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Abstract Mushroom alcohol dehydrogenase (ADH) from
Agaricus bisporus (common mushroom, champignon) was puri-
fied to apparent homogeneity. One set of ADH isozymes was
found, with specificity against formaldehyde/glutathione. It had
two highly similar subunits arranged in a three-member isozyme
set of dimers with indistinguishable activity. Determination of
the primary structure by a combination of chemical, mass spec-
trometric and cDNA sequence analyses, correlated with molec-
ular modeling towards human ADHs, showed that the active site
residues are of class III ADH type, and that the subunit differ-
ences affect other residues. Class I and III forms of ADHs
characterized define conserved substrate-binding residues (three
and eight, respectively) useful for recognition of these enzymes
in any organism.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Alcohol dehydrogenases (ADHs) illustrate several types of
evolutionary changes in proteins. The first ADH structure
determined was one of the dehydrogenase structures that
helped to establish the widespread occurrence of a common
nucleotide-binding fold [1,2]. Also early, relationships were
established between the tetrameric and dimeric ADHs [3],
both now known to be members of the MDR (medium-chain
dehydrogenases/reductases) superfamily [4]. Presently, at least
five superfamilies have been found to give rise to ADH activ-
ity (recent summary in [5]).

The first known family with ADH activity (MDR) is now
known to have evolved into minimally 23 forms in the human
genome [4,5], giving rise also to class and isozyme subforms.
The gene duplications have been traced, in particular the ma-
jor division into two functionally separate lines of ADH, class
IIT (the ancestral [6] glutathione-dependent formaldehyde de-
hydrogenase [7]) and several non-III classes with emerging
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ethanol-related activities. This line separation has been dated
to 500 million years ago [8], giving rise to enzymes with
closely similar folds but highly different in evolutionary rate
of changes (3—5-fold faster in non-class III) and in pattern of
local regions affected [9]. To establish these relationships,
MDR ADH has been characterized in most major life forms,
ranging from bacteria and archaea to eukaryotes of plants,
yeasts, insects, animals and the human [§]. In this long-term
study, two bacterial, special ADH forms, mycothiol-depen-
dent ADH and a nicotinoprotein ADH, were found to occupy
evolutionary positions intermediate between those of the ‘di-
meric ADH’ family and those of other MDR families [10,11].
In spite of the many forms, the enzyme characteristics of
several lines, including that for the enzyme from mushroom,
have not been established. We now report purification, prop-
erties, and structural relationships of this ADH line, too. To-
gether with previous data, the present structure defines further
relationships, establishes the constant pattern, and defines the
type of residue variability at the active site.

2. Materials and methods

2.1. Purification, multiplicity, and assays

Agaricus bisporus mushroom (1 kg) was used for purification of
ADH. The material was homogenized, centrifuged and precipitated
with 65% ammonium sulfate. The precipitate was dissolved in 20 mM
Tris/HCI, pH 8.8, dialyzed against the same buffer and applied onto
an anion diethylaminoethyl (DEAE) fast flow column (50 mM Tris/
HCIl, pH 8.8). All buffers used throughout the purification contained
0.1 mM dithiothreitol. The product was eluted with a gradient of 0—
0.5 M NacCl in the same buffer. After dialysis of the eluted activity in
20 mM phosphate buffer, pH 7.5, the sample was loaded onto aden-
osine monophosphate (AMP)-Sepharose (20 mM phosphate buffer,
pH 7.5) and eluted with a gradient of 0-3.6 mM oxidized nicotin-
amide adenine dinucleotide (NAD™) in the same buffer. The active
fractions were pooled, dialyzed against 20 mM Tris/HCI, pH 8.8,
applied onto Mono-Q fast protein liquid chromatography (FPLC)
(Amersham Biosciences) and eluted with a gradient of 0-0.5 M
NacCl in the same buffer. The fraction containing ADH activity was
dialyzed and applied to a chromatofocusing Mono-P FPLC column in
25 mM Tris/HCIL, pH 7.1, and eluted with 25 mM polybuffer 74
(Amersham Biosciences), which gave rise to three activity peaks, equi-
distantly separated. Throughout purification the enzyme was traced
by glutathione-dependent formaldehyde activity measurements [12]
once class III had been established to be the activity present. Protein
contents were determined using colorimetric methods [13]. The three
forms were analyzed by native gel electrophoresis and stained for
activity and protein as described [12].

