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Abstract Alcohol dehydrogenase 3 (ADH3) has been
assigned a role in nitric oxide homeostasis due to its
function as an S-nitrosoglutathione reductase. As altered
S-nitrosoglutathione levels are often associated with dis-
ease, compounds that modulate ADH3 activity might be of
therapeutic interest. We performed a virtual screening with
molecular dockings of more than 40,000 compounds into
the active site of human ADH3. A novel knowledge-based
scoring method was used to rank compounds, and several
compounds that were not known to interact with ADH3
were tested in vitro. Two of these showed substrate activity
(9-decen-1-ol and dodecyltetraglycol), where calculated
binding scoring energies correlated well with the logarithm
of the k.,/K,, values for the substrates. Two compounds
showed inhibition capacity (deoxycholic acid and doxoru-
bicin), and with these data three different lines for specific
inhibitors for ADH3 are suggested: fatty acids, glutathione
analogs, and cholic acids.
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ADH Alcohol dehydrogenase
GSNO S-Nitrosoglutathione
HMGSH S-Hydroxymethylglutathione
MC Monte Carlo

NO Nitric oxide

VS Virtual screening

12-HDA  12-Hydroxydodecanoic acid
Introduction

Alcohol dehydrogenase 3 (ADH3), the ancestral form
within the mammalian alcohol dehydrogenase system, is
also known as glutathione-dependent formaldehyde dehy-
drogenase and S-nitrosoglutathione (GSNO) reductase
[1-4]. The latter reflects the dual function of the enzyme
[5]. Furthermore, the enzyme shows a universal presence
and structural conservation that imply that ADH3 performs
essential functions in many living organisms [6]. Functions
attributed to ADH3 include first-pass ethanol metabolism,
detoxification of endogenous and exogenous formaldehyde,
nitric oxide (NO) homeostasis, contribution to retinoic
acid formation, and oxidation of w-hydroxy fatty acids
[1, 5, 7-10].

ADH3 has been found to be the major mammalian
enzyme in formaldehyde scavenging [8] due to its high
enzymatic specificity towards S-hydroxymethylglutathione
(HMGSH), the spontaneously formed adduct between
formaldehyde and glutathione. In the reductive function,
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ADH3 shows a high specificity towards GSNO, which
affects the cellular equilibrium between protein S-nitroso-
thiols and GSNO. This attenuates protein S-nitrosylation
that underlies a large part of cellular NO signaling [9, 11,
12]. The importance of GSNO in these processes is
reflected by common association of disturbed GSNO levels
with disease. For instance, a recent report suggested that
GSNO in airway lining fluid protects from asthma-like
disease; depletion of GSNO by ADH3 correlated with
decreased levels of S-nitrosylated proteins in adjacent lung
epithelial cells and was associated with airway hyperre-
sponsitivity [13]. ADH3, as the acting enzyme, differs from
all other ADH in terms of tissue and species distributions.
It has been found in all tissues investigated as well as in
almost all species from bacteria to mammals, and is the
only ADH that can be detected at enzymatic level in CNS
and in cell nucleus [2, 3, 14]. To discriminate between
different ADH enzymes and other parallel pathways there
is a need for specific inhibitors for ADH3 where some
candidates have been presented [15, 16].

Today, virtual in silico screening of compound libraries
is the method of first choice in docking experiments [17].
Molecular dynamics simulations can postulate both
dynamic properties and free energy differences but the
method is computationally demanding for large-scale
screenings [18, 19], where Monte Carlo (MC)-based
docking methods are often used to reduce computational
complexity [20]. In this study the program ICM was used,
which shows reliable results as compared to similar pro-
grams in protein-compound dockings [21, 22]. However,
compared to in vitro data, virtual screening (VS) yields less
accurate results, which include a number of false-positive
and false-negative hits, and the confidence of the results
critically depends on the scoring method. The problem with
false hits in the now presented study was reduced with a
scoring function that was calibrated using known substrates
and inhibitors of ADH3.

The overall aim of the present study was two-fold: to
identify new ligands to ADH3 and to evaluate substrate
and inhibitor interactions with kinetic and docking
experiments.

