentheses) from the number of amino acid differences and the known mutation rates of the different

enzyme lines [30].

have low bootstrap numbers, the overall similarities in
patterns appear significant. If so, these patterns must re-
flect functional relationships in the corresponding organ-
isms. The general conclusion would then be that most or-
ganisms have evolved an MDR-ADH and that in higher
eukaryotes, this is dimeric MDR-ADH, which has then
frequently undergone considerable multiplication: to
seven coding genes in the human genome and to eight in
the Arabidopsis genome (fig. 2). This multiplicity was
previously concluded to suggest a protective function for
ADH towards toxic effects of small alcohols and aldehy-
des [6], much like the function of cytochrome P450, also
a multiply occurring enzyme. The added advantage with
ADH would then be that it participates in dehydrogena-
tions/reductions without generation of reactive oxygen
species. Such a protective function still seems possible,
but with the added conclusion that ADH would now also

be expected to have more specific functions for higher
vertebrates, since they have additional MDR-ADH forms.
The lack in lower eukaryotes of MDR-ADH activity was
previously explained by a marine life [28], i.e., excretion
of toxic alcohols/aldehydes into seawater rather than elim-
ination by an ADH enzyme reaction. The present pattern,
however, makes the distinction between higher and lower
eukaryotes in general rather than between terrestrial and
marine life forms, and with partly parallel patterns in
plants and animals may suggest that a specific function is
associated with ADH in higher eukaryotes. If so, dimeric
ADH may have key functions in higher eukaryotes rather
than just general detoxifications.

Tetrameric ADHs
A similar visualization of the tetrameric family shows
considerably less multiplicity and places yeast ADH with

0.1

CE D2063.1
CE ADH1 CAEEL C. elegans
487 ADH
CE ADH2 CAEEL
SC ADHS5 YEAST
1000 SC ADH3 YEAST Veast
% SC ADH2 YEAST ADH
1000 1000
|: SC ADH1 YEAST
EC ADHP ECOLI Bacterial
_{ ADH
1000
AT MBKS 9

Figure 4. Evolutionary tree of tetrameric ADH of the MDR type within the completed genomes studied. Designations are SwissProt or ge-

nomic identifiers as in fig. 2.
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ADH of C. elegans, and with some E. coli and A. thaliana
forms. Thus, C. elegans and A. thaliana have both
dimeric and tetrameric ADH enzymes. Of special interest
is the occurrence of an E. coli ADH in this group (fig. 4).
This is a bacterial ADH with activity toward ethanol [31].
It has recently been crystallized and its three-dimensional
structure solved [32]. Yeast ADH was the first enzyme in
this group to be crystallized [2], but its three-dimensional
structure has still not been solved. The finding of an E.
coli ADH in this group, and the fact that it is internally
heterogeneous [32], may indicate special relationships
for the tetrameric ADH structures.

ADH diversification

Having both the dimeric (figs. 2, 3) and tetrameric (fig.
4) patterns, and the timing at branch nodes [cf. ref. 30],
figure 5 summarizes the SDR/MDR-ADH relationships
as deduced from the genomes investigated. In particular,
it distinguishes the tetramer/dimer duplication from the
IlI/non-IIT duplication, and shows the presence of the
ethanol-type activity in minimally five separate lines:
SDR, tetrameric MDR, dimeric animal MDR, dimeric
plant MDR, and formaldehyde dehydrogenase. ADH ac-
tivity of the type that includes ethanol as substrate is con-
cluded to be important and multiply divergent in a paral-
lel manner in different higher eukaryotes (figs. 2, 3). This
activity is fulfilled by dimeric ADH in higher eukaryotes,
by tetrameric ADH, also multiple, although less diver-
gently so in lower eukaryotes and prokaryotes (fig. 4),
and is possibly absent in a set of intervening organisms

Figure 5. Schematic trace of ADH multiplicity in the forms now
treated. Solid line lengths reflect the extent of divergence; dashed
lines indicate non-characterized connections between the MDR and
SDR superfamilies. In addition, a gene apparently corresponding to
iron-dependent ADH is present in the human, as are AKR enzymes,
one of which may have evolved ADH activity [cf. ref. 10]. [-V, the
human ADH classes; P, plant ADH (class P form; all further plant
ADH branches in fig. 2); Y, yeast ADH (type 1; all further yeast
ADH branches in fig. 4); 4, E, and C indicate the tetrameric ADH
enzymes from A. thaliana, E. coli and C. elegans, respectively (with
further tetrameric ADH branches in fig. 4).

Multiplicity of MDR alcohol dehydrogenases

[28]. Patterns are similar, whether derived from just ADH
(this work) or all types of MDR [Nordling E., Jérnvall H.
and Persson B., submitted].
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