2.2. Primary structure analysis
The purified protein was analyzed by peptide generation in separate
batches using Achromobacter Lys-specific (Waco), Staphylococcus
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Glu-specific (Roche Diagnostics) and Pseudomonas Asp-specific pro-
teases (Roche Diagnostics). The peptides were separated by reverse
phase high performance liquid chromatography (HPLC) [12] and an-
alyzed by N- and C-terminal sequencer degradations (Applied Biosys-
tems) and by matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry. Remaining parts (except the very N-terminus)
were analyzed via cloning of mushroom cDNA using reverse tran-
scription-polymerase chain reaction (RT-PCR) to yield a structure
which also confirmed most of the peptide-analyzed parts. Finally,
the acetylated N-terminus and the subsequent 26 residues were deter-
mined by collision-induced dissociation (CID) fragmentation of two
N-terminal peptides in a Q-time-of-flight (TOF) mass spectrometer
(Micromass). Ile/Leu are indistinguishable by the mass spectrometry
used and occur at two positions (positions 4 and 8). Both were as-
signed as Ile from the total compositions of the peptides and from
direct sequence analysis after deacetylation in trifluoroacetic acid
(TFA)/methanol (1:1, by vol) at room temperature for 18 h [14].

Total RNA was purified using the RNeasy plant minikit (Qiagen).
First-strand cDNA synthesis was performed by RT-PCR using Super-
script II (Invitrogen), utilizing 4.2 ug RNA. Primers designed from the
DNA sequence of phosphoglycerate kinase in 4. bisporus were used as
a positive control. Degenerated primers were designed from the pep-
tide sequence of A. bisporus using the program GeneFisher [15]. Ino-
sine was used in those cases where there was a choice of four nucleo-
tides in the last position of the triplet codon. The PCR was run on a
MiniCycler (MJ Research) in a 50 ul scale using platinum 7ag DNA
polymerase high fidelity (Invitrogen) with hot start and an annealing
temperature of 60°C. The PCR product was purified using the QIA-
quick gel extraction kit from Qiagen and cloned into a TOPO TA
vector (Invitrogen) using the TOPO TA cloning kit for sequencing.
Plasmid DNA was purified using the GFX microplasmid prep kit
(Amersham Biosciences). The DNA of interest was sequenced using
the DYEnamic ET terminator cycle sequencing kit (Amersham Bio-
sciences) at the Center for Genomics and Bioinformatics, Karolinska
Institutet. Using the GeneRacer kit (Invitrogen) with gene-specific
primers, the whole coding region except the first 225 bases in the
5'-end could be established.

2.3. Alignments, modeling and calculations

Sequence alignments and phylogenetic relationships were evaluated
using the program CLUSTAL W [16] with bootstrap analysis [17].
Molecular modeling was performed with the program ICM (version
2.7; Molsoft LLC) with the known structure of human class 11l ADH
(IMCS [18]) as template. In this procedure, aligned residues were
tethered to the template structure and relaxed by energy refinements.
Deletions and gaps were modeled by biased probability Monte Carlo
simulation [19]. The conformation of the coenzyme and the substrate
was taken from the template.

3. Results

ADH from common mushroom was purified by a four-step
chromatographic method similar to that for other MDR
ADHs. The final product revealed the presence of a three-
fraction isozyme set, as detected by electrophoresis under na-
tive conditions, suggesting that the enzyme is composed of
two subunits (A and B) in all possible dimer combinations
(Fig. 1). Evaluation of all three components (AA, AB and
BB) by sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS-PAGE) showed in each case a subunit size of
about 40 kDa (mass from the sequence is 40.0 kDa). Activity
staining after PAGE under native conditions showed each
fraction to have a strong activity with glutathione/formalde-
hyde, and consistently, the crude extract had only weak activ-
ity with ethanol. No other ADH-active fractions were ob-
served during the purification. The results indicate the
presence of one major ADH set of three dimers and show
that all have specific activities of about 32 U/mg with form-
aldehyde/glutathione as substrate.

The primary structure was established by a mixed ap-
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Fig. 1. Native PAGE of the three isozyme fractions obtained in the

final purification step (right three lanes) and the unseparated iso-
zyme mixture from the previous step (left lane).

proach, using chemical/mass spectrometric/cDNA sequence
analysis. First, the homogeneous material in fractions AA
and BB was individually digested with proteolytic enzymes
and the resulting peptides were purified with reverse phase
HPLC for sequencer analysis. The AA and BB material
gave highly similar peptide patterns, and the sequencer anal-
yses of the peptides showed no positions with microheteroge-
neities. In all, 27 peptides were chemically analyzed, giving the
structure of final residues 1-98 and 224-378. Peptides, also
including segments later identified via cDNA information (be-
low), were analyzed by MALDI mass spectrometry, verifying
correct molecular weights in each case tested. Two N-termi-
nally blocked peptides were analyzed for sequence by CID
fragmentation in a Q-TOF mass spectrometer and by chem-
ical sequencer degradation after deblocking in TFA/methanol.
The structures established the acetylated N-terminus of the
intact protein, recovered in an 1l-residue fragment after
Lys-protease digestion and a 27-residue fragment after Asp-
protease digestion (Fig. 2).

