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Abstract. Alcohol dehydrogenases (ADHs) of the MDR
type (medium-chain dehydrogenases/reductases) have 
diverged into two evolutionary groups in eukaryotes: a 
set of ‘constant’ enzymes (class III)1 typical of basal 
enzymes, and a set of ‘variable’ enzymes (remaining
classes) suggesting ‘evolving’ forms. The variable set has
larger overall variability, different segment variability,
and variability also in functional segments. Using a ma-
jor aldehyde dehydrogenase (ALDH) from cod liver2 and
fish ALDHs deduced from the draft genome sequence of
Fugu rubripes (Japanese puffer fish), we found that
ALDHs form more complex patterns than the ADHs.

CMLS, Cell. Mol. Life Sci. 60 (2003) 2009–2016
1420-682X/03/092009-08
DOI 10.1007/s00018-003-3287-1
© Birkhäuser Verlag, Basel, 2003

CMLS Cellular and Molecular Life Sciences

Nevertheless, ALDHs also group into ‘constant’ and
‘variable’ sets, have separate segment variabilities, and
distinct functions. Betaine ALDH (class 9 ALDH) is
‘constant,’ has three segments of variability, all non-func-
tional, and a limited fish/human divergence, reminiscent
of the ADH class III pattern. Enzymatic properties of fish
betaine ALDH were also determined. Although all ALDH
patterns are still not known, overall patterns are related to
those of ADH, and group separations may be distin-
guished. The results can be interpreted functionally, sup-
port ALDH isozyme distinctions, and assign properties to
the multiplicities of the ADH and ALDH enzymes.
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1 Throughout, ADH classes are given here with Roman numerals,
and ALDH classes with Arabic numerals, in part to avoid confusion
between the two enzyme types, and in part because of previous tra-
ditions [cf. refs 1–4].
2 A supplement with additional data in the form of one table (sup-
plement table 1. Purification of betaine aldehyde dehydrogenase
from cod liver) and two figures [supplement fig. 1. Primary struc-
ture of cod liver betaine aldehyde dehydrogenase (ALDH9), and
supplement fig. 2. Alignment of class 9 cod/human ALDH (A) and
of class 1 human/Fugu ALDH (B) visualizing separate variant seg-
ments] are given at http://parellada.mbb.ki.se/aldh9

Aldehyde and alcohol dehydrogenases (ALDHs and
ADHs) are metabolically linked in several pathways, but
are structurally different, separate protein families. Nev-
ertheless, both enzymes are highly multiple, with the ma-
jor family in each case subdivided into different classes
[1–5], derived from at least 17 and 7 functional genes, re-
spectively, in the human genome [3, 6]. Furthermore, the
two protein types exhibit extensive but similar spreads in
evolutionary rate [7, 8]. Some of the classes evolve
slowly (class III ADH [9] and class 2 ALDH [7]), others
more rapidly (class I and II ADH [9–11] and class 1
ALDH [7]). For both systems, the spread in evolutionary
rate is about three- to fivefold [7–12] and unrelated to
subunit size or quaternary structure. In addition, ADH



classes differ substantially in segment variability [9], and
this is correlated with functions. The extent of evolution-
ary divergence therefore gives handles on the enzymes in
interpreting their functional and metabolic roles. This has
been best studied with ADHs, where the constant form
(class III) has an early origin and defined metabolic role
(formaldehyde dehydrogenase) with little active-site vari-
ability. In contrast, the variable ADH (class I, the major
mammalian liver ADH) has a later origin, a less restricted
metabolic role, and much segment variability at the active
site [9].
The extent to which these properties also apply to
ALDHs is less well known, especially for the forms be-
yond the initially assigned cytosolic (class 1) and mito-
chondrial (class 2) ALDHs [13]. We have therefore now
studied class 9 ALDH (betaine ALDH). This class is
known in humans, is active with short-chain aldehydes,
and is involved in the metabolism of putrescine to g-
aminobutyric acid (GABA) and of choline to betaine
[14–17]. Betaine is present intracellularly in the inner
renal medulla and is protective against hyperosmotic
stress, when it is synthesized in increased amounts
[18–20]. The tertiary structure of cod liver betaine
ALDH is known [21], and can be compared structurally
and functionally with the corresponding human form.
Classes of ADH are also known in cod, making possible
a comparison of evolutionary divergence over wide dis-
tances, corresponding to the fish/mammal spread, for
both ADHs and ALDHs. For the same reason, we also in-
cluded relevant forms of suggested ADHs and ALDHs
deduced from the draft sequence of the Japanese puffer
fish (Fugu rubripes) genome [22]. We found that betaine
ALDH is a constant enzyme. We also detected similari-
ties in patterns between the ADH and ALDH systems re-
garding both the constant and the variable groups, sug-
gesting general patterns of divergent evolution among
isozyme pairs for many enzymes. In addition to the com-
parisons, we report data on the purification, enzymology,
and polypeptide primary structure, not previously in-
cluded in the conformational report [21]. Class 9 is a ma-
jor ALDH in fish liver. 