Materials and methods
Virtual screening method

Protein-compound docking calculations were performed
with the program ICM 3.5 (Molsoft LLC, La Jolla, CA,
USA), which applies a molecular mechanics force field for
conformational energy computations (ECEPP/3) and per-
forms docking by a global optimization of the energy
function based on an MC algorithm [23, 24]. The structure

of human ADH3 (pdb: 1mc5) was obtained from the RCSB
protein data bank. Water molecules and ligands were
removed and the default macro of ICM was used for adding
and optimizing hydrogen atoms. This was followed by
local energy minimization, using a conjugate gradient
method [20].

The docking of compounds with the VS method into the
active site of ADH3 was carried out in two steps [25],
followed by an extended molecular docking (see below).
For selection of compounds, the open-access database
PubChem, which contains more than 40 million com-
pounds (April, 2008) was used [26]. In this study we
screened the PubChem-compound database for compounds
with names or synonyms that contained any of the words:
alcohol, aldehyde, carboxy, carboxylic, or hydroxy. Com-
pounds that belonged to more than one group were placed
separately in a combined group. Further, only compounds
with reported biological activity and a molecular mass
below 600 Da were chosen. With this selection, the num-
ber of compounds was reduced to 40,962.

The first docking step, VS step 1, was carried out for the
selected set of 40,962 different entries from PubChem. The
active site of ADH3 was transformed to a grid potential
representation and the different compounds were converted
to their respective 3D structures with dihedral angle flexi-
bility. The compounds were docked into the grid potential
of the active site of ADH3, a procedure repeated three
times with increasing number of iterations, using rigid side
chains with a soft van der Waals potential [27]. The
average CPU time in VS step 1 was 3 min/compound on
one core of a Xeon 3.2-GHz machine. The compounds
were ranked based on the distance (Distance(r)) between
the closest oxygen atom from the compound to the catalytic
zinc ion in ADH3.

Distance(r) = Ociosest () — Zncagalyiic () (1)

In step 2, all compounds having at least one
conformation with Distance(r) below a cut-off of 2.7 A
in step 1 were refined using these conformations as a
starting point. In this refinement, side chains at the active
site were set to rotate freely, thus avoiding clashes. The
grid potential was replaced by a full atom representation to
improve the quality of the docking [25]. The average CPU
core time in VS step 2 was 103 min/compound.

For evaluation of the scoring method, a set of known
substrates (S;) and inhibitors (/;) were docked with the same
method as for the selected compounds (C;) from PubChem.
To reduce differences due to varied experimental condi-
tions, the selected substrates and inhibitors were taken from
one source [15]. The known substrates and inhibitors were:
8-hydroxyoctanoic acid, 10-hydroxydecanoic acid, 12-hy-
droxydodecanoic acid (12-HDA), octanoic acid, nonanoic
acid, decanoic acid, decanedioic acid, dodecanoic acid,
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dodecanedioic acid, tridecanoic acid, and ethanol. The
enrichment of the method (Eq. 2), at different distances,
yields a quality value of the scoring method, which is given
by the number of known ligands closer than the defined
distance (3> _,S; + >_-I;) divided by the total test set-up
(32S: + >°I; 11 in this investigation) multiplied by the
total number of compounds (3> C;; 40,962) and finally
divided by the number of compounds remaining at the
given interaction distance (> .,C)).

_ Z<rSi +Z<r1i > ZCI
.S+ 2L > Ci

Accordingly, a scoring method that randomly ranks
compounds would yield an enrichment of one. Enrichment
above one is better than a random selection of compounds
and values less than one are worse. Based on the criteria of
a high enrichment in VS step 1 and a suitable number of
compounds to test in VS step 2, we selected a cut-off of
2.7 A between the catalytic zinc atom and the closest
hydroxyl oxygen atom in the docked compounds. For
ranking of compounds after VS step 2, four criteria were
used: scoring energy for the docked compound and the
distances between the compound and the catalytic zinc,
NAD™ and Argl14. Of the top candidates from VS step 2
that were commercially available, six were selected based
on a short zinc binding distance (<2.6 A) or a short total
distance to NAD™ and Argl14 (<6.0 A).

Enrichment(r)

(2)

Enzyme expression and purification

Recombinant ADH3 was expressed in 2-1 LB cultures of
E. coli strain BL21(DE3) overnight at 37°C [12]. Isolation
of proteins from the cell lysates were carried out in three
steps: DEAE-cellulose (DE-52, 2.6 x 20 cm column;
Whatman, UK) in 0.1 M Tris—Cl, 1 mM DTT, pH 8.0
followed by dialysis of the pooled active fractions; Blue-
Sepharose 6 fast flow (GE Healthcare, Sweden) eluted with
0.2 M NaCl and 5 mM NAD™ in 20 mM Tris-Cl, 1 mM
DTT, pH 8.0; Superdex gelfiltration (HiLoad 16/60,
Superdex 200, GE Healthcare) in 10 mM Tris—Cl, 0.2 M
NaCl, 1 mM DTT, pH 8.0. Protein concentration was
determined with the Bradford assay and purity with
SDS-PAGE. All inhibitors and substrates were purchased
from Sigma-Aldrich (Sweden).

Enzyme kinetics

Steady-state kinetics was performed in 0.1 M phosphate
buffer at pH 7.5 or in 0.1 M glycine buffer at pH 10.0. For
oxidation reactions, 2.4 mM NAD' was used and for
reductions, 0.5 mM NADH was used. Enzymatic activity was
monitored with a Hitachi U-3000 spectrophotometer by fol-
lowing the change in NADH absorbance at 340 nm at 22°C.

Initial reaction velocities were calculated using the molar
extinction coefficient for NADH (¢ = 6,220 Mt cmfl).
Enzymatic inhibition was monitored by following the change
in fluorescence at 455 nm (1., = 340 nm) in a fluorescence
microplate reader (Tecan Infinite M200) at 22°C. The sub-
strate interval for the determination of kinetic constants for 9-
decen-1-ol was 50 uM to 5 mM and for dodecyltetraglycol
10 uM to 1 mM. Inhibition studies were performed for
doxorubicin at pH 10 and for bile acids (cholic, deoxycholic,
and lithocholic acid) at both pH 7.5 and pH 10 with GSNO and
octanol as substrates. For doxorubicin, NAD" was varied in
addition. The octanol concentration in the experiments was
varied between 0.2 and 8 mM and the concentration of GSNO
was varied between 25 and 200 pM. Kinetic parameters were
derived from at least three experiments and calculated with
SigmaPlot 8.0 with the enzyme kinetics plug-in (SYSTAT
Software Inc, CA, USA).

Extended molecular docking with flexible amino acid
residue side chains

Molecular docking calculations with an extended number
of MC cycles were performed on a selected subset of
ligands in order to investigate molecular details and the
correlation between simulated scoring energies and kinetic
constants. Substrates and inhibitors were initially placed at
the active site with restraints, for guiding the substrates and
inhibitors to a proper starting position. For the substrates,
the restraint was set with the catalytic zinc and for the
inhibitors with either the catalytic zinc or Argl14. For each
ligand, docking calculations in triplicate were performed
omitting the restraint to the zinc atom or Argll4 and
allowing for flexibility [21, 28] of the amino acid side
chains constituting and surrounding the active site (resi-
dues 44-47, 54-58, 66, 91-95, 114, 173, 283, 293, 304,
305, 317) [15, 29]. Each docking simulation included
1 million iterative MC cycles and every cycle ended with
100 steps of local energy minimization. The state with the
lowest energy from each docking was further evaluated
[20]. For calculation of binding scoring energy, the elec-
trostatic and solvation energy contributions were calculated
using the REBEL method, the side-chain entropy term was
calculated based on the exposed surface area of the flexible
side chains and the hydrophobic energy change was cal-
culated using a constant surface tension of 20 cal/A? [30].

Results
Screening for ADH3 ligands

From the PubChem database, 40,962 compounds were
downloaded and docked into the ADH3 active site with a
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Fig. 1 Plot of the enrichment at Enrichment
differenE cut-off distances
(1—§.5 A) to the catalytic zinc. 20 4
R (A) is the cut-off distance 18
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Table 1 Results from docking in VS step 1 displayed for different classes of compounds at different distances
Compounds Number Distance (10\)
<3.1 <3.0 <29 <2.8 <2.7 <2.6 <25 <24 <23
Alcohol 363 85 82 75 69 52 37 15 5 2
Aldehyde 95 54 53 52 48 37 26 9 1
Carboxy 500 267 248 211 174 132 73 43 24 13
Carboxylic 12,187 1,860 1,586 1,247 887 556 271 133 81 53
Combined 1,264 297 252 215 164 116 62 28 20 14
Hydroxy 26,553 4,052 3,611 3,119 2,557 1,939 1,304 838 536 346
Total 40,962 6,615 5,832 4,919 3,899 2,832 1,773 1,066 667 428
Ligands 11 9 9 9 9 8 7 5 2 1

The number of compounds (40,962) in different groups and known ligands (11) at different distances are given in the table. The distance is
between the catalytic zinc ion and the closest oxygen atom within each compound (Eq. 1)

VS method. In a first step, VS step 1 with three repeated
dockings, the compounds were sorted according to the
distance between the catalytic zinc ion and the closest
oxygen in the compound (Distance(r); Eq. 1). Based on the
results from docking of 11 known ligands [15] and
enrichment at different distances (Fig. 1), the cut-off was
set to 2.7 A.

VS step 1 resulted in 8/11 for the known substrates and
inhibitors at the cut-off of 2.7 A. Nonanoic acid and
undecanoic acid, known inhibitors of ADH3, were outside
the selected cut-off, R = 8.3 A and R = 3.1 A respec-
tively. For comparison, the hydroxyl oxygen in ethanol
showed a distance of 12 A from the catalytic zinc atom.
Decanedioic acid, another inhibitor, showed a distance of
2.2 A to the catalytic zinc, the shortest distance obtained
for any of the known ligands, while 12-HDA was the
substrate that docked closest to the catalytic zinc,

R =25 A. Of the total 40,962 compounds, only 2,775
(7%) remained within the cut-off distance of 2.7 A and an
enrichment of 10 was calculated (Eq. 2). Aldehydes
showed the highest probability to dock within the cut-off
distance in step 1 (Table 1), and the relative amount for
the aldehydes within this cut-off compared to the initial
number was more than three times higher than for the
alcohol group.

In VS step 2, the compounds were ranked based on four
different criteria: the distances between the compound and
the catalytic zinc, the distances between the catalytic zinc
and NAD™, the distances between the catalytic zinc and
Argl14, as well as the overall scoring energy. From the
top-ranked compounds using these criteria, dodecyltetra-
glycol, 9-decen-1-ol, doxorubicin, deoxycholic acid,
betaine, and L-carnitine were selected for further in vitro
experiments (Fig. 2).
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Fig. 2 Structures of the six
candidate compounds from the
screening of the PubChem
compound database:

a dodecyltetraglycol,

b 9-decen-1-ol, ¢ doxorubicin,
d deoxycholic acid (bile acid
analogs used in this
investigation; cholic acid or
30,70, 120-trihydroxy-5 f5-
cholanoic acid, deoxycholic
acid or 3a,120-dihydroxy-5 /-
cholanoic acid and lithocholic
acid or 3o-hydroxy-5f-cholanic
acid), e betaine, f L-carnitine

()

Experimentally tested ADH3 ligands

Of the six compounds analyzed in vitro, two showed
inhibitor capacity, two showed catalytic activity and two,
L-carnitine and betaine, did not show inhibitor (up to
10 mM and up to 5 mM, respectively) or catalytic activity
(up to 10 mM and up to 5 mM, respectively, Table 2).
Dodecyltetraglycol had a K, of 29 uM and a k., of
7.8 min~"', and 9-decen-1-ol had a K, of 260 UM and a k.,
of 57.6 min_l, at pH 10 (Table 2). Both doxorubicin and
deoxycholic acid showed inhibitor capacity with K; of 260
and 250 pM, respectively, at pH 10 (Table 2). In addition
to deoxycholic acid, the analogs cholic acid and lithocholic
acid were tested as inhibitors of ADH3 and yielded K;
values of 520 and 100 puM, respectively. In addition, the
bile acids were tested at pH 7.5 with determined K; values
around 650 puM (Table 2). The bile acids showed a com-
petitive inhibition pattern towards octanol, whereas
doxorubicin showed an uncompetitive pattern towards both
octanol and NAD™. In the reductive pathway with GSNO
as substrate at pH 7.5, the bile acids showed an uncom-
petitive inhibition pattern with K;-values around 500 uM
(Table 2). Testosterone, containing the same steroid core
as the bile acids, did not show any inhibition of ADH3. No
catalytic activity for doxorubicin up to 0.2 mM or for de-
oxycholic acid up to 5 mM could be traced at pH 10.

Extended docking calculations

The results from the in vitro experiments were followed-up
by a series of extended simulations without restraints and
with flexible amino acid side chains. Both previously
known and newly identified substrates were docked into the
active site pocket of ADH3. This resulted in scoring
energies that correlated linearly with the logarithm of

HO

OH

(d)

HO

Table 2 Enzyme kinetics and inhibition constants for the tested
compounds

Substrate K., (mM) kear (min™h)

pH 7.5 pH 10 pH 7.5 pH 10
Octanol 1.78 0.60 26 116
Dodecyltetraglycol 0.029 0.029 0.17 7.8
9-Decen-1-ol ND 0.26 ND 58
Inhibitor K; (mM) Type of Substrate

inhibition

pH 7.5 pH 10
Doxorubicin ND 0.26 ucC Octanol
Doxorubicin ND 0.27 uC NAD*
Cholic acid 0.62 0.52 C Octanol
Deoxycholic acid 0.66 0.25 C Octanol
Lithocholic acid 0.65 0.10 C Octanol
Cholic acid 0.43 ND ucC GSNO
Deoxycholic acid 0.67 ND ucC GSNO
Lithocholic acid 0.63 ND ucC GSNO
Testosterone ND NI - Octanol
Betaine ND NI - Octanol
L-Carnitine ND NI - Octanol

Kinetic constants under steady-state kinetics were determined in
0.1 M glycine buffer at pH 10 or in 0.1 M phosphate buffer at pH 7.5
and 22°C. No detected catalytic activity was observed at pH 10 for
betaine (5 mM), cholic acid (4 mM), doxorubicin (0.2 mM), deoxy-
cholic acid (5 mM), L-carnitine (10 mM) and testosterone (6 mM).
NI no inhibition, ND not determined, UC uncompetitive inhibition,
and C competitive inhibition

kea/ Ky, for the substrates (Fig. 3). Ethanol showed a poor
scoring energy (—15 kJ/mol) in line with the lowest k../K,
(0.052 min~' mM~') and HMGSH had the best scor-
ing energy (—62.7 kJ/mol) and the highest catalytic
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Fig. 3 Plot of the scoring Scoring energy
energy (E) in kJ/mol to the (kJ/mol)
log(kco/Kn) for different ADH3 : n

|Og (kcal"{KM)

substrates. The substrates are

ethanol, butanol, hexanol, -2 -1 0
octanol, 9-decen-1-ol,
8-hydroxyoctanoic acid,
dodecyltetraglycol, 12-HDA,
and HMGSH

-70 -

activity (1,300,000 min~! mel) of the tested substrates
(Table 3). All substrates showed at least one hydrogen
bond to the amino acid side chain of Thr46, and the sub-
strates with longer carbon chains showed further hydrogen
bonds to Argl14 in subunit A and/or to Lys283 in subunit
B (Tables 3, 4). For dodecyltetraglycol, the docking results
were ambiguous and detailed interactions could not be
interpreted. HMGSH showed most hydrogen bonds of all
substrates with five bonds and 12-HDA had an optimal
amount with four out of four possible hydrogen bonds.
Amino acid residues Lys283, Phe305, Val308, and Thr309
from subunit B showed interaction within less than 3 A to
the larger substrates (Table 4). The distances between the
catalytic zinc and the Co of the interacting amino acid
residues at the active site are in the range of 5-20 A
(Table 4). Further investigation of the inhibitors showed
that docking of deoxycholic acid into the active site of
ADH3 results in interaction with the active zinc as well as
with Argl14 (Figs. 4, 5). Doxorubicin, in contrast, docked
better at the NAD-binding site with some overlap to the
substrate-binding site (Fig. 4).

Discussion

ADH3 is expressed ubiquitously in almost all species and
is found in all investigated tissues within mammals, which
implies crucial cellular functions. Recently, ADH3 in its
function as a GSNO reductase was ascribed a role as a
possible regulator in human asthma [3, 13].

2 3 4 5 6 7

The focus of this study was to identify new ligands for
human ADH3, with emphasis on inhibitors, based on a VS
approach with a starting point in an earlier performed study
[15]. Today many different molecular docking methods are
used to simulate protein—ligand interactions at an atomic
level. Here the ICM program was used, which is suitable
for investigations of this size and has shown comparatively
reliable results [21, 22]. A total of 40,962 compounds were
downloaded from PubChem and docked in a VS approach.
The ranking of the dockings is a critical step and many
different functions can be selected, e.g., ranking based on
the scoring energy, number of hydrogen bonds between
ligand and protein, and position of the compound within
the active site or a combination of these criteria. We used a
novel approach for ranking the compounds that was based
on empirical knowledge of the enzyme kinetics and
molecular interactions between ADH3 and known ligands.

The distance to the catalytic zinc was shown to be useful
in scoring the compounds, and the cut-off of 2.7 A was
selected based on a high enrichment and a convenient
reduction of compounds. This cut-off reduced the number
of compounds by more than 90%. Still, 75% of all known
ligands used to evaluate the method remained. After the
second VS docking, six candidate compounds were selec-
ted based on the rankings and a final manual selection, for
in vitro experiments.

The in vitro experiments revealed two new substrates,
9-decen-1-o0l and dodecyltetraglycol, and two new inhibi-
tors, doxorubicin and deoxycholic acid. Both 9-decen-1-o0l
and dodecyltetraglycol had similar k.,/K, as octanol with
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Table 3 Docking results of substrates and inhibitors compared to experimental data

Substrate Formula E (kJ/mol) kead K (mM71 min~ ") Charge Polar (Az) H(D) H(A) H(S)
Ethanol C,HsO —15 0.052 0 20 1 1 1
Butanol C4H,,O —19 0.62 0 20 1 1 1
Hexanol CeH 40 -23 11 0 20 1 1 1
Octanol CgH;50 -32 176 0 20 1 1 1
9-Decen-1-ol C;oH,0 —34 220 0 20 1 1 1
8-Hydroxyoctanoate CgH;505 —44 110* -1 60 1 3 3
Dodecyltetraglycol CyoH4,05 —48 270 0 57 1 5 0
12-Hydroxydodecanoate C,H»305 —58 2,500% -1 60 1 3 4
S-Hydroxymethylglutathione C;1H9N30,S —63 1,300,000° 0 179 6 8 5
Inhibitor Formula E (kJ/mol) K; (mM) Charge Polar (10%2) H(D) H(A) H(S)
Octanoate CgH;50, —38 0.91* -1 40 0 2 2
Deoxycholic acid Cy4H4004 -39 0.25 0 78 3 4 2
Doxorubicin C,7H30CINOy; —48 0.26 0 206 7 12 3
Dodecanoate C,H»50, —54 0.18* -1 40 0 2 3

Substrates and inhibitors are listed according to their scoring energy (E). k.,/K;, and K; determinations were conducted at pH 10, 22°C and
calculated for a protein mass of 40 kDa per subunit. Charge is the total charge for the ligand at physiological pH, Polar is the substrate area of
exposed polar atoms (A?), H(D), the number of possible hydrogen atom donors; H(A) the number of possible hydrogen atom acceptors; H(S), the

average number of hydrogen bonds for three dockings
Superscripts indicate reference values from the literature: “[15], b[12]

dodecyltetraglycol showing a fairly low K, of 29 uM.
Doxorubicin showed almost identical K; values towards
both octanol and the coenzyme NAD™. The set of bile
acids investigated as inhibitors, cholic, deoxycholic, and
lithocholic acids containing three, two, and one hydroxyl
group, respectively, showed a pH-dependent inhibition
pattern. All showed slightly lower K; values at pH 10 with
lithocholic acid as the best inhibitor with a K; of 100 uM.
At pH 7.5, no difference in inhibition capacity could be
determined for the bile acids. Probably, the decrease in pH
increases the hydrophilicity of the substrate binding pocket,
which could explain the lower K; or K, values at pH 10 for
the more hydrophobic compounds. These ligands and other
previously identified ligands were further docked in

extended calculations with flexible side chains. The
dockings showed that several of the previously
known important residues at the active site of

ADH3 interact within less than 3 A to 9-decen-1-ol and
dodecyltetraglycol.

The amino acid residues responsible for binding at the
inner part of the substrate pocket are more conserved
between the different ADHs than the residues at the outer
part of the substrate-binding pocket. This indicates that the
substrate specificity for ADH3 compared to other human
ADHs is more determined by amino acid residues located
further away than 10 A from the catalytic zinc atom
(Table 4). In line with this, specific inhibitors for ADH3
have to interact with amino acid residues at the middle or
outer part of the active site pocket within the enzyme.

In all dockings, the hydroxyl oxygen atom at the alcohol
was stabilized by a hydrogen bond to Thr46, but in the case
of dodecyltetraglycol, no hydrogen bonding could be
traced in the docking experiment. Thr46 was shown early
to interact with the substrate in horse ADHI1 [29], and
further to be crucial for ADH activity [31]. The highest
kea/ Ky, for the known NAD-dependent substrates of ADH3
is HMGSH [12], which is supported by the comparatively
high number of hydrogen bonds for the docked ligands. At
the inner active site pocket, the important residues are
Thr46, His66, Tyr92, Met140, and Val293 [29, 32]. At the
middle part of the active site, the hydrophobic amino acid
residues I1e93, Val308, and Ala317 are all in close contact
with the ligands. These amino acid residues contribute to
the binding of partly hydrophobic ligands, such as 12-HDA
and 9-decen-1-ol. Argll4, conserved in all investigated
ADH3, is located at the outer part of the substrate-binding
pocket, and interacts in the molecular docking through both
hydrogen bonds and an ionic bond to a negatively charged
carboxyl group in several ligands, in line with mutagenesis
experiments and X-ray determined structures [32, 33].
Interestingly, some amino acid residues from the other
subunit also interact with the larger substrates, e.g.,
Val308, Phe305, Thr309, and Lys283. Lys283, with its
positive charge and close distance to several ligands, could
contribute to the binding of ligands, and has in fact been
suggested to be part of an anion binding site in ADH3,
together with GInl11 and Argl14 [32]. This anion binding
site will be sensitive to pH changes, which could be one
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Table 4 Docking results for human ADH3 compared to experimental data

ADH3 wt Dist Docking ADH3 Wt/Mut Activity Mut/Wt (%)
Position o s
R (A) <3.0 (A) A/B Mut 12-HDA HMGSH
Inner active site R < 10 A
46 Thr 5 100 A Ala P/NP <1 <1
173 Cys 5 100 A
66 His 7 61 A Leu P/NP
293 Val 9 61 A
92 Tyr 9 100 A Phe P/NP 27 20
140 Met 9 100 A
317 Ala 9 78 A
49 Tyr 10 17 A
Middle active site 10 A <R < 15 A
93 Tle 11 72 A
55 Asp 13 33 A Leu Ac/NP 96 1
308 Val 13 67 B
109 Leu 15 22 A
57 Glu 15 33 A
305 Phe 15 17 B
309 Thr 15 67 B
Outer active site R > 15 A
56 Pro 16 33 A
114 Arg 16 78 A Ala Ba/NP 1
114 Arg 16 78 A Asp Ba/Ac 2 1
114 Arg 16 78 A Lys Ba/Ba 58 1
114 Arg 16 78 A Ser Ba/P 18 1
111 Gln 18 17 A
283 Lys 20 22 B

The amino acid residues, less than 3 A from the substrates and inhibitors, are sorted according to the distance between Co: from the listed residues
to the catalytic zinc in the pdb structure Imc5

The right part of the table gives all in vitro-determined mutations and their relative effect to the catalytic activity for 12-HDA and HMGSH
compared to wt activity [33, 34, 38, 39]. wr wild type, Dist distance in R (A), Docking is the percentage of times (%) that an atom from each
amino acid residue is within 3 A to the conformation with the lowest energy for each substrate, A/B subunit A or B, Mut mutation, P polar amino

acid residue, NP non-polar amino acid residue, Ac acidic amino acid residue, Ba basic amino acid residue

explanation for the pH dependence shown for some
inhibitors.

The enzyme kinetic expression of k..,/K,, an apparent
second-order rate constant often referred to as the speci-
ficity constant, derives from an empirical determination of
initial steady-state reaction rates relative to substrate con-
centrations. This kinetic expression is connected to both the
binding free energy of the substrate and the transition free
energy barrier for the reaction. The observed linear
dependence between the scoring energies and the logarithm
of k../K,, values showed that the substrate specificities are
linearly correlated with the scoring energies (Fig. 3).

Mutations at the active site in ADH3 have shown that
the glutathione-dependent substrates, such as HMGSH, are
very sensitive for mutations. Out of several different
mutations only one showed a relative activity of more than

1% compared to the wild-type enzyme. This indicates that
the substrate pocket of ADH3 is close to optimal for a large
substrate such as HMGSH. Compared to the less active
substrate 12-HDA with a smaller total volume, only one of
these mutations resulted in a relative activity less than 1%
compared to the unmutated enzyme (Table 4). These
results, and previous attempts to use inhibitors that
resemble HMGSH, show that shape and size requirements
are crucial [15, 16, 32, 34].

Doxorubicin, a drug used in chemotherapy and one of
the identified inhibitors, was docked into the substrate
pocket of ADH3. However, the best results (best scoring
energies) were obtained with doxorubicin docked into the
NAD-binding site (Fig. 4). This indicates that doxorubicin
could have a general inhibitory effect for NAD-dependent
enzymes. The mechanism in chemotherapy for doxorubicin
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Fig. 4 Molecular docking of the inhibitors deoxycholic acid a and
doxorubicin b into the active site of ADH3. The docking of
deoxycholic acid includes the coenzyme NAD™ while for doxorubicin
the coenzyme was excluded. The structural zinc is colored blue and
the catalytic zinc is colored yellow

has been explained by an intercalation of DNA [35].
However, the interaction between doxorubicin and ADH3
shows high similarity to the interaction with the NAD
nucleotide, which probably could be explained by the fact
that DNA intercalation molecules often show resemblance
to the bases in the nucleotides. The second identified
inhibitor, deoxycholic acid, got a final conformation loca-
ted deep within the active site, which agrees well with the
observed competitive inhibition pattern (Figs. 4, 5). The
bile acid analogs showed competitive inhibition with
lithocholic acid as the best inhibitor amongst the tested bile
acids, which underline the hydrophobicity of the active site
pocket where the more hydrophilic cholic acid showed the
highest K;. The K; values determined for the bile acids in
this investigation are in the high micromolar range, which
indicates that they are bad binders with the current para-
digm of drug design to find the binder (inhibitor in this
study) with the lowest possible K; values to a given target
(enzyme). However, development of transient drugs,
defined by their binding to target, can be based on high-off-
rates [36]. The postulated importance of high-off-rates and
the need for physiological inhibitors could be in favor for

Fig. 5 Interactions between deoxycholic acid and amino acid resi-
dues at the active site of ADH3. The results are from the last docking
with flexible side chains. Residues within 3.0 A from deoxycholic
acid are labeled. Hbl is the hydrogen bond between Thr46 and
deoxycholic acid. Hb2 is the hydrogen bond between Glu57 and
deoxycholic acid. The distance between the electronegative oxygen
atom and electropositive hydrogen atom forming these hydrogen
bonds is 1.7 A for both Hb1 and Hb2. The closest oxygen atom (C24)
in deoxycholic acid to the catalytic zinc (yellow) showed a distance of
1.9 A, thus forming an electrostatic interaction

bile acid inhibitors as compared to the recently presented
low K; ADH3 inhibitors [16]. Interestingly, ADHIC is the
sole cytosolic hydroxysteroid dehydrogenase for iso-bile
acids [37], which is supported by the steroid dehydroge-
nase activity of ADHI1C [31]. This activity is towards the
3-hydroxyl-group at the steroid core, which in the docking
of the bile acid into ADH3 is at the entrance of the active
site pocket and not in proximity of the active site zinc.

In summary, a VS with molecular dockings was per-
formed with more than 40,000 compounds into the active
site of ADH3 using an empirical scoring function. This was
followed-up by in vitro experiments of highly scored
compounds, which resulted in new identified ligands for
ADH3. Cholic acids were identified as a new set of
inhibitors for ADH3 and are of interest for further studies,
but the substrates identified could have been predicted.
Furthermore, we showed that scoring energies for sub-
strates in the molecular dockings with flexible side chains
correlated linearly with the logarithm for k.,/K,, values. In
addition, the extended docking simulations give insights in
protein—ligand interactions within the catalytic site of
ADH3.
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