The peptide structures obtained were used for design of
degenerate oligonucleotide primers to amplify a cDNA frag-
ment using RT-PCR of mushroom RNA. The 3" cDNA frag-
ment was amplified using internal primers and a modified
oligo dT primer (of Invitrogen GeneRacer). The very 5’
cDNA fragment could not be amplified in spite of many at-
tempts. However, the peptide segments initially recovered
were amply joined and the complete primary structure thus
established, showing a 378-residue native polypeptide subunit
(Fig. 2). Microheterogeneities were detected at three positions,
a Ser/Pro exchange at position 194, a Val/Leu exchange at
position 335 and a Ser/Arg exchange at position 353 (Fig. 2).
Although determined from the cDNA analyses via the PCR
approach, they are considered reliable and derived from the
native structure, since they were obtained repeatedly with
three different sets of primers/PCRs, and since the subunit
charge difference detected (the Ser/Arg exchange at position
353) is compatible with separate electrophoretic mobilities
during enzyme purification as observed during the initial
ADH purification (Fig. 1). It is concluded that the combined
sequence results obtained establish the general nature of both
subunits A and B, and that the corresponding gene structures
are present in one organism. The latter follows from the fact
that heterodimeric ADH is stable during the purification steps
used, as demonstrated with many ADH forms [24] and by
lack of isozyme regenerations during purification (Fig. 1, mid-
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Fig. 2. Primary structure of mushroom ADH III and experimental proof obtained. Thin line, results from chemical sequencer degradations;
dash-dotted line, from cDNA analysis; dotted line, from both protein and ¢cDNA sequence analysis; thick line, from CID mass spectrometry;
dashed line, from verification by MALDI peptide analysis. Microheterogeneities at positions 194, 335 and 353 are indicated by two residue al-

ternatives.

dle of the three right lanes). The primary structure of mush-
room ADH is 60% identical to that of human class IIl ADH
and only about 45% identical to those of human non-class IIT
ADHs, establishing the mushroom enzyme as a class III
ADH, in agreement with the activity data. Combination of
the aligned sequences of this and other MDR ADHs in a
phylogenetic tree [20] also demonstrates that the present struc-
ture constitutes a branch of the III tree, most closely related
to the MDR ADHs of the yeasts Saccharomyces cerevisiae
(60% identical), Schizosaccharomyces pombe (57%) and Pichia
pastoris (65%). Hence, all analyses agree with the assignment
from the activity estimates during purification.

The primary structure obtained was further modeled by the
ICM program into the three-dimensional structure of human
class III ADH as reported from crystallographic analyses [18].
The results obtained show that the present structure is possi-
ble to adopt into a conformation closely related to that of the
class III enzyme. Root mean square deviations from the hu-
man ADH III form are only 0.34 A for the o-atoms. The
close agreements of the substrate-binding residues at the ac-
tive site are shown in Fig. 3. These modeling experiments
support the class III assignment of the detectable ADH in
the mushroom tissue.

With the present identification of the major mushroom
ADH as a class III form, the structural variability at the
substrate-binding site is known for a large number of MDR

Fig. 3. Conformational relationships at the active site of the MDR
class III ADHs. The residues shown are those within a distance of
3.8 A of the substrate. Gray residues, human enzymes as deter-
mined by crystallographic analysis [18]; black residues, mushroom
residues as modeled using the ICM program. Alignment between
the two species forms shows two residue replacements at the active
site as given in Table 1 (positions 93 and 111). Three gray residues
are shown without modeled counterpart residues since they belong
to the other subunit not modeled. The two zinc atoms are shown
space-filled (cpk) in gray. The coenzyme is shown in blue and hy-
droxymethyl-glutathione in green.



30

Table 1

Residue variability at the substrate-binding positions of class III ADHs

A. Norin et al.[FEBS Letters 559 (2004) 27-32

Source ADH3 Substrate-binding positions

HMGSH site

Anion site

Active site lining

46 49 55 57 66 67 294

111

114 283 92 93 109 140 293 308 309 317

Human T Y D E
Horse

Rabbit

Mouse

Rat

Uromastix

Hagfish

Octopus

Drosophila F

Amphioxus
Caenorhabditis elegans
Sea bream

Cod h

Cod 1

Pufferfish a

Pufferfish b

Pea

Arabidopsis thaliana
Rice

Maize

S. pombe

S. cerevisiae
Mushroom

P. pastoris

Hordeum vulgare
Potato

Petunia

Yersinia pestis
Pseudomonas aeruginosa
Escherichia coli
Neisseria meningitidis
Salmonella typhimurium
Caulobacter crescentus
Rhodobacter sphaeroides F
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Positions are assigned from the crystallographically determined human enzyme [18] and residues obtained by alignment of fully analyzed class-
ascribed ADH sequences in data banks. Bold letters indicate the majority assignment, and empty spaces that the residues are identical to the
majority assignment. As shown, eight positions (46, 66, 67, 114, 293, 294, 308, 317) have thus far strictly conserved residue assignments, and re-

maining positions restricted variability.

ADHs from different life forms. The substrate-binding resi-
dues, as defined from the crystallographically determined ter-
tiary structure of the human class III ADH enzyme [18] are
given in Table 1, and compared to those similarly established
in class I ADH of the horse and human enzymes [21,22]. As
shown, patterns are completely different and highly typical in
each case. Among presently analyzed and clearly assigned
forms (34 for class III and 25 for class I, cf. Tables 1 and
2), class I has three positions (H67, E68 and F140) and class
III eight positions (T46, H66, E67, A294, R114, V293, V308,
A317) with thus far strictly conserved residues. In addition,
the variability at further residues is limited (cf. Tables 1 and
2). These patterns establish the type of structures of each of
these major ADH classes, and can be used for direct assign-
ments of any ADH from future gene analyses as to class I (i.e.
main class of ‘recent’ evolutionary origin [9] with ethanol
activity) or class III (i.e. ‘ancient’ form [9] with activity against
glutathione-coupled formaldehyde).

4. Discussion

The present analyses define the nature of mushroom ADH.
Although the overall relationships were not unexpected, the

isozyme occurrence was unexpected and the class assignment
is relevant in the sense that it helps to complete the set of
known forms from highly different branches of this model
enzyme. For ADH, the class III presence is established in
several major branches of not only animal but also plant
and now fungal lines (Table 1). The patterns known (Tables
1, 2) can safely identify the functional activity as to class I or
IIT of any MDR ADH detectable in future genome analyses.
The presence of multiple forms in class III is noteworthy,
independent of whether they are allelozymes or derived from
separate loci, since ADH isozymes were originally considered
typical of the variable and more rapidly evolving class I
forms, where isozymes have been known since long [23]. A
few isozyme cases have been seen in class III before, but then
appeared to be associated with special properties or activity
differences [24]. The present data show that isozyme patterns
are not unique to the classes, and that the classical tripartite
isozyme pattern of class I can occur in the class 111 forms (Fig.
1) as also found in lower vertebrates (cartilaginous fish; Shaf-
gat et al., unpublished). Furthermore, the limited difference
between the isozyme forms now defined through cDNA se-
quence analysis is compatible with the fact that the isozyme
differences were not detected by the peptide analyses.
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Table 2
Residue variability at the substrate-binding positions of class I ADHs

31

Source ADH1 Substrate-binding positions

Inner part of pocket

Middle Outer

48 67 68 93 140 141

57 115 116 294 318 110 306 309

Human vy H E F F
Human
Human o
Monkey
Baboon
Horse S
Horse E
Rabbit

Deer mouse
Mouse

Rat

Gopher B.M.
Gopher K.
Gopher T.
Uromastix a
Uromastix b
Cobra
Alligator
Kiwi

Ostrich
Quail
Chicken
Frog

Cod T
Pufferfish T
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Positions are as reported from the crystallographically determined horse and human enzymes [21,22] and as obtained by alignment to fully ana-
lyzed class-ascribed ADH sequences in data banks. Bold letters and empty spaces as in Table 1. As shown, only three positions (67, 68, 140)
are thus far strictly conserved in class I, but variability is restricted at all positions. Gopher B.M. indicates the species Geomys bursarius major,

Gopher K. Geomys knoxjonesi, and Gopher T. Geomys texensis.

Finally, as a methodological point, the present data estab-
lish that complete ADH structural information can be readily
obtained by combined use of separate techniques. Tradition-
ally, mid-segment sequence portions of ADH have been diffi-
cult to recover because of low yield of large, hydrophobic
peptides from this segment, and were missed in sequencer
analysis also now (Fig. 2). The N-terminal portions, on the
other hand, are often acetyl-blocked [25], as now also found
for mushroom ADH, but are readily accessible to mass spec-
trometric analyses. Similarly, full-length cDNA segments are
not always obtained but also not required when information
can be obtained by the combinatorial analyses now used.
Crystallography for conformational analyses is of course es-
sential but within a class the similarities are so great for ADH
(Table 1; cf. Fig. 3) that conclusions from computer modeling
may be useful.
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