Materials and methods

Protein purification
Pooled livers from cod of Baltic origin (Gadus morhua)
were homogenized in 20 mM bis-Tris/HCl, pH 7.1. After
centrifugation and dialysis (the same buffer), the super-
natant was applied to DEAE-Sepharose Fast Flow
(Amersham Biosciences). The column was washed and
eluted with a gradient of 0–0.3 M NaCl in the buffer. Ac-
tive fractions were pooled, dialyzed against 20 mM
sodium phosphate, pH 7.5, and applied to AMP-
Sepharose (Amersham Biosciences). After washing, the
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column was eluted with a gradient of 0–2 mM NAD+ in
the buffer. The pooled active fractions were submitted to
fast protein liquid chromatography (FPLC) on High-
Load Q-Sepharose in this buffer with a 0–0.5 M NaCl
gradient. The active fraction was concentrated, washed
with 20 mM bis-Tris/HCl, pH 7.1, and submitted to chro-
matography (Mono Q HR 5/5) in the bis-Tris buffer with
a 0–0.5 M NaCl gradient. The entire purification was
performed at 4°C, with 0.1 mM dithiothreitol in all
buffers, which were also bubbled with N2 before use. Pro-
tein concentrations during purification were determined
colorimetrically [23].

Enzymatic characterization
Enzyme activity was determined at 25°C by monitoring
NAD+ reduction in 50 mM sodium phosphate, pH 7.5,
measured at 340 nm. During purification, the activity was
monitored with formaldehyde, and reduction of 1 mmol
NAD+/min was defined as one unit (1 U), but for sub-
strate characterization of the pure enzyme, many aldehy-
des were used as given below. The Km and kcat values with
aldehydes were determined in the same buffer at 2.4 mM
NAD+. Betaine aldehyde was from Sigma; formaldehyde,
acetaldehyde, propionaldehyde, octanal, and benz-
aldehyde were from Aldrich (highest available quality).
Octanal and benzaldehyde were dissolved in methanol,
producing 2.5% methanol in the reaction mixture. The
program ENZYME [24] for weighted non-linear regres-
sion analysis was used to calculate the kinetic parameters.
The kcat values are given per subunit.

Structural analysis
The protein was reduced with dithiothreitol (100 mg/mg
protein; 2 h at 37°C under N2), and carboxymethylated
with iodoacetate (2 mmol/mg protein; 2 h at 37°C under
N2 in the dark). After removal of reagents and buffers
with extensive dialysis or gel filtration, separate batches
of the carboxymethylated protein were cleaved with
CNBr (0.2 mg/ml in 70% formic acid at room tempera-
ture for 24 h), or digested with proteases Lys-C (Wako),
Asp-N, and Glu-C (both Roche Diagnostics), chy-
motrypsin (Merck), and trypsin (Worthington) (4–20 h at
37°C at protease:substrate ratios of 1:10–150, w/w, in
0.1 M ammonium bicarbonate, pH 8, with up to 2.2 M
urea for solubilization). Peptides obtained were purified
by reverse-phase HPLC on Vydac C4 and C18 columns or
on TSK ODS-120T C18 with linear gradients of acetoni-
trile in 0.1% trifluoroacetic acid. For N-terminal se-
quence analysis, peptides were degraded in N-terminal
sequencers, and for C-terminal analysis with the Procise
494 C instrument [25]. Molecular ion masses were deter-
mined by MALDI-TOF mass spectrometry. The sequence
of the blocked N-terminal peptide was determined by col-
lision-induced dissociation mass spectrometry on an Au-
toSpec OA-TOF instrument (Micromass).



Structural comparisons
Alignments were performed with sequences from the
SWISS-PROT database using the program CLUSTAL W
[26]. Also included were deduced ADHs and ALDHs as in-
terpreted from the known F. rubripes genome draft [22].
The same program was used to express relationships in a
phylogenetic tree (plotted with the program NJPLOT [27]),
with confidence limits evaluated using bootstrap sampling
[28]. The cod ALDH 9 primary structure was further inter-
preted in the light of the tertiary structure [21] (figured
with the program ICM [29]) to correlate the kinetic prop-
erties and residue conservations with the spatial positions.

Results

Enzyme purification
The major form of ALDH from cod liver was purified by
four steps of chromatography, utilizing an initial ion-ex-
change, an affinity, and two additional ion-exchange
steps, as detailed in supplement table 1. The final prepa-
ration showed a single, apparently homogeneous band
upon SDS/polyacrylamide gel electrophoresis after a
260-fold purification, and had a specific activity of 
0.94 U/mg with formaldehyde as substrate.

Kinetic properties
The enzyme was active with short-chain aliphatic aldehy-
des and benzaldehyde in addition to the betaine aldehyde
reactivity. The kinetic parameters were examined at phys-
iological pH, under conditions allowing comparisons
with those obtained for the human forms of this [14, 15,
30] and other [31–34] ALDHs (table 1). The Km value for
betaine aldehyde resembles that of the human ALDH 9
form (0.14 mM vs 0.26 mM). The kcat value is a magni-
tude lower (49 min–1 vs 350 min–1) but still much larger
than with the other substrates (ranging from 2.9 to 
11 min–1), confirming betaine aldehyde as the most active
substrate. The cod enzyme has a broad substrate speci-
ficity with low Km values for propionaldehyde, octanal,
and benzaldehyde, compatible with a partly hydrophobic
substrate-binding pocket [21]. The Km values are much
higher and the kcat values lower than for the human class
1 and 2 enzymes, suggesting that the cod enzyme is a be-
taine aldehyde dehydrogenase proper.

Primary structure
Sequence information was obtained from all regions of
the subunit by analysis of 109 overlapping fragments
from six different cleavages of the carboxymethylated en-
zyme, as described in Materials and methods. The struc-

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Research Article 2011

Table 1. Enzymatic properties of cod liver betaine aldehyde dehydrogenase (ALDH 9) compared with those of other aldehyde dehydro-
genases.

Substrate ALDH 9 ALDH 9 ALDH 1 ALDH 2 ALDH 3
cod human human human human

Betaine aldehyde
Km (mM) 0.14 0.26 NA NA ND
kcat (min–1) 49 350
kcat/Km (mM–1 min–1) 360 1,300

Formaldehyde
Km (mM) 0.44 ND (9.2) (0.32) ND
kcat (min–1) 2.9 ND (1,000)
kcat/Km (mM–1 min–1) 6.6 (3,200)

Acetaldehyde
Km (mM) 0.61 0.05 0.15 0.00059 85
kcat (min–1) 9.7 15 77 25 1,300
kcat/Km (mM–1 min–1) 16 300 510 42,000 15

Propionaldehyde
Km (mM) 0.062 0.008 0.021 0.00034 15
kcat (min–1) 4.4 17 60 21 1,400
kcat/Km (mM–1 min–1) 71 2,100 2 900 61,000 94

Octanal
Km (mM) 0.077 ND < 0.00015 < 0.00015 0.0042
kcat (min–1) 11 93 17 1,400
kcat/Km (mM–1 min–1) 150 > 620,000 > 110,000 320,000

Benzaldehyde
Km (mM) 0.014 ND ND (0.000018) (0.12)
kcat (min–1) 3.7 (88) (2,200)
kcat/Km (mM–1 min–1) 260 (4,900,000) (18,000)

Values are from this work (cod ALDH 9) or from the literature [14, 15, 30–34]. All values are at pH 7.5 (7.4 for human ALDH 9) except
those within parenthesis (pH 8.5 for human ALDH 3 with benzaldehyde, pH 9.5 for all others). NA, no activity, ND, not determined.
kcat values are given per subunit and are in some cases calculated from Vmax values in the literature.



ture obtained shows a 503-residue subunit with an acety-
lated N terminus (Ac-Ala, determined by mass spectrom-
etry of the N-terminal heptapeptide) and with Phe503
proven as the C terminus by direct C-terminal sequence
analysis [25]. This primary structure was given in relation
to the crystallographic study of the enzyme [21], but
without peptide proof, which is now supplied in supple-
ment figure 1. An analytical problem was caused by the
occurrence of four Asn-Gly structures, at positions
108–109, 299–300, 378–379, and 478–479 (marked in
fig. 1B). These structures are labile, easily susceptible to
b-aspartyl formation, and have in an ADH been ascribed
possible roles in protein isoform formations [35]. These
four positions were now found to give significant drops in
yield during the analytical degradations. In particular,
Asn378-Gly379 was sensitive to modification, thus giv-
ing Asp in several peptides covering position 378. The
great susceptibility to deamidation of this residue is prob-

ably due to its position in a superficial loop of the subunit
[21]. No other ambiguities or microheterogeneities were
found.

Extent of variability of betaine ALDH
The enzymology (table 1) and sequence (supplement fig.
1) of the cod enzyme, together with its tertiary structure
[21], make possible a comparison with the corresponding
human enzyme. Sequence identities are 70%, and the
functional emphasis on betaine is also conserved (table
1). The overall residue identity resembles that of the ADH
‘constant’ group [where fish ADH IIIl (l for the low-activ-
ity subunit) has 76% residue identity to human ADH III
[35]] rather than that of the ADH ‘variable’ group (where
fish ADH I has 55% residue identity with the human
ADH Ig [36]). Hence, ALDH class 9 belongs to the con-
stant group of enzymes with limited species variability
and conserved functional properties.
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Figure 1. Residues and segments of particular structural and evolutionary interest in the subunit of betaine ALDH (ALDH 9). (A) The po-
sitions of the variable segments (colored in B) are shown with bold lines. For comparison, the differently localized variable segments in
ALDH class 1 are also shown to highlight the fact that the variable segments are different in each class (in class 2, no variable segments
were found). (B) The three variable segments are shown in light blue, yellow, and green, NAD+ in red, and the four Asn-Gly structures in
magenta. The figure was constructed with the program ICM [29]. The protruding part (lower left) is the oligomerization domain making
hydrogen bonds to the catalytic domain (lower right) in a second monomer [21].



Monitoring the distribution of the ALDH class 9 identi-
ties with the tertiary structure of the enzyme [21] re-
vealed that catalytically important residues and segments
are highly conserved, as expected from the functional
conservation, but that three segments elsewhere have
great variability: positions 27–40, 49–62, and 71–86,
with only 11 identities in 44 residues. In alignments,
these three segments stand out against the rest of the
highly conserved structure (supplement fig. 2A), are
closely adjacent (fig. 1A), and occupy superficial posi-
tions in the tertiary structure (fig. 1B). For comparison,
the different patterns of the segment variability in ALDH
classes 1 and 2 are also shown in figure 1A, and detailed
for ALDH 1 in supplement fig. 2B. The pattern with seg-
ment variability outside functionally important regions
(fig. 1) and with limited species variability overall is typ-
ical of the conserved function of basal enzymes. One can
conclude that among the multiple forms of ALDH, be-
taine ALDH is well conserved throughout all vertebrates,
much like class III ADHs.
Screening of other characterized human and fish en-
zymes also picked up the other set of conserved enzymes:
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Figure 2. Unrooted phylogenetic trees, relating the fish/human ADH classes I and III (A), and the fish/human ALDH classes 1, 2, and 9
(B). Sequence data from databanks except for the present structure (supplement fig. 1). Uppercase designations at each branch indicate ID
in SwissProt, or, for Fugu, abbreviation of the designation of the predicted polypeptide chain available at NCBI. Relationships shown are
those obtained with the program CLUSTAL W [26] and visualized with NJPLOT [27]. Numbers indicate results from bootstrap analysis
for evaluating confidence limits (1000 bootstrap replicates [28]).

the variable type, with considerably greater variability
and including the class I form of ADH (table 2). Hence,
among these metabolic enzymes with multiple forms, the
two groups, conserved and variable, are generally distin-
guishable, with fairly little spread (table 2) within each
group (fish/human 70–78% for the constant and
54–56% for the variable enzymes).

ADH and ALDH forms deduced from the genome 
of F. rubripes
Screening the F. rubripes genome [22] for genes that may
give rise to forms corresponding to the ADH and ALDH
classes now discussed, i.e., classes I and III of ADH and
1, 2, and 9 of ALDH, we found three facts of particular
relevance.
1) Equivalents of the previously [35] unexpected gene du-
plication in the cod class III ADH line appear to be pre-
sent also in the Fugu structures: the cod class III enzyme
was previously found in one high-activity form (ADH
IIIh) and one low-activity (ADH IIIl) form [35]. Since
these two forms were found to differ widely in the cod,
they appeared likely to be of old occurrence, and it was



therefore strange that they had not been found elsewhere.
Now finding them in the Fugu line makes sense, and as-
cribes a wider occurrence to these two functionally dif-
ferent ADH class III forms, giving strength to conclu-
sions on their separate functions.
2) The class gene duplications make sense also with the
Fugu variants. In no case was an enzyme that was ex-
pected from previous gene duplication timings not found
in the Fugu line. Two extra Fugu forms were detected.
Their evolutionary tree positions (fig. 2) place them in
the class I ADH line and the class 9 ALDH line. The for-
mer is positioned between the cod and human class I
forms and makes sense in the manner that cod class I
ADH has previously been found to be deviant, reflecting
an additional gene duplication, or an altered evolutionary
rate close to the time of the class I origin. The finding of
an extra Fugu gene just here (fig. 2) may therefore be
consistent and could support the alternative that there is
one more duplication early in the fish class I ADH line.
The other extra gene, in the class 9 ALDH line, is unex-
plained but could suggest extra duplications also in the
ALDH line at early vertebrate times.
3) The evolutionary rates differ in the various ALDH
lines. There are still too few species to give firm conclu-
sions but the fish/mammal divergence in class 2 ALDH
appears to be the smallest, and that in class 1 is large,
while the branch lengths in class 9 are difficult to evalu-
ate because of the extra forms (see above). In any event,
the general pattern of the ADH line (fig. 2A) is similar to
that of the ALDH line, with repeated duplications, simi-
lar for cod versus Fugu and cod/Fugu versus human pat-
terns. The spread between constant and variable forms
appears larger and clearer in the ADH line than in the
ALDH line, but to some extent also exists in the latter.
Similar overall divergence patterns could have evolved in
several multiple dehydrogenase enzymes. 

Discussion

ALDH and ADH constitute complex enzyme families in
vertebrates. All forms have not been functionally as-
cribed, not even in humans, where several ALDH forms
are little characterized [2] and where even one ADH form
is not yet ascribed (class V [6]). For understanding all
dehydrogenases from genome projects, crucial forms
must be isolated and characterized rather than just deal-
ing with them as deduced forms, to assign the evolution-
ary properties, and to have correct orthologs in each case.
In the present study, we purified a major fish ALDH from
cod liver, determined its properties and related it to the
fish/human spread of divergence for several classes of
both ALDH and ADH. The tertiary structure of this
ALDH has been determined [21], showing its overall re-
lationship to the other crystallographically analyzed
forms of ALDH, i.e., the enzyme of classes 3 [37], 2 [38],
and 1 [39]. We now find three additional properties for
this major form of ALDH.
1) Purification of the apparently major fish liver ALDH
gives a class 9 form, whereas in the human, initial purifi-
cations yielded the class 1 and 2 ALDH forms [13]. Al-
though the relative abundance of all classes has not been
directly determined in any species, the spontaneous pu-
rification of different classes from separate species sug-
gests the possibility that relative class occurrences may
differ between species. Interestingly, similar variability is
also apparent in the ADH lines. Thus, recent purifications
of ADH from avian species gave unexpected ADH forms,
an ADH of a new family assignment (AKR, for the aldo-
keto-reductase family) in chicken [40], and a new class of
ADH as a major form in pigeon [L. Hjelmqvist and A. P.
Jonsson, unpublished data]. Hence, not only multiplicity
per se, but also actual, relative abundance of all forms
may differ between species for both ADH and ALDH.
This highlights the difficulty with species cross-compar-
isons in conclusions on functional and metabolic effects
of ADH and ALDH.
2) Betaine ALDH (class 9 ALDH) is enzymatically simi-
lar in fish and humans (table 1) and evolutionarily has
segment variability patterns (fig. 1) like a constant en-
zyme with basal functional properties. Combined, this
suggests a basic functional importance of betaine in ver-
tebrate metabolism.
3) Spreads in evolutionary properties are noticed for both
ADH and ALDH. Both families are highly multiple, have
‘constant’ and ‘variable’ forms, and although of com-
pletely different origin, appear to have some similarities
in evolutionary patterns when the vertebrate systems are
considered over a wide species spread (fig. 2). Hence,
these multiple-enzyme families may in part evolve in a
parallel manner and exhibit patterns that can be useful to
discern distinctions of gene products of multiple enzyme
forms from genome projects.

2014 L. Hjelmqvist et al. Aldehyde dehydrogenase variability

Table 2. Comparisons between human and fish forms of metabolic
enzymes defining two different sets of variability: ‘constant’ and
‘variable’.

Enzyme Identities %

‘Constant’ betaine aldehyde 70
(~75% dehydrogenase
identities) aldolase B 74

alcohol dehydrogenase, class IIIl 76
glucose-6-phosphate 76

dehydrogenase
glycerol-3-phosphate 76

dehydrogenase
6-Phosphofructo-2-kinase/ 76

fructose-2,6-bisphosphatase 1
aldehyde dehydrogenase, class 2 78
lactate dehydrogenase B 78

‘Variable’ alcohol dehydrogenase, class I 54
(~ 55% cytochrome P450, CYP1A1 56
identities)
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