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Abstract. The metabolism of all-trans- and 9-cis-
retinol/retinaldehyde has been investigated with
focus on the activities of human, mouse and rat
alcohol dehydrogenase 2 (ADH2), an intriguing
enzyme with apparently different functions in
human and rodents. Kinetic constants were deter-
mined with an HPLC method and a structural
approach was implemented by in silico substrate
dockings. For human ADH2, the determined K,, val-
ues ranged from 0.05 to 0.3 uM and k,, values from 2.3

to 17.6 min™', while the catalytic efficiency for 9-cis-
retinol showed the highest value for any substrate. In
contrast, poor activities were detected for the rodent
enzymes. A mouse ADH2 mutant (ADH2Pro47His)
was studied that resembles the human ADH?2 setup.
This mutation increased the retinoid activity up to
100-fold. The K., values of human ADH2 are the
lowest among all known human retinol dehydrogen-
ases, which clearly support a role in hepatic retinol
oxidation at physiological concentrations.

Keywords. Alcohol dehydrogenase, computer modeling, kinetic constant, retinaldehyde, retinol, substrate

docking.

Introduction

Retinoids are essential in cell development and
growth as well as for maintenance of adult epithelia
and in vision. The proposed active forms in cell
signaling are the oxidized forms, all-trans- and 9-cis-
retinoic acids, which bind to their nuclear receptors [1,
2], although the role of 9-cis-retinoic acid in retinoid
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signaling recently has been questioned [3]. The
conversion into the corresponding active forms is
performed in two steps in which retinol is first oxidized
to retinaldehyde, and then further oxidized to retinoic
acid. The enzymes involved in the first step of retinol
conversion, the rate-limiting step, belong to the
alcohol dehydrogenase (ADH) and/or short-chain
dehydrogenase/reductase (SDR) families [4-6]. Re-
cently, aldo-keto reductases (AKR) have been added
to the group of retinoid metabolizing enzymes, but
they seem primarily to be involved in retinaldehyde
reduction [7, §].
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Retinol dehydrogenases (RDH) from the SDR family
are mainly microsomal enzymes that are dependent on
either NAD(H) or NADP(H) for activity. It has been
suggested that the RDHs within this group oxidize
retinol bound to cellular retinol-binding protein
(CRBP), which harbors the major part of retinol in
the cell, and with this in view several reports have
argued for a role of SDR-RDHs in this conversion [2,
9]. In addition, genetic studies have shown that CRBP
actively participates in retinyl ester storage and that
ADH antagonizes this process by metabolizing free
retinol [2, 4, 10]. Recently, in a comparison between
different retinoid-metabolizing enzymes performed
under identical conditions with a newly developed
method, doubts have been raised as to whether the
complex CRBP-retinol would even be a favorable
substrate for retinol oxidation at all [8]. The second step
in retinoic acid formation is catalyzed by cytosolic
retinaldehyde dehydrogenases that irreversibly oxidize
retinaldehyde to the acid form [11].

Within the mammalian ADH family, a system divided
into classes (ADH1-5), isoenzymes and allelic forms,
mainly ADH1 and ADH4 have been ascribed active
functions in retinol oxidation. ADH4, the non-hepatic
form of mammalian ADH, has a very high turnover
rate for retinols [5, 8, 12, 13]. The human ADH
enzymes have been investigated for retinol metabolism
[4, 5, 14] and all except ADH3, defined also as
glutathione-dependent formaldehyde dehydrogenase
and nitroso-glutathione reductase [5, 6], show a clear
capacity for retinoid conversion. However, it was
recently shown that also ADH3 is able to catalyze
retinol oxidation, albeit with a very low activity, and
knockout mice studies suggest that ADH3 actively
participates in this metabolism [15]. ADH2 has been an
enigma because of its different characteristics in human
and rodents. The human form is active against several
metabolites, e.g., in retinoid oxidoreduction and 4-
hydroxynonenal reduction, whereas the rodent en-
zymes almost lack alcohol oxidation and aldehyde
reduction capacity [6, 16]. This is related to the unique
fact that rodent ADH?2 enzymes show a proline residue
atposition 47, rather than histidine (human) or arginine
(rabbit) [16, 17]. Because mice have been used as the
main model system for retinoid studies [4, 12], and it
was suggested that mouse lacked ADH2, the isolation
and kinetic characterization of this ADH as well as its
structural determination [16, 18] are of great impor-
tance to understand retinoid metabolism in rodents.
The contribution of ADH2 in cell signaling, i.e.,
retinol oxidation, has been studied here with all-trans-
and 9-cis-retinol/retinaldehyde as substrates for
human, mouse and rat ADH2 as well as for a mouse
ADH2Pro47His mutant. The kinetic studies were
performed with a newly developed method based on
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high-sensitivity HPL.C analyses of formed product and
addition of bovine serum albumin (BSA) to solubilize
retinoids [8, 19]. In addition, alcohol substrates tested
were docked in silico to models of the ADH?2 enzymes
to explain binding properties. The results suggest that
human ADH?2 is a major hepatic retinol dehydrogen-
ase, whereas the rodent ADH2s are of minor impor-
tance in retinoid metabolism.

Materials and methods

Expression and isolation of human and rodent ADH2. Recombi-
nant proteins were expressed in 2-1 LB cultures of Escherichia coli
strain BL21(DE3) at 37°C overnight, according to Svensson et al.
[16]. Isolation of proteins from the cell lysates were carried out in
three steps: DEAE-cellulose (DE-52, 2.6 cmx20cm column;
Whatman, UK) in 0.1M Tris-HCI, pH 8.0; AMP-Sepharose
(1.6 cmx6 cm column; Amersham Biosciences, Sweden), where
the bound proteins were eluted with 5.0 mM NAD™, 0.2 M NaCl in
10 mM Tris-HCI, pH 8.0; and HiLoad Superdex 200 (16/60 prep
grade; Amersham Biosciences), in 0.2 M NaCl, 1 mM DTT and
10 mM Tris-HCI, pH 8.0. All protein preparations were homoge-
neous as determined by SDS-polyacrylamide gel electrophoresis.
Activity measurements. Retinol and retinaldehyde assays were
performed at 37°C in 0.5-2-ml reaction volumes, in 0.1 M
phosphate buffer, pH 7.5, and 2.3 mM NAD" or NADH, coenzyme
concentration that will saturate the ADH2 enzymes [20]. Retinoids
were prepared and concentration determined as described [8, 12,
19]. The retinoid concentration was in an interval of 0.1-10 times
the K,, (0.01-10 uM) with BSA in a 1:1 ratio to retinoid concen-
tration as a stabilizer [19]. Activity measurements were stopped
with two reaction volumes of cold methanol after 15 min or up to
60 min for reactions with low turnover rates. For extraction of
retinoids, one volume of hexane was added and the reaction
mixture was vortexed and briefly centrifuged. The retinoids were
separated by normal-phase HPLC Spherisorb S3W column
(4.6 mmx100 mm) with a mobile phase of hexane/ters-butyl-methyl
ether (96:4) at a flow rate of 2 ml/min [8, 19]. Analysis was
performed with a Waters 2996 Photodiode Array Detector.
Retinoids were quantified by comparing their peak areas to a
calibration curve constructed from peak areas of a series of a
standard [19]. The activities were measured in a double sample set
of at least five different concentrations and only values below 10%
of conversion (below 20% for the lowest substrate concentrations)
were accepted to approximate to initial velocity measurements. No
deviation from linearity was observed under these conditions [19,
21]. For reactions with low turnover rates, especially those with
rodent enzymes, a higher protein concentration and prolonged
reaction time were used to determine reaction velocities, even
though it was not possible to determine K, and k,, values for the
reactions with the lowest activities. The spectrophotometric assay,
at 400 nm, was used for kinetic determinations with Tween 80
(0.02%, v/v) as a solubilizer and stabilizer instead of BSA, under
the same conditions as for the HPLC assays. The experiments with
Tween 80 were performed to relate results to earlier published
values [14, 19]. Retinoid concentration was measured using the
specific molar absorption coefficients [8, 14, 19, 22, 23]. Protein
concentrations were determined with the Bio-Rad protein assay,
standardized with BSA, complemented with amino acid analysis on
an Amersham Pharmacia Biotech Alpha Plus Analyzer The
kinetic constants were calculated with the software SigmaPlot
(version 8.0, Enzyme plug-in, Systat Software GmbH, Germany)
using a nonlinear regression fit to the standard Michaelis-Menten
equation and a standard error of less than 20% was accepted.

Alignment, homology modeling and docking. Alignment of mouse,
rat and human ADH?2 sequences was produced with the program
ICM (version 2.7, Molsoft LLC, San Diego) using the ZEGA
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algorithm, with the Gonnet matrix and gap/extension penalties of
2.4/0.15. Only one 1-residue gap (residue Ala61 in human ADH?2)
and one 2-residue gap (residues Lys304-Gly305 in human ADH?2)
were obtained between the mouse and human sequences, and no
gap between the mouse and rat sequences. The residue identities
were 73% between mouse and human ADH2, and 93% between
mouse and rat ADH2.

The program ICM was further used for molecular modeling and
substrate docking. Homology models were calculated for human
and rat ADH2, using mouse ADH2 as a template (PDB entry 1e3e;
[18]), according to earlier ADH modeling experiments [24]. For
mouse ADH2, hydrogen atoms were added and followed by a short
energy minimization to avoid clashes between the added hydrogen
atoms and other atoms in the structure. Evaluation of the homology
models and the template structure was performed with the
programs WhatlIf and Procheck [25, 26], and no significant
difference in structural quality between the template and the
homology models were obtained. The total calculated electrostatic
energies and van der Waals energies for the homology models were
of the same range as that for the template structure, showing that
unacceptable atom clashes in the models were avoided.

All-trans- and 9-cis-retinol were docked into mouse, rat and human
ADH?2. In addition, the structurally determined N-cyclohexylfor-
mamide (CXF) mouse ADH2 complex [18] was used as a control to
test the reliability of the method. The overall distances between
CXF and atoms in the vicinity of the active-site zinc correlated well
between docking experiments and the X-ray determined structure.
Non-rigid docking calculations were performed allowing free
movement of the substrate, free rotation of selected bonds within
the substrate and free rotation of the side chains along the substrate
pocket [24]. Three distance restraints were imposed to guide the
substrate into the active site pocket: between the oxygen of the
substrate OH group and the active site zinc, between the hydrogen
of the substrate OH and the oxygen of the Thr48 side chain, and
between the donor hydrogen of the substrate and the acceptor
carbon of the cofactor NAD™. To further validate the docking, four
different start positions for the substrate in relation to the protein
were chosen and the standard deviations for the final distances
between certain atoms were calculated.

Results

The conversion of retinoids differs widely between
ADH?2 enzymes from various mammalian species, and
the human ADH2 exhibited the highest activity for
each of the substrates tested, all-trans-retinol/retinal-
dehyde and 9-cis-retinol/retinaldehyde (Table 1). The
results from this study showed the lowest K, values
obtained so far for an ADH in the metabolism of
retinoids. The accurate determination of these values
requires a highly sensitive method, such as the HPLC
technique [8, 19] used here.

For the human enzyme, the overall range for k. /K.,
was 7.9-330 uM™' min™ with 9-cis-retinol, which
represented by far the best retinoid substrate
(Table 1). In fact, the k. /K, value for 9-cis-retinol
was the highest for any alcohol or aldehyde substrate
tested so far, including benzoquinones [16]. In gen-
eral, all retinoid alcohols were better substrates as
compared to the corresponding aldehydes (Tables 1
and 2), with both lower K and higher k., values.
Mouse ADH2 could not be saturated with any of the
retinoids tested and exhibited rates ranging from 500
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to 9000-fold lower than the human enzyme (Table 2).
The rat enzyme showed low activity towards all-trans-
retinoids but for 9-cis-retinol/retinaldehyde it was
possible to calculate K., and k,, values (Table 1). The
mutated mouse ADH?2 form, which has a Pro47His
substitution that makes the enzyme more similar to
the human form (Fig. 1), showed 5-150-fold increased
activities compared to the native enzyme, although
these were still lower than the values for human
ADH2 (Table 2). All the determined K, values were
in the low micromolar range, 0.054-0.65 uM (Table 1).
Comparison of the activity of mouse ADH2 (25—
38 pmol/min/mg protein) for retinols places this
enzyme in the same group as ADH3 as compared to
the high activity forms, ADH1 and ADH4, where
human ADH?2 is found (Table 2). With Tween 80
instead of BSA as a stabilizer for the retinoids tested,
the K, values obtained were increased up to 100-fold
(Table 1), while no change was detected in the k.,
values.

Docking experiments of substrates were performed in
the dimer models of the different ADH2s (Fig.2).
Some crucial atomic distances for the catalysis of
substrates in ADH are presented in Table 3. These are
the distances between the hydroxyl oxygen (O) of the
substrate and the active site zinc (ZN), and the
distance between the cofactor NAD™ carbon atom
(C4N), at the para position in the nicotinamide ring
and one of the hydrogen atoms (H;s,/H;sg) of the last
carbon in the alcohol chain. The distances that were
determined in the docking experiments for all-trans-
and 9-cis-retinol are almost identical in the three
different species variants of ADH2 (Table 3, Fig. 3).
The docking of substrates to ADH2Pro47His mutant
(not included in Table 3) did not reveal any difference
with the native mouse dockings. All binding/interac-
tion distances in the inner part of the substrate-
binding pocket were in the range 2.1-2.6 A.

The relatively high standard deviations of the dis-
tances, between the C15 of the substrate and the zinc
(ZN) atom and also between the hydroxyl oxygen (O)
of the substrate and the hydroxyl hydrogen (H) of
Thr48, indicate a possible two-conformation state for
9-cis-retinol in the active site pocket (Table 3, Fig. 3b).
For all-trans-retinol, this two-conformation state can
also be observed as a minor rotation of all-trans-
retinol in the active site (Fig. 3a).

Of the six amino acid residues in the substrate-binding
pocket, which were shown to be in contact with the
substrate analogue CXF [18], two differ between the
human ADH2 and the rodent forms. Position 93
harbors Tyr in the human ADH?2 and Phe in rodent
forms, which changes the environment, and the
docking experiments showed a clear interaction for
rat ADH2 with all-trans- and 9-cis-retinol at this
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Table 1. Kinetic constants of ADH2 enzymes with retinoids®
Human Rat Mouse
Substrate Constant Units ADH2 ADH?2 ADH2 ADH2P47H
All-trans-retinol K, uM 0.14 £ 0.02 (12) LA LA 0.13 + 0.04
Keat min~! 4.0+0.2 LA LA 0.50 £ 0.14
Koo/ Kin uM-min™! 29 3.8
All-trans-retinaldehyde K uM 0.29 +0.03 (11) LA LA LA
Keat min! 23+0.1 LA LA LA
ke Ko M -min™! 7.9
9-cis-retinol Kn uM 0.054 + 0.001 (5) 0.57 £+ 0.08 LA LA
Keat min! 17.6 + 0.6 0.98 + 0.04 LA LA
ke Kin uM"-min! 330 1.7
9-cis-retinaldehyde K uM 0.21 £0.06 (11) 0.65 £ 0.1 LA LA
Keat min’! 32402 0.58 £ 0.1 LA LA
Kead/ K uMmin! 15 0.89

* All values were determined in 0.1 M sodium phosphate buffer, pH 7.5, and 2.3 mM NAD*/NADH at 37°C with BSA in a 1:1 ratio to
retinoids. The k., values were determined per dimer (80 kDa). The K, and k., values are given as the mean + SE (standard error) and
calculated with SigmaPlot. K, values for human ADH?2 within parenthesis were determined spectrophotometrically with Tween 80 as a
solubilizer and stabilizer. Reaction rates with too low activity to determine K, and k, values are denoted low activity (LA).

Table 2. Reaction rates for the different ADH2 enzymes in comparison to mouse ADHs"

Human Rat Mouse
Substrate ADH?2 ADH2 ADH?2 ADH2P47H
All-trans-retinol (5.2 uM) 48 600 6100 38 5800
All-trans-retinaldehyde (6.2 uM) 27 500 500 50 250
9-cis-retinol (7.6 pM) 220 000 11 400 25 3800
9-cis-retinaldehyde (4.8 M) 38 000 6400 40 380

Mouse

ADHI1 ADH3 ADH4
All-trans-retinol (30 uM) 150 500 105 422 000

* Reaction rates presented as amount of converted substrate in pmol/min/mg protein at a single substrate concentration. All values were
determined in 0.1 M sodium phosphate buffer, pH 7.5, and 2.3 mM NAD*/NADH at 37°C with BSA in a 1:1 ratio to retinoid. The retinoid
substrate concentrations were >20-fold higher than the determined human ADH2 K, values. The same substrate concentration for each
retinoid was used to compare reaction rates between species. The reaction rate for mouse ADH1, ADH3 and ADH4 with all-trans-retinol

are shown for comparison [15]

position. The other residue that differs is Phe/Met at
position 141. This exchange will make the substrate-
binding pocket much narrower in the rodents and the
residue at this position showed contacts in the docking
experiments in all tested structures. All residues
postulated to line the entrance of the substrate-
binding pocket differed between the rodent forms
and the human ADH?2 (Fig. 1), in which several are in
close contact with the docked substrates. From the
other subunit, a few residues (309-311 in human
ADH?2, and 308, 309 and 312 in the rodent forms, also
with differences) showed weak van der Waals inter-
actions with both all-trans- and 9-cis-retinol.

Discussion

All-trans-retinoic acid is a powerful hormone synthe-
sized in a variety of tissues [1, 2, 11]. Oxidation of
retinol to retinaldehyde determines the overall rate of
retinoic acid formation, a reaction that is catalyzed by
multiple dehydrogenases/reductases. In this study we
focused on the capability of mammalian ADH?2 as a
retinol dehydrogenase. The K, and k., values for
retinoids with human ADH?2 were determined to be in
the range of 0.05-0.3 uM and 2.3-17.6 min™', respec-
tively. The k., values of human ADH2 for retinol
oxidation are comparable to those for aliphatic
alcohols at pH 7.5 [16], thus suggesting a common
rate-limiting step, probably the dissociation of cofac-
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* *

* % * ek ke ke * % ko
Rat GTQGKVITCKAAIAWKTDSPLCIEEIEVSPPKAHEVRIKVIATCVCP IﬁATNPK KAL-FPVVLGHECAGIVESVGPGVTNFKPGDKVIPFEAPQC
Mouse GTQGKVIKCKAAIAWKTGSPLCIEEIEVSPPKACEVRIQVIATCVCP I'ATDPK KAL-FPVVLGHECAGIVESVGPGVTNFKPGDKVIPFIAPQC

Human GTKGKVIKCKAAIAWEAGKPLCIEEVEVAPPKAHEVRIQIIATSLCHEDASVIDSKEEGLAFPVIVGHEAAGIVESIGPGVTNVKPGDKVIPLYAPLC
Z 2z Z Z
ccC Cc

ke W e kW *

98 KKCKLCLSPLTNLCGKLRNFE IDQELMEDRTSRFTSKERSIYHFMG VSSFSQYTVVSEANLARVDDEANLERVCLIGCGFTSGYGAAINTAKVTP

98 KRCKLCLSPLTNLCGKLRNFK_ IDQELMEDRTSRFTCKGRSIYHFIGV5SFSQYTVVSEANLARVDDERNLERVCLIGIGFSSGYGAAINTAKVTP

99 RKCKFCLSPLTNLCGKISNLES 'SDOOLMEDKTSRFTCKGKPVYHFFGTSTFSOYTVVSDINLAKIDDDANLERVCLLG%GFSTGYGAAINNAKVTP
zZ Z -4 T c

[

196 GSACAVFGLGCVGLSAVIGCKIAGASRIIAIDINSEKFPKAKALGATDC LNPRDLDKPVQDVITELTGGGVDFSLDCAGTAQTLKAAVDCTVVGWGSC
196 GSTCAVFGLGCVGLSAIIGCKIAGASRIIAIDINGEKFPKAKALGATDCLNPRELDKPVODVITELTAGGVDYSLDCAGTAQTLKAAVDCTVLGWGSC
197 GSTCAVFGLGGVGLSAVMGCKAAGASRIIGIDINSEKFVEKARKALGATDCLNPRDLHKPIQEVIIELTKGGVDFALDCAGGSETMKAALDCTTAGWGSC

khkkkkkhkkhkkkkk

294 TVVGHKVDE- -MNIS! MI__I_fI_.GRSVKGTFF‘GGWKSVDSVPNLVTDYKNKKFDLDLLVTHALPFDKI NDAIDLMNQGKSIRTILTF 376

294 Twshxﬂz - -MTIPEWDVILGRS INGTFFGGWKSVDSVPNLVSDYKNKKFDLDLLVTHALPFESINDAIDLMKEGKSIRTILTF 376

295 TFIGUAAGSKGLTIFPEELIIGRTINGTFFGGWKSVDSIPKLVTDYKNKKFNLDALVTHTLPFDKISEAFDLMNQGKSVRTILIF 379
222 2

Figure 1. Alignment of human and rodent ADH2 with ICM. Stars (*) give all residues with free rotation of their side chain in the docking
experiments. Residues with a distance <3.0 A to the active site zinc (PDB entry le3e) are labeled with (Z) and to the structural zinc with
(z). Residues with a distance <3.0 A to CXF (PDB entry 1e3i) are labeled with (C). Coloring of residues: red are within 3.0 A to both all-
trans- and 9-cis-retinol, green are within 3.0 A only to all-trans-retinol, and blue are within 3.0 A to 9-cis retinol. Gaps are indicated with (-)
and residues labeled with (2) are from the other monomer in the dimer and within 3.0 A to the substrate. The four-residue insertion typical
for mammalian ADH?2 is underlined, showing its close vicinity to retinoid binding residues.

Table 3. Docking of retinoids in ADH2?*

Substrate Protein/Cofactor/Zn Human Rat Mouse
ADH2 i ADH2 i ADH2 R

Group Atom Group Atom Distance + SD (A) Distance + SD (A) Distance + SD (A)
AT-RetOH Cis Thr48 Cp 4.7 +02 4.7 +0.1 4.5 +0.1
9C-RetOH Cis Thr48 Cp 4.7 +02 4.9 +02 4.8 +02
AT-RetOH Cis NAD* C4N 35 +0.1 35 +0.1 35 +0.1
9C-RetOH Cis NAD* C4N 33 +£0.2 35 +0.2 33 +0.1
AT-RetOH Cis Zn ZN 3.6 +0.1 3.4 +0.1 35 +0.1
9C-RetOH Cis Zn ZN 35 +04 35 +0.6 35 +04
AT-RetOH Hisa NAD* C4N 2.5 +0.1 2.4 +0.0 2.4 +0.0
9C-RetOH Hisa NAD* C4N 2.5 +0.1 2.6 +0.1 2.5 +0.1
AT-RetOH Hisp NAD* C4N 3.8 +0.1 4.0 +0.1 4.2 +0.1
9C-RetOH Hsp NAD* C4N 42 +0.1 42 +02 42 +0.1
AT-RetOH (0] Zn ZN 2.3 +0.0 21 +0.0 2.2 +0.1
9C-RetOH (0] Zn ZN 2.5 +0.1 2.5 +0.1 2.5 +0.1
AT-RetOH (0] Thr48 H 3.9 +02 34 +02 2.8 +0.1
9C-RetOH O Thr48 H 3.8 +04 3.6 +0.2 3.1 +04
AT-RetOH H Thr48 o 2.4 +0.1 24 £0.0 24 £ 0.0
9C-RetOH H Thr48 o 2.5 +0.1 2.6 +0.1 2.5 +0.1

In silico docking of all-trans- (AT) and 9-cis- (9C) retinol (RetOH) with human, rat and mouse ADH?2. SD is calculated from four different
start positions for the docking experiments. Distances important for binding are labeled in bold type. The other distances are not directly
related to binding but give a relative position for the substrates close to the active site zinc in the enzymes. C,s is the last carbon atom in the
retinol chain. H;s, and H;sgare the hydrogen atoms covalently attached to C,5. O and H are the atoms in the hydroxyl group of the substrate
(AT-RetOH or 9C-RetOH) or the side chain of Thr48. Cy s the first carbon in the side chain of Thr48. C4N is the para position in the
nicotinamide ring of the cofactor NAD™ and it is susceptible to hydride transfer from the substrate.

tor. This differs from other ADHs, which show lower
k. values with retinol isomers than with aliphatic
substