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Abstract. The structure-function relationships of
alcohol dehydrogenases from the large family of
short-chain dehydrogenase/reductase (SDR) en-
zymes are described. It seems that while mammals
evolved with a medium-chain alcohol dehydrogenase
family (MDR), fruit flies utilized an ancestral SDR
enzyme. They have modified its function into an
efficient alcohol dehydrogenase to aid them in colo-
nizing the emerging ecological niches that appeared
around 65 million years ago. To the scientific com-
munity, Drosophila has now served as a model

organism for quite some time, and Drosophila alcohol
dehydrogenase is one of the best-studied members of
the SDR family. The availability of a number of high-
resolution structures, accurate and thorough kinetic
work, and careful theoretical calculations have en-
abled an understanding of the structure-function
relationships of this metal-free alcohol dehydrogen-
ase. In addition, these studies have given rise to
various hypotheses about the mechanism of action of
this enzyme and contribute to the detailed knowledge
of the large superfamily of SDR enzymes.
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Introduction

It is widely accepted that in early vertebrates, the
medium-chain ethanol-oxidizing alcohol dehydrogen-
ase ADH-I evolved from an ancestral ADH-III form,
i.e. a glutathione-dependent formaldehyde dehydro-
genase [1]. This enzyme is present in nearly all living
organisms, and ADH 1 is a result of a duplication in
osseous fish [2]. Perhaps this duplication was a
requirement for the colonization of terrestrial habitats
by vertebrates. However, much earlier, a similar
ethanol-oxidizing system was produced within the
order Diptera (from the Greek: di= two, and pter-
on=wing) or more commonly referred to as flies. This

enzymatic system gave the flies and their larvae the
opportunity to exploit sugar-rich but alas alcohol-
sodden niches like rotting or fermenting fleshy fruits,
which seem to have appeared at the same time [3]
during evolution and probably favored fruit-fly spe-
ciation throughout the planet. In order to deal with the
large amounts of alcohol, these flies came up with
their own alcohol dehydrogenase version from an
SDR (short-chain dehydrogenase/reductase) ancestor
instead of an MDR (medium-chain dehydrogenase)
ADH ancestor, even though an MDR-ADH-related
enzyme was already present in the fruit flies, as an
octanol dehydrogenase enzyme. The adaptability,
simplicity, and relatively higher activity of the metal-
free SDR proto-enzyme may have been evolutionarily
favorable to the metabolism of the flies, which in turn
had to endure and colonize highly diverse ecosystems* Corresponding author.
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[4]. This evolutionary explosion resulted in more than
2000 fruit fly species (including the Drosophilidae and
Tephritidae families) that during millions of years
have spread throughout many habitats. These habitats
can range from deserts to tropical rainforests and from
cities to alpine zones, including many sorts of fruit and
varying levels of alcohols of several types [5 –8]. As far
as we know, alcohol dehydrogenase of the fruit fly-
type from both the Drosophilidae and Tephritidae
families is the only member of the SDR family
(ExPASy [9]) that is optimized to act exclusively on
simple aliphatic alcohols (EC 1.1.1.1), like ethanol.
Many members of the SDR family act on more bulky
substrates, like steroids, prostaglandins, xenobiotics,
and sugars.
Drosophila has been employed for quite some time as
a laboratory model for genetics in general and also
extending into human diseases. At least 75% of fruit-
fly diseases, like substance addiction and Alzheimer�s
disease, have equivalents in humans [10, 11]. Further-
more, and practical these days, the small flies can be
employed as a tool for monitoring global warming and
climate change [12]. In this context, the alcohol
dehydrogenase gene/enzyme system (adh-ADH)
from Drosophila has been studied in great detail for
the past several decades [11, 13 – 20]. Drosophila
ADH (DADH) was found to be an NAD+-dependent
oxidoreductase (EC 1.1.1.1) and to belong to the SDR
family [5, 15, 21 – 23]. DADH oxidizes small aliphatic
alcohols to their respective aldehydes or ketones [24],
and its function in energy metabolism and alcohol
tolerance by the fruit flies, conferring fitness to them,
has been documented [25]. This enzyme is also highly
abundant in the flies, and it can be as much as 1 – 2% of
the total soluble protein [15]. DADH is a clear
example of how environmental factors may actually
favor biochemical traits at the molecular level of key
enzymatic proteins.
The thousands of species of fruit fly that populate the
planet carry slightly different versions of the ADH

enzyme. Some, like Drosophila melanogaster ADH,
are present in nature in well-studied alleloforms,
ADH-slow (Dm-ADHS), ADH-fast (Dm-ADHF),
and ADH-ultrafast (Dm-ADHUF), that display dif-
ferent kinetic properties and geographic distribution
even though they vary only in a couple of amino acid
residue differences far from the active or coenzyme
binding sites. Other DADHs are thermostable, like
ADH-Fast (Ch�teau-Douglas) (Dm-ADHFChD) or
Dm-ADH71k (Table 1). The frequency of the adh-f
allele increases at the expense of adh-s with increas-
ing latitude in both hemispheres of the earth. Kinetic,
genetic, structural, and biological information is
limited among other SDR members, for which only
a few representatives have been studied. DADH has
also been found in different more or less inactive
isoforms: DADH-3 and DADH-1. They are induced
by addition of secondary alcohols/ketones to the
food of the flies, or by incubation of crude enzyme
extracts or purified enzymes with high amounts of
NAD+ and a ketone. Consequently, DADH-3 and
DADH-1 isoforms are postulated to be reversible or
irreversible forms of an enzyme ternary complex
involving NAD+ and a ketone [26]. Since the
metabolism of Drosophila cannot further degrade
ketones generated from secondary alcohols present
in the food, accumulation of these ketones inhibits
DADH activity. Thus, it would appear as if this
enzyme has a path to auto-regulate its enzymatic
function in vivo, by creation of abortive complexes
with NAD+ and ketones. Although the DADH-1
isoform is metabolically inert, it increases the in vivo
half-life of the remaining DADH molecules by a
factor of five [27].

Three-dimensional structure of fruit-fly ADH

Like MDR-ADH, DADH is active as a dimer and uses
NAD+ as co-enzyme to oxidize small aliphatic alco-

Table 1. Sequence and kinetic data on several DADHs.

Enzymea Differencesb kcat(s�1)c References

D. simulans ADH S1A, Q82K 1.9 [98]

Dm-ADHS – 3.4–4.0 [47, 99]

Dm-ADHF’ A51D 4.0 [100]

Dm-ADHF K192T 10.4 [18, 40, 99–101]

Dm-ADHUF K192T, N8A, A45D 12–18 [18, 39, 101]

Dm-ADHFChD K192T, P214S 3.4d [42]

aLabels represent Ds, D. simulans ; Dm, D. melanogaster; S, slow; F, Fast; UF, ultrafast; FChD, fast (Ch�teau-Douglas).
bPrimary sequence differences in relation to Dm-ADHS. Numbering as in Dm-ADH.
cThe catalytic center activities for 2-propanol, representing the dissociation rate of NADH from the enzyme-NADH complex, extracted
from the references and from [102].
dFrom [103].
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hols, such as ethanol, into their corresponding alde-
hydes/ketones. Any mutation or modification that
alters the quaternary structure of DADH abrogates
enzymatic activity [28]. The similarities between
MDR-ADH and SDR-ADH end here, since the two
identical subunits in each case have different struc-
tures and family assignments [13, 29]. The most
remarkable difference is the lack of metal in DADH.
Once the three-dimensional structure of DADH was
unveiled [30], it revealed an overall structure that was
typical of SDRs: an a/b fold with a characteristic
NAD(H)-binding motif or Rossmann domain [30 – 35]
at the N terminus of the polypeptide chain (Fig. 1A).
A monomer of DADH is folded into a central eight-
stranded b-sheet and flanked on each side by three a-
helices. The central b-sheet is created by seven parallel
and one antiparallel b-strand. Because of the common
Rossmann-fold derivation, the structures of DADH

and horse liver ADH give a Z-score of 7.4 and an
RMSD of 3.0 � in DALI [36] for alignment of the 117
Ca atoms that form the residues sharing 15% se-
quence identity. The overlapping residues constitute
mostly the coenzyme-binding domain or the N-
terminal central b-sheet (Fig. 1B). Remarkably, the
topology of this domain is largely conserved between
these two enzyme families, despite their evolutionary
differences. Since SDR-DADH shows a clearly differ-
ent three-dimensional structure than that of MDR-
ADH but the same enzymatic function, it is a clear
example of convergent evolution in nature.
The crystal structure also showed that the two main
components of the dimer interface are two elongated
a-helices in each monomer, aE and aF. They wrap
around the same helices from the other subunit
(Fig. 1A). In a secondary role in this subunit interface,
we find the active site loop and a rare motif in SDRs,

Figure 1. (A) A ribbon representation of a dimer of D. lebanonensis ADH complexed with NAD-3-pentanone [34] (PDB ID 1B16) is
shown in stereo with one subunit colored by secondary structure elements (red: a-helices and yellow: b-strands) and the other subunit in
cyan. Selected segments of the molecule are also colored to show their spatial relation with the ligand. The characteristic active site loop or
lid is (one turn a-helix, turn, small a-helix) colored green, with the small stretch of residues (186–191) in violet, the glycine-rich loop
(residues 15 –17) is colored in blue, Asp37 in pink, and the ligand is shown in magenta. The two long a-helices correspond to aE and aF. (B)
Stereo Ca superposition between the two overlapping domains (according to DALI [36]) that constitute the Rossmann fold. D.
lebanonensis ADH complexed with NAD+ (PDB ID 1B14) both in blue (residues 3–179), and horse liver ADH and NAD+ in orange (PDB
ID 1LDY) (residues 190–317). (C) Stereo-view of the solvent-accessible surface of the active site of D. lebanonensis ADH with 2,2,2-
trifluoroethanol and NAD+ (PDB ID 1SBY) with oxygen, nitrogen, and phosphorus atoms colored in red, blue, and orange, respectively,
and the color of the carbon atoms depending on whether they belong to the inhibitor (magenta) or to NAD+ (cyan). (D) Stereo view of the
solvent-accessible surface of the active site of horse liver alcohol dehydrogenase complexed to NADH and cyclohexyl formamide [110]
(PDB ID 1LDY), with oxygen, nitrogen, and phosphorus atoms in red, blue, and orange, respectively, and the color of the carbon atoms
depending on whether they belong to the inhibitor (magenta) or to NADH (cyan). (E) Stereo Ca superposition between D. lebanonensis
ADH complexed and NAD+ (PDB ID 1B14) both in blue, and human 15-hydroxyprostaglandin dehydrogenase (PDB ID 2GDZ) in
orange. This figure was created with PYMOL [111]. 3D superpositions were performed with SSM [112] in COOT [113].
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the last stretch of C-terminal residues in one subunit
which help isolate the active site loop from the solvent
in the other subunit and for which deletion results in
the loss of enzymatic activity [37] (Fig. 1A). The
interactions that form the quaternary structure are
mostly hydrophobic, with no ion-pairs present and
only a few hydrogen bond interactions. The large
dimer interface and the nature of the interactions to
create the dimer explain the dimeric nature of this
enzyme for activity [28].
From the ternary and binary complexes, the confor-
mation of the coenzyme bound to the enzyme can be
determined. The oxidized or reduced coenzyme,
NAD+ [34] or NADH [32], binds to DADH in an
extended conformation with the adenine ring in anti
and the nicotinamide in syn conformation (Fig. 1B).
The syn conformation of the nicotinamide ring
suggests a B-face 4-pro-S hydride transfer reaction
in contrast to the situation in MDR-ADH, where the
hydride is transferred from the alcohol to the coen-
zyme via the A-face of the nicotinamide ring [34]. The
phosphate moiety of the coenzyme interacts with the
amide groups of the highly invariant glycine-rich loop
(residues from Gly15 to Ile17, numbering as in D.
lebanonensis ADH, unless noted otherwise)
(Fig. 1A), a flexible region that is partly disordered
in the apo form of the enzyme. An aspartic acid
residue at position 37 (Fig. 1A) prevents DADH from
using NADP+ as coenzyme because of electrostatic
repulsion between the side chain of the acidic residue
and the extra phosphate group in the ribose near the
adenine ring of NADP+ [38].

The reaction mechanism of Drosophila ADH
DADHs reversibly convert short- and medium-chain
primary and secondary alcohols to their correspond-
ing aldehydes or ketones using NAD+ as coenzyme
[18, 39 – 42]. In addition, DADHs can also further
oxidize aldehydes to carboxylic acids [43 – 45], which
is, however, an essentially irreversible process.
Steady-state kinetic studies have shown that the
Drosophila alcohol dehydrogenase reaction follows
a Michaelis–Menten type of kinetics. Kinetic studies
were consistent with an ordered reaction mechanism
for the interconversion of primary/secondary alcohols
and their corresponding aldehydes/ketones, as well as
for the oxidation of aldehydes to their corresponding
carboxylic acids [45 – 50]. In these reactions, the
oxidized and reduced coenzymes, NAD+ and
NADH, respectively, bind to the free enzyme E, and
the alcohol and aldehyde/ketone bind to the binary
enzyme-NAD(H) complexes. This reaction mecha-
nism is based on studies using alternative alcohols,
aldehydes/ketones, and product and dead-end inhib-
itors.

The rate-limiting step of the reaction is determined by
the type of substrate [18, 39 – 41, 47, 49]. With primary
alcohols (like ethanol), the rate-limiting step is the
hydride transfer in the ternary enzyme-NAD+-alcohol
complex. A primary isotope effect (kcat

H/kcat
D) of

approximately 3 was obtained with ethanol, showing
that the rate-limiting step is the hydride transfer. This
rate-limiting step also explains the observed variation
in the kcat value for various primary alcohols.
In contrast, with most of the tested secondary alcohols,
the breakdown of the ternary enzyme-NAD+-alcohol
complex is fast, and the rate-limiting step is then the
release of NADH from the binary enzyme-NADH
product complex. The kcat value is approximately the
same for most secondary alcohols, and this value is
much higher than for primary alcohols. In addition, no
primary isotope effect can be detected for the
secondary alcohols propan-2-ol and cyclohexanol.
In the reverse reaction, the rate-limiting step for
acetaldehyde reduction is mainly the dissociation of
the binary enzyme-NAD+ product complex [47, 49].
However, the reaction with acetone is much slower
than that with acetaldehyde, and the rate-limiting step
is either one or several of the preceding steps. Product
inhibition studies also reveal that both acetaldehyde
and acetone can form binary dead-end enzyme-
aldehyde/ketone complexes [48].
In contrast to the situation with aldehydes, it is not
possible to detect a ternary enzyme-NAD+-acetone
complex in product inhibitory studies [48]. However,
several studies have shown that DADH forms a stable
ternary enzyme-NAD+-ketone complex [14, 34, 51,
52]. The electrophoretic mobility of this ternary
complex is also largely changed towards the anode
compared to the uncomplexed enzyme. This conver-
sion of a DADH-5 electrophoretic variant (enzyme
without bound NAD+-ketone) to DADH-3 (an
NAD+-ketone bound to one subunit) and DADH-1
(an NAD+-ketone bound to each subunit) variants
may be an irreversibly or strongly reversibly bound
complex between the enzyme and an NAD+-ketone
adduct, as it has not been possible to remove the
coenzyme-ketone from the enzyme during extended
dialysis. These results are supported by the crystal
structures of DADH with several NAD-ketone ad-
ducts, obtained at different resolutions and crystal-
lization conditions (Table 2) [34]. Inactivation kinetic
studies show that a very weak reversible ternary
enzyme-NAD+-acetone complex (KEO,A =1.7 M)
forms prior to the formation of a very strong reversible
or irreversible ternary complex.

The substrate binding site of Drosophila ADH
The shape of the alcohol-binding site in the binary
DADH-NAD+ complex was suggested approximately
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20 years before the actual determination of its three-
dimensional structure by x-ray crystallography. The
reason for this is that the topology of the active site
determines the substrate specificity of the enzyme. In
substrate specificity studies of the three D. mela-
nogaster alleloenzymes Dm-ADHS, Dm-ADHF, and
Dm-ADHUF, and D. lebanonensis ADH (Dl-ADH),
approximately 100 structurally well-defined alcohols
were employed [18, 39– 41]. The kinetic coefficient
that best describes the substrate specificity and the
variation for ethanol and propan-2-ol shows the same
variation with pH [47], and hence it was possible to
compare substrate specificities from studies done at
different pH values as shown in a previous review of
DADHs [18].
Indeed, the active site/substrate binding cavity be-
comes much more well-ordered in the ternary com-
plexes of DADH with coenzyme and inhibitors when
compared to the apo or holo forms [30, 34]. This cavity
is excluded from the solvent by the spatial ordering of
a stretch of only six residues (186 – 191) and contains at
its base the three active site residues that are
postulated to be responsible for the reaction mecha-

nism: Tyr151, Lys155, and Ser138 (Fig. 1A, C). This
cavity is lined with the side chains of hydrophobic
residues and retains its shape in all the available
crystal structures of ternary complexes of DADH
obtained so far (Table 2) [18, 39, 40] and, as hinted by
kinetic studies [18, 39– 41], can be divided into two
asymmetrical sub-cavities (R1, R2) (Fig. 1C). This
architecture of the active site explains why R-secon-
dary alcohols are better substrates than S-secondary
alcohols (Fig. 2A), and why most secondary alcohols
are much better substrates than primary alcohols. The
cavity seems to be too large for methanol to bind, and
thus explains why DADH is not active with this
alcohol. The crystal structure also shows that the
shape and size of the R1 sub-cavity, which can be
further divided into R1a and R1b (Fig. 1C), when
compared to R2 also explains why bi-cyclic secondary
alcohols R-(+)-cis-verbenol, R-(+)-trans-bicy-
clo(2.2.1)-heptanol, S-(�)-trans-bicyclo(2.2.1)-hepta-
nol, and S-(�)-cis-bicyclo(2.2.1)-heptanol are much
better substrates than the other three isomeric forms
of verbenol or borneol (see Fig. 3). Supporting the
hypothesis that the active site of DADH remains

Table 2. Summary of all the DADHs available in the protein databank.

Organism Ligand(s) Resolution (�) PDB ID References

D. lebanonensis – 1.9 1A4U [30]

D. lebanonensis NAD+ 2.4 1B14 [34]

D. lebanonensis NAD-acetone 2.2 1B15 [34]

D. lebanonensis NAD-pentan-3-one 1.4 1B16 [34]

D. lebanonensis NAD-cyclohexanone 1.6 1B2L [34]

D. lebanonensis NAD+ and 2,2,2-trifluoroethanol 1.1 1SBY

D. melanogaster NADH and acetate 1.6 1MG5 [32]

Table 3. Structural homologs of DADH.a

Name Organism PDB
ID:chain

RMSD
(�)

Sequence
identity (%)

Equivalent
positions

P-value References

15-Hydroxyprostaglandin
dehydrogenase type1

Homo sapiens 2GDZ:A 3.2 25.2 243 29.2 [55]

Clavulanic acid
dehydrogenase

Streptomyces
clavuligerus

2JAP:A 3.1 20.4 222 25.8 [56]

17b-hydroxysteroid
dehydrogenase

Homo sapiens 1BHS:A 3.1 19.7 210 25.4 [105]

Mannitol 2-dehydrogenase Agaricus
bisporus

1H5Q:B 3.1 18.2 221 25.0 [104]

Trihydroxynaphthalene
reductase

Magnaporthe
grisea

1DOH:B 3.4 17.1 218 24.8 [106]

11b-hydroxysteroid
dehydrogenase isozyme 1

Homo sapiens 1XU9:B 3.1 20.3 218 24.7 [107]

Glucose dehydrogenase Bacillus
megaterium

1GCO:B 3.2 19.3 213 24.7 [108]

aData obtained using DBali [109] and the crystal structure of D. lebanonensis ADH complexed with NAD-3-pentanone (PDB ID 1B16) as
search target.
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relatively rigid when binding to the substrates (except
for the small stretch from residues 186 – 191 that seems
to act as a gate for the substrate and is disordered in
the apo form and partly ordered in the holo form of the
enzyme), adjusted fits do not occur or are minimal
during substrate binding.
Both kinetic and crystallographic data for Dl-ADH
complexed with NAD-ketone adducts show that the
alkyl chain of ethanol (in the oxidative reaction) and
aldehydes (in the reductive reaction) bind to the R1

part of the bifurcated alcohol binding site [34, 53, 54].
This results in transfer of the pro-S hydrogen in
ethanol to the coenzyme. However, in the further
oxidation of aldehydes to acids, the alkyl chain of the
aldehyde binds to the R2 part of the active site [32], a
finding that supported the suggestion [43] that the
gem-diol form of aldehydes binds to the binary
enzyme-NAD+ complex in the oxidation of an alde-
hyde to the corresponding carboxylic acid. The crystal
structure data also indicate that one of the hydroxyl
groups in the gem-diol are at hydrogen bonding
distance to the hydroxyl group in the side chain of
the active site Ser138 and Tyr51, while the other
hydroxyl group points into the R1b cavity close to the
C7-amide group of the nicotinamide moiety of the
coenzyme.

Comparison with other members of the SDR family

Comparison of the crystal structure of DADH with all
the crystal structures currently available in the protein
databank (PDB) (http://www.rcsb.org/pdb/) (Table 3)
shows that the nearest structural homolog is human
15-hydroxyprostaglandin dehydrogenase type 1 (PDB
ID 2GDZ) [55], an SDR enzyme involved in inflam-

mation. In this protein, the active site loop (residues
185 – 220) contains a cavity that is structurally the
closest to that of DADH (Fig. 1E). It is lined with
hydrophobic residues as in DADH, but there are two
significant differences. Thus, Val14 and Leu95 in
DADH are substituted by Gln148 and Asn95 in 15-
hydroxyprostaglandin dehydrogenase, respectively.
These two changes and the fact that the cavity is filled
with many well-ordered water molecules (in contrast
to DADH which shows only one water molecule in the
NAD+-enzyme binary complex), show that specific
changes preserving the overall topology of the active
site loop are enough to change the affinity/activity
from small/medium-sized secondary alcohols in
DADH to much larger prostaglandins in 15-hydrox-
yprostaglandin dehydrogenase. The next closest struc-
tural homolog is clavulanic acid dehydrogenase (PDB
ID 2JAP) from Streptomyces clavuligerus, which is
responsible for the NAPDH-dependent reduction of
the unstable intermediate clavulanate-9-aldehyde,
which yields clavulanic acid [56], a b-lactamase
inhibitor of importance in treatments of penicillin-
resistant infections. This enzyme has an arginine
(Arg208) pointing toward the middle of the active
site cavity, a space that is also filled with many ordered
water molecules. As expected, the introduction of a
positively charged residue in the active site cavity
accounts for the change in specificity of this enzyme
towards the clavulanic acid molecule, which contains a
negatively charged carboxylic group. The remaining
structural homologs found in the PDB show an active
site lid that departs considerably from that of DADH,
thus explaining the difference in substrate specificity.
A secondary element that seems to be largely
conserved, by acting as a gate to the active site, is
the small one-turn a-helix at the beginning of the loop

Figure 2. Schematic representa-
tion of the active-site cavities of
DADH (A) and HLADH (B). As
an example the two enantiomers
of pentan-2-ol are shown in rela-
tion to the active site cavities.
This figure was created with the
free version of ACD/3D (Ad-
vanced Chemistry Development,
Inc., Toronto, Ontario, Canada).
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(residues 186 – 191, Fig. 1A), which seems to be a
feature necessary for the correct fold of the active site
lid (Table 3). Similar active site lids in SDR enzymes
(Fig. 1A, E, and the top two entries in Table 3) with
unrelated catalytic activity reinforce the hypothesis
that SDR-type alcohol dehydrogenase activity in
Drosophila arises from an enzymatically unrelated
SDR ancestor [57].

Comparison with medium-chain ADH

In contrast to the DADH specificity, primary alcohols
are better substrates than secondary alcohols for liver
MDR-ADH [58, 59], and the catalytic activity then
increases with the alcohol chain length. One exception
is cyclohexanol, which is oxidized with a rate that is
comparable to that of ethanol [58, 60]. Stereospeci-
ficity is also different between horse liver ADH
(HLADH) and DADH, as it is the pro-R hydrogen
in ethanol that is transferred to NAD+ [61 – 63]. These
differences between DADH and liver ADH are
clearly understood when examining the topology of
the corresponding alcohol binding sites (Fig. 1C, D).
As noted above, the active site cavity of DADH is
asymmetrically bifurcated, explaining why this en-
zyme prefers secondary instead of primary alcohols. In
the case of MDR-ADH, the active site cavity is more
like an elongated funnel, and fully exposed to the
solvent (Fig. 1D). Again, the latter shape explains why
the medium-chain ADH prefers primary instead of
secondary alcohols (Fig. 2B) and is also able to
accommodate large and elongated substrates like
steroids or even bile acids (Figs. 1D, 2).

pH dependence of the Drosophila ADH reaction
It was shown for the D. melanogaster ADHS alle-
loenzyme and D. lebanonensis ADH that some of the
kinetic coefficients for the oxidation of alcohols and
for the reduction of acetaldehyde vary with pH [47,
49, 50, 64]. In addition, the pH dependence for the
binding of pyrazole and 2,2,2-trifluoroethanol to the
binary enzyme-NAD+ complex has been studied in
detail [47, 49, 50, 64] . In the compulsory ordered
mechanism for both enzymes, kon for NAD+ increas-
es and kon for NADH decreases with increasing pH. It
appears to be more than one amino acid residue that
regulates the kon velocity for the two coenzymes. The
kcat value for propan-2-ol does not vary with pH,
which shows that koff for NADH does not vary with
pH. In contrast, koff for NAD+ increases with
decreasing pH.
As for propan-2-ol, the kcat value for ethanol does not
vary with pH, and hence, this is also the case for the k
(the hydride transfer step) constant. Neither does the
kinetic coefficient �2� for the reduction of acetalde-
hyde vary within the pH region studied (6 – 10). The
�2� coefficient, which reflects the binding of acetalde-
hyde to the enzyme-NADH complex, is related to the
kinetic rate constants in Figure 4, as shown in Equa-
tion 1.

�02 ¼
1

k02
1þ k0�2

k0
ð1þ k

k�2
Þ

� �
(Eq. 1)

Figure 3. Active site cavity of DADH with a molecule of (R)-(+)-
cis-verbenol modeled in it according to general chemical consid-
erations to favor proton and hydride transfer (top) in gray and with
the hydroxyl group of the molecule marked with an OH label. The
chemical structures (below) show the four enantiomers of verbenol
and under each name the value of Vm/Km (a.u. x mM�1) relative to
ethanol (which corresponds to a Vm of 100 a.u.). From the three-
dimensional structure, we can see that (R)-(+)-cis-verbenol is the
only one to efficiently fit the active site cavity of DADH. Kinetic
values taken from [39]. The structure of Dl-ADH complexed with
2,2,2-trifluoroethanol (PDB ID 1SBY) (Table 2) was used to
generate the active site cavity. This figure was made with PYMOL
[111] and ACD/3D (Advanced Chemistry Development, Inc.,
Toronto, Ontario, Canada).
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This shows that k’2 and the two quotients k’�2/k’and ACHTUNGTRENNUNGk/
k�2 were pH-independent, and hence there are no
ionizable groups of catalytic importance within the
pH region 6 – 10 in the ternary enzyme-NAD+-
alcohol and binary enzyme-NADH complexes. The
two rate constants k’�2 and k’, which reflect the
ionization properties of the enzyme-NADH-acetal-
dehyde complex, must either show the same pH
dependence or be pH-independent.
Binding of alcohol to the enzyme-NAD+ complex is
determined by the kinetic coefficient �2�. The varia-
tion of this coefficient with pH for the tested alcohols
with both DADHs was dependent on the ionization of
a single residue, as shown in Figure 4A. As discussed
above, the absence of [H+] proportionality indicates
that the pH dependence of the alcohol binding to the
binary enzyme-NAD+ complex is derived exclusively

from the on-velocity constant. Further, the pH
variation with pyrazole and 2,2,2-trifluoroethanol
reveals that there is no drastic stickiness of the
substrate. Therefore, the values obtained from the
variation with pH for the two enzymes reflect the true
pKa value of a single residue (or two coupled residues
that together lose one proton) in the binary enzyme-
NAD+ complex. Thus, a catalytic proton release
occurs upon formation of the binary enzyme-NAD+

complex (Fig. 4A). Also notable, there are no protons
released upon formation of the ternary enzyme-
coenzyme-substrate complexes or the binary en-
zyme-NADH complex. The proton release from the
binary enzyme-NAD+ complex is essential for alcohol
binding and catalysis, as well as for binding of alcohol
competitive inhibitors. The pH dependence of alcohol
binding to the DADH-NAD+ complex is different

Figure 4. Mechanism proposed
for Drosophila (A) and horse
liver (B) ADH catalysis. (A) E
denotes the enzyme and BH
represents an ionizing group
with a pKa value of 7.1 and 7.3
in D. lebanonensis ADH at 23.5
and 19.0 8C respectively [49,50],
and 7.6 in D. melanogaster ADHS

at 23.58C [47,64]. The panel in-
serted shows the variation of F2

with varying pH for D. lebano-
nensis ADH at 19.0 8C, where
F2 = (1/k2)(1+ (k�2/k)(1+ (k’/
k’�2))) and the kinetic constants
are those shown in the compul-
sory ordered pathway. Only k2,
i.e. the kon velocity for the alcohol
varied with pH, and hence
F2 =F*2 (1+ ([H+]/Ka)). The
theoretical curve is based on a
pKa of 7.3 and an F*2 of 2.0 mM.
(B) The unified reaction mecha-
nism for the oxidation of alcohols
by HLADH as described by
Kvassmann and Pettersson using
benzyl alcohol [83], where
F2 =F*2 (1+ ([H+]/(app)-
Ka2))*(1+ (Ka1/[H

+])). The theo-
retical curve is based on a F*2 of
0.286 mMs, a pKa1 of 7.6 and an
(app)Ka2 of 8.5 where the latter
value is due to the k�2/k quotient
as follows; (app)Ka2 =Ka2*(k*�2/
k*) and pKa2 is 6.4 and k*�2/k* is
10�2.1.
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from the corresponding pH dependence of the alcohol
binding to the HLADH-NAD+ complex, as shown in
Figures 4A and B, and the cause of this difference is
discussed below.
However, it is still not fully clear which amino acid in
DADH is responsible for the catalytic proton release
when NAD+ binds and forms the binary enzyme-
NAD+ complex. Various amino acids have been
suggested to be responsible for this catalytic proton
release. Here we will give a short historical description
of the various views. As sequencing studies show that
Tyr151 and Lys155 are invariant within the SDR
family [65], it was early suggested that Tyr151 or
Lys155 could be responsible for the proton release
[47]. However, comparison of the reaction mechanism
of DADH with that of horse liver ADH showed that
the proton release produced a negative charge at the
active site and that something in this site had to act as a
strong base or nucleophile to capture a proton from
the bound substrate alcohol. Since site-directed muta-
genesis studies showed that the two cysteine residues
in DADH were of no catalytical importance [66] and
along with newer available evidence of conserved
residues in the SDR family [67– 69], Tyr151 was then
considered as the most likely candidate for this
general base role [64]. Site-directed mutagenesis
studies of DADH also demonstrated that both
Tyr151 and Lys155 were essential for the enzymatic
activity [70, 71]. When x-ray crystallographic data
appeared for various SDR enzymes, including DADH
[30, 34], it was shown that the hydroxyl groups of the
inhibitors and substrate analogs in the ternary com-
plexes were located between the hydroxyl groups of
Tyr151 and Ser138. The hydroxyl group of Tyr151 is
also in hydrogen-bonding distance to the O2’ hydroxyl
group of the NAD+-ribosyl moiety, and Lys155 is close
to both the NAD+-ribosyl O2’ and O3’ hydroxyl
groups. Site-directed mutagenesis studies of Ser138
in several SDR enzymes, including DADH, have
shown that this residue is also essential for the
enzymatic activity [72]. The high ionization enthalpy
of the pKa value in DADH suggested that the proton-
releasing group could not be the tyrosine (Tyr151),
and it was instead concluded that the observed pH
dependence could reflect the ionization of Ser138
[49, 50]. However, such a scenario requires that the
pKa value of Tyr151 is down-perturbed (<6) already
in the binary E-NAD+ complex, and hence not
detectable in the kinetic studies where the pH varied
from 6 to 10. However, kinetic studies of other SDR
enzymes have further emphasized the hypothesis
that the conserved Tyr151 acts as a general base
during catalysis [73, 74] . A recent study using
automatic docking of alcohol-competitive inhibitors
to the binary DADH-NAD+ complex, molecular

dynamic simulations, and free-energy calculations
indicates that the ionizing group is indeed Tyr151
[75]. A study based on theoretical calculations of
possible ionizable groups in the binary DADH-
NAD+ complex suggests that it is neither the
Ser138 nor Tyr151 that ionizes and regulates the
binding of alcohols and alcohol-competitive inhib-
itors, but a coupled ionization of Tyr151 and Lys155
[76], as discussed in detail in the following para-
graphs.

Theoretical evidence for a proton-relay mechanism in
the catalysis of Drosophila alcohol dehydrogenase

In order to further characterize the active site of
DADH, the ionization properties of the active-site
residues in Drosophila lebanonensis alcohol dehydro-
genase complexed with NAD+ were investigated
theoretically on the basis of a continuum dielectric
model by using an approach developed to account for
multiple locations of the hydrogen atoms of the
titratable and polar groups [76–78]. Due to the
inherent ambiguity of the available experimental data
so far, the catalytic reaction mechanism can be
explained by at least three models, named according
to the group that loses its proton in the binary enzyme-
NAD+ complex and acts as a general base in the ternary
enzyme-NAD+-alcohol complex: the tyrosine-, lysine-,
or serine mechanisms [33]. In order to promote hydride
transfer from the substrate to the NAD+ molecule
during the oxidation reaction, one residue of the
catalytic triad (the ionizing group that shows a pKa of
7.6 in the binary D. melanogaster ADH-NAD+ com-
plex [49], Fig. 4) needs to abstract a proton from the Ca

hydroxyl group of the substrate to generate an alcohol-
ate anion. As mentioned in the previous section, it
appears likely that Tyr151 is responsible for this pH
behavior and acts as a general base during the reaction
mechanism [30, 72, 79, 80]. However, theoretical
calculations have resulted in a slightly modified view.

Theoretically calculated ionization properties of the
active site residues
For Ser138, theoretical calculations indicate that
Ser138 does not undergo deprotonation within the
interval 2<pH<12. The most populated rotamer of
the hydroxyl group is that with a hydrogen bond
between Wat144 (the active site bound water, see
Fig. 5A) and the Ser138 hydroxyl group, in which the
latter is the proton donor.
For Tyr151, the preferred state is to be protonated and
act as a proton donor to the O2’ hydroxyl group of the
NAD+ ribose. The calculations show that the titration
of Tyr151 displays two peculiarities: its ionization
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behavior in the two subunits differs at pH>6 in one
subunit and at pH>10 in the other subunit of the
dimer, and Tyr151 is partially deprotonated in the
whole pH range.
For Lys155, the ionization behavior displays proper-
ties similar to those of Tyr151.
The ionization properties of Tyr151 and Lys155 in
both subunits show an irregular titration curve that
cannot be described by a typical Henderson–Hassel-
balch equation [12, 21, 36, 78, 81].

pH dependence of the hydrogen atom populations in
the active site hydrogen bond network
The calculations also show that the water molecule in
the active site of the holo form of the enzyme (Wat144,
Fig. 5A) preferably acts as a proton donor in the
hydrogen bond with the Tyr151 hydroxyl group and as
a proton acceptor with Ser138 (Fig. 5A).
The computations also reveal a strong pH dependence
of the orientation of the hydrogen atom from the
NAD+ ribose O2’ hydroxyl group. At pH<6, the
NAD+ ribose O2’ hydroxyl group is a proton acceptor
in the hydrogen bond to Tyr151. The orientation at
which the hydroxyl hydrogen is distant from both
hydrogen bond partners is most populated. Accord-

ingly, Tyr151 is preferably proton donor to the ribose
hydroxyl (population 0.75) and proton acceptor in the
hydrogen bond with Wat144. With increasing pH, the
distribution of the ribose hydroxyl rotamers changes,
and at neutral pH, all three states are approximately
equally protonated. In this way, one can consider the
hydroxyl group as freely rotating, so that it can serve as
proton donor or acceptor to one or to the two
hydrogen bond partners. At pH>8, this distribution
is reduced to a population of two states, at which the
ribose hydroxyl is a proton donor/acceptor to Lys155
and Tyr151 with equal probability. The two hydrogen
bond partners are also half-protonated.

pH dependence of the catalytic group in the binary
DADH-NAD+ complex
According to the electrostatic calculations, the pop-
ulation of the rotamer of Ser138 at which this residue
is a proton acceptor is low, between 0.1 and 0.2. For
this reason, Ser138 is most likely not responsible for
the observed pH dependence and thus probably does
not serve as a general base during the catalytic
reaction. As mentioned above, the ionization of
Tyr151 and Lys155 can be considered as a single
ionization event. The fit to the Henderson–Hassel-

Figure 5. Water channels in ADHs. (A) The proton-relay chain in the holo form (NAD+) of Drosophila lebanonensis ADH. The 2Fo-Fc

map is contoured at 1s from the partially refined model (R value=19% and free R value=22%). The ribbon diagram is color-coded,
depending on the subunit (B: pale blue; A: pale red). Oxygen, nitrogen, carbon, and phosphorus atoms are colored in red, blue, green, and
magenta, respectively. Distances (�) are shown as two types of dashed lines: dashed blue lines correspond to the hydrogen-bond proton-
relay path that spans from the position of the alcohol substrate (its OH group is mimicked by Wat144; upper side of the figure) to water
molecules exposed to the bulk solvent (Wat26 and Wat318; lower side of the figure). Dashed gray lines show hydrogen bond interactions
between side-chain and backbone atoms and the members of the water channel. This picture was created with RIBBONS [114]. (B) The
proton-relay chain in the holo form (NAD+) of horse liver ADH. Oxygens, nitrogen, sulphurs, and phosphorus atoms are colored in red,
blue, yellow, orange, respectively, and carbon atoms are either in cyan (NAD+) or magenta (cholic acid). The distances are shown in � as
dashed lines: dashed blue lines correspond to the hydrogen-bond proton-relay path that spans from the alcohol substrate position
(represented by the carboxylic group of the cholic acid; upper side of the figure) to water molecules exposed to the bulk solvent (Wat51 or
Wat394; lower side of the figure); dashed light-gray lines show interactions between the Zn atom and its coordinating residues. This picture
was created with PYMOL [111].
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balch equation gives an apparent pKa value of 7.2 for
the curve averaged over the subunits A and B (Fig. 6).
This value is in very good agreement with the
experimental observations for D. lebanonensis
ADH, which give a value between 7.1 and 7.3 [49,
50] (Fig. 4A).

A proton relay model of alcohol dehydrogenase
activity in DADH
The preferred protonated state of the side chain of
Tyr151 is to act as proton donor to the O2’ ribose OH
group, which with equal probability has its OH proton
towards both the Tyr151 and Lys155 side chains. Thus,
after proton abstraction from the alcohol-substrate
and protonation of Tyr151, the proton can be trans-
ported from the Tyr151 OH via the NAD+-ribose OH
to the amino group of Lys155. The calculations show
that Lys155 is also half-protonated, in a manner that a
proton donated by the NAD+ ribose OH group can be
accepted and released from the active site with equal
probability (Fig. 7B). In this manner, the OH of
Tyr151, the O2’ ribose OH , and the Lys155 e-amino
groups form a proton-relay chain (Fig. 7B, D). A key
participant of the reaction mechanism of DADH is the
NAD+ ribosyl OH group, a OH group that functions
as a switch in the proton-relay chain and is regulated
by the protonation/deprotonation equilibrium of the
coupled Tyr151/Lys155 ionization pair.

An eight-membered water chain connects the buried
active site with the bulk solvent
Although Lys155 is buried in the protein during
enzymatic catalysis, its e-amino group is surrounded

by a hydrophilic environment. In addition to the two
OH groups of the NAD+ ribose, Lys155 is hydrogen-
bonded to a well-ordered water molecule (Wat41)
(Fig. 5A). This water molecule is locked into position
via hydrogen-bond interactions to the main chain of
Asn107 and further connected to a water channel
inside the protein fold (Wat177, Ala92-O, Wat56,
Wat9, Wat10, Thr114-Og1, Wat42, Val64-O, Wat26,
and Wat318), which connects Lys155 to the solvent
space (Figure 5A).
The side chain of Asn107 forms two hydrogen-bond
interactions with the main chain of Ile94, forcing the
main chain of Asn107 to point away from the typical a-
helical hydrogen-bond distribution and creating a
hydrophilic environment inside the protein core and
in the vicinity of Lys155. This interaction also results in
a bend in the long a-helix E (Fig. 1A) that has been
observed in most of all SDR structures available so far,
suggesting that Asn107 is the fourth member of a
catalytic tetrad instead of the initially proposed
catalytic triad [82], since it is involved in the formation
of this hydrophilic cavity, which seems important in
catalysis.
These water molecules in the core of the protein are
found in a distinct channel [30], where they are
stabilized by hydrogen bonds to both backbone and
side-chain atoms of the residues lining the channel
(Fig. 5A). The last water molecule within the water
chain (Wat318) is partially solvent-exposed and forms
a hydrogen bond (2.6 �) with Glu101 of the other
subunit of the dimer. This water channel can be
divided in two regions that are separated by Thr114,
which links the inner and the outer segments of this
water channel. The orientation of the hydrogen in the
OH group of Thr114 shows a pH dependence that is
similar to that of the NAD+ ribose OH, i.e. it acts as an
OH switch.
Thr114 together with all the other residues that form
the water channel (Glu110, Tyr62, Asn90, Gly110, and
Asn113) are invariant in all alcohol dehydrogenases
from 119 Drosophila ADH sequences examined,
pointing to their structural importance in DADH.
All these water molecules are present in both binary
and ternary complexes, which were obtained in
diverse crystallization and temperature conditions,
of two Drosophila species (D. lebanonensis and D.
melanogaster) [30, 34] (Table 2).

Hypotheses on pH dependence for alcohol binding
and proton translocation via the eight-membered
water chain
Hypothesis 1
Based on the discovery of the eight-membered water
chain in DADH, Koumanov et al. [76] provided the
following interpretation for the proton release in the

Figure 6. Calculated titration curve of the pair tyr151-lys155,
showing coupled ionization: average over subunits A and B (solid
line), subunit A (dashed line), subunit B (dotted line).
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oxidation of alcohols. According to the calculations
discussed above, substrate binding is pH independent
(Fig. 7A). The proton abstracted from the hydroxyl
group of the alcohol is taken out of the active site via
the eight-membered water chain (Fig. 7B). Hence, the
pH dependence for the oxidation of alcohols seen in
Figure 4A is due to a pH dependence of the hydride
transfer step (k) in the ternary complex where the
obtained pKa value is an apparent value derived from
the [H+] proportionality of the quotients k-2/k in a way
similar to that indicated for the proton release of the
alcohol in the ternary complex of HLADH (Fig. 4B)
[75]. The main difference between DADH and
HLADH based on this hypothesis is the lack of a
proton release in the binary DADH-NAD+ complex
(Fig. 7A), while in the binary HLADH-NAD+ com-
plex a non-catalytic proton release occurs from the
zinc-bound water to the solvent (Figs. 4B, 7E).

Hypothesis 2
This hypothesis is based on the interpretation of
McKinley–McKee et al. [64] and Winberg et al. [49,
50], along with the new theoretical calculations by
Koumanov et al. [76]. In this scenario, the pH depend-
ency for the binding of alcohols (Fig. 4A) and alcohol
competitive inhibitors to the DADH-NAD+ is derived
exclusively from a proton release from the binary
DADH-NAD+ complex, as discussed above. The
proton fraction released from the NH3-group of
Lys155 will be transported to the solvent through an
eight-membered water chain, while the fraction
released from the OH group of Tyr151 goes directly
to the water in the active site (Fig. 7C). A proton
release involving a coupled ionization of Tyr151 and
Lys155 may explain the high value for the ionization
enthalpy of the pKa with ethanol and pyrazole. In this
model, the proton abstracted from the hydroxyl group
of the alcohol is taken up by the partly negatively
charged oxygen at Tyr151 (Fig. 7D), and no proton
release to the solvent occurs at the ternary complex

Figure 7. The proposed reaction mechanisms of DADH (A–D) and HLADH (E, F). A schematic representation of the binary and ternary
DADH complexes, respectively, as described by hypothesis 1 (A and B) and hypothesis 2 (C and D). In the holo form of DADH with NAD+

and a bound water molecule there is no ionization or proton release to the bulk solvent according to hypothesis 1 (A), while according to
hypothesis 2 (C), the Tyr151/Lys155 couple acts as a single ionization group in this binary complex with a pKa of ~ 7.2 (in Dl-ADH) or 7.6 (in
Dm-ADHS). The proton release to the bulk solution is assumed to be partly through the water molecule in the active site and partly
through the water channel as indicated by the arrows. (B) According to hypothesis 1, the Tyr151/Lys155 couple acts as a single ionization
group in the ternary complex (with the above pKa values) which abstracts the proton from the alcohol hydroxyl group and the proton is then
released to the bulk solution through the water chain as indicated by the arrows. (D) In hypothesis 2, the proton at the alcohol hydroxyl
group is abstracted to Tyr151 after the hydride transfer. As Tyr151/Lys155 is assumed to ionize as a single group, the proton of the alcohol is
abstracted through a proton relay, but no proton is released to the bulk solvent as in hypothesis 1. The dashed line indicates that two protons
are shared by three atoms, while the dotted lines indicate weak hydrogen bond interactions. The holo form of HLADH with NAD+ and
bound water molecule and where the bound water has a pKa of ~ 7.6 (E) and the reaction mechanism of HLADH where the proton from the
hydroxyl group of the alcohol is transferred to the solvent by Ser48, ribose O2’ group, and His51 (F). This figure was created with the free
version of ACD/3D (Advanced Chemistry Development, Inc., Toronto, Ontario, Canada).
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level. The essential difference between the pH de-
pendence of DADH in this model and HLADH is that
in the HLADH enzyme, the catalytic proton release
occurs in the ternary enzyme-NAD+-alcohol complex
forming an enzyme-NAD+-alcoholate complex
(Figs. 4B, 7F) [64, 83], while in DADH the catalytic
proton release occurs at the binary enzyme-NAD+

level (Figs. 4A, 7C). Another aspect that may differ
between the two enzymes is the stage in the mecha-
nism where the proton release from the bound alcohol
occurs. In HLADH, the release occurs prior to the
hydride transfer step and hence facilitates this step
(Fig. 4B). Although a similar explanation for the
oxidation of alcohols with DADH has been proposed
[64], it is a problem to envisage how a group with
pKa ~7.6 (Tyr151 in the Dm-ADHS-NAD+ complex),
which is half-protonated at physiological pH of ~ 7.6,
can abstract a proton from an alcohol which usually
shows a pKa of around 16. Therefore it appears more
probable that with DADH, the proton release from
the bound alcohol to the ionized Tyr151 occurs after
the hydride transfer step. The formed NADH perturbs
the pKa of the Tyr151/Lys 155 couple to a higher value,
and hence is able to abstract the loosely bound proton
on the formed aldehyde/ketone. Such a mechanism
will also explain the release of a proton from Tyr151 to
the aldehyde in the reverse reaction. Thus, the
mechanism for proton release in the non-metallo
enzyme DADH appears to be distinctly different from
that in the zinc-containing HLADH.

Comparison of DADH and HLADH pH dependence
The zinc-containing horse liver ADH also operates in
a compulsory ordered ternary-complex mechanism
with coenzyme as the leading substrate [58, 59, 84 –
86]. This enzyme responds to pH changes similarly to
DADH [83, 86 –89], as coenzyme and alcohol binding
are strongly influenced, whereas the binding of
aldehyde substrates remains unaffected. As in
DADH, a proton is released upon binding of NAD+

to HLADH. This proton is assumed to come from the
zinc-bound water (Figs. 4B, 7E). However, the release
of this proton represents a side reaction that is not on
the catalytic pathway [83]. In the HLADH enzyme, a
catalytic proton release to the solvent occurs in the
ternary enzyme-NAD+-alcohol complex forming an
enzyme-NAD+-alcoholate complex (Fig. 7F) [64, 83].
X-ray crystallographic studies on HLADH show that
the proton released from the bound alcohol in the
ternary complex cannot be directly transferred to
solution [62, 90] instead, the proton is shuttled through
a proton-relay system involving Ser48 (Figs. 5B, 7F),
the hydroxyl group from the nicotinamide ribose
group of the NAD+ and His51 [90 – 92]. Site-directed
mutagenesis of His51 in HLADH suggests that it

participates, although not essentially, during proton
transfer in the reaction mechanism [93]. Thus, both
DADH and HLADH contain a buried water channel
that may participate in a proton-relay system.

ADH activity among different fruit-fly species

Transition-state theory relates the free activation
energy DG¼6 and the first-order rate constant k1

(Eqs. 2 and 3):

ln k1 ¼ ln
kT
h

� �
� DH�=RT þ DS�=RT (Eq. 2)

k1 ¼
kT
h

� �
e�DG� ¼ kT

h

� �
e�DH�=RTeDS�=R (Eq. 3)

The plot ln k1 versus the calculated electric field DH¼6

shows an almost linear relationship (Eq. 2) for all the
alleloforms examined when using the theoretically
calculated electrostatic field DH¼6 and the values of
experimentally obtained kcat of propan-2-ol [32, 35].
For this alcohol, the rate-limiting step is the release of
the twice negatively charged coenzyme molecule
(NADH). The more negative the active site is, the
faster it will be to release NADH and the faster the
total reaction will be, if the release of NADH is the
rate-limiting step. The different alleloforms differ by
just a few residues that alter the total electrostatic field
at the active site (Table 1) [35]. Dm-ADHS, a slower
enzyme, has a more positively charged active site than
the faster Dm-ADHUF [35] (Table 1). This seems to
suggest that the turnover is altered by changes solely
in the electrostatic properties of the active site of the
enzyme and not by conformational changes. Since
sequence differences involving charged residues on
the surface account for one-third of all the substitu-
tions among DADHs, it appears that to some extent
electrostatic interactions between the coenzyme and
the enzyme are the main factor that affects the
efficiency of the enzymatic reaction. It would seem
that the effects of core-residue substitutions among
different Drosophila ADHs are finely tuned to
preserve the overall fold of the enzyme, and as a
result maintain the substrate/coenzyme binding con-
formation.
It should be possible to comparatively predict the
catalytic efficiency of many DADHs based only on
their primary structure and a reasonably-built 3D
model from Dm-ADHS or any other available DADH
coordinates (Table 2). The predicted enzymatic be-
havior for several DADHs belonging to the group
melanogaster were estimated theoretically (kcat value
for propan-2-ol) [32]. These results predict that D.

3930 R. Ladenstein, J.-O. Winberg and J. Benach Short-chain alcohol dehydrogenases



tsacasi ADH and D. yakuba ADH should have a kcat

value that is lower than that of D. simulans ADH or
Dm-ADHS (Table 1). Furthermore, D. erecta ADH
should have a kcat value close to that of Dm-ADHF.
DADHs belonging to other Drosophila subgenus
have also been modeled [32] by consideration of a
representative of each group and calculation of the
theoretical kcat. These considerations predict that D.
hydey1 ADH should have a kcat value higher than that
of Dm-ADHUF, followed by D. crassifemur ADH and
D. affinidisjunta ADH, results that need to be
experimentally cross-examined.
It would seem as if at this level of speciation, the
mechanism by which evolution has chosen to tweak
the activity of an enzyme is by modifying the electro-
static field around the active site and ignoring or
canceling out other sequence substitutions to preserve
the overall fold and binding environment of the rate-
limiting substrate (in the case of secondary alcohols,
the release of NADH).

Concluding remarks and future directions

The determination of the crystal structure of the short-
chain ADH from Drosophila represented an inflec-
tion point in understanding this metal-free ADH. The
crystal structure was able to further understand a
myriad of mutagenesis and kinetic studies that pre-
ceded the three-dimensional structure determination,
studies that were only partly understood until the 3D
structure was unveiled. The vast biochemical infor-
mation gathered throughout the years and the seven
high-resolution structure entries available in the PDB
represent a situation that is unique among the SDR
enzymes. Therefore, this enzyme can be the corner-
stone of new studies that deal with the complicated
structure-function mechanisms of evolutionary fitness
at the molecular level.
Although several studies have been carried out that
describe the pH dependence of the kinetic coefficients
of DADH and other SDRs, none of these studies have
been able to directly show which residue(s) in the
active site becomes partly or fully deprotonated upon
formation of the enzyme-NAD(P)+ complex and is
responsible for abstraction of a proton from the
alcohol substrate. Future work is needed in order to
fully explain the exact function of the water channel in
DADH and SDRs and if their proton-relay system is
indeed involved in capturing the proton lost during the
formation of the enzyme-NAD+ complex. Some of
these studies could be classical inactivation kinetics
linked to mass spectroscopy studies, site-directed
mutagenesis of critical residues that create the water

channel, along with x-ray crystallographic studies, and
enzyme kinetics.
Since DADH appears to crystallize easily and high-
resolution structures to up to 1.1-� resolution have
been obtained with reasonable facility (Table 2), it
should be possible to perform proton titration of
selected residues of the holo or ternary forms of the
enzyme in crystalline form. This could be accomplish-
ed by measurement of the crystal structure at atomic
resolution (x-ray diffraction better than 1 �) or by
neutron diffraction experiments at different pHs and
observing the occupancy of the respective protons as
pH changes [94].
The conversion of the biologically important DADH-
5 to DADH-3 and DADH-1 by NAD+ and ketones is
also not fully understood. Although isolation of the
conversion factor from the DADH-1 form has shown
that an NAD+-ketone adduct is reversibly bound to
the enzyme, more detailed kinetic studies on the
conversion from one enzyme form to the other are
needed. Such studies should also include the pH
dependence of the conversion process. More detailed
studies of the conversion process will give us more
information on the structure-function properties of
the active site in DADH, as the conversion process
actually occurs due to the formation of a product
inhibitory complex of importance to the life cycle of
the fly.
Although crystallography tends to show us a static
view of proteins, proteins as large polymers are
anything but static. Proton shuffling, concerted move-
ments, side-chain conformational fluctuations, and
quantum mechanical considerations must be treated
before we can understand how a reaction actually
works at the active site of the enzyme. With the advent
of computer power available nowadays, it should be
possible to perform hybrid quantum mechanical/
molecular modeling (QM/MM) calculations to simu-
late the active site of DADH and to give us newer
insight into its reaction mechanism. The amount of
crystallographic and kinetic data gathered so far,
especially the 1.1-� resolution structure of the com-
plex of D. lebanonensis ADH with NAD+ and 2,2,2-
trifluoroethanol, should give us a good head start for
these kind of calculations (Table 2).
Recently, concerted atomic motions within the en-
zyme seem to correlate with its activity. Solution NMR
relaxation experiments could identify residues that
are important to the protein internal motions [95].
These studies could give a correlation between distant
replacements in the protein and their effects on the
enzymatic activity, or explain the acquired thermo-
stability of the enzyme with just a couple of sequence
replacements in Dm-ADHFCh (Table 1), or even the
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preference for a dehydrogenase rather than a reduc-
tase assignment.
It would also be of interest to understand whether
electrostatic differences are the only factor in tweak-
ing the enzymatic activity of ADHs from different
Drosophila species. To understand this, determination
of kcat values of several DADHs and their crystal
structure would be needed. This can tell us whether
surface changes among DADH are the sole factor
responsible for fine-tuning the efficiency of the
enzyme or whether there are other mechanisms
involved. This could indeed unite the speciacion of
thousands of Drosophila species spread throughout
the planet with the three-dimensional structure of the
enzyme and may explain similar phenomena in other
SDR enzymes or speciation systems. Furthermore,
due to the sequence similarity of ADHs from other
Drosophila species, it is expected that crystallization
conditions may be very similar to the already pub-
lished ones [30, 32, 34].
Finally, although we are quite proficient about the
origins and evolution of new genes by gene duplica-
tion, and exon shuffling [96], the generation of new
functions under positive Darwinian selection remains
an interesting problem. Recently, Zhang et al. [97]
examined a newly evolved gene that results in a
protein called Jingwei that arose only 2.5 million years
ago in D. yakuba and D. teissieri, two African
Drosophila species, a gene that is very similar to that
of DADH but that has a number of interesting
characteristics. New structural, kinetic, and genetic
data on these new genes would also be of interest to
understand why some amino acid replacements out-
side active sites result in unexpected functional
changes in a new gene [97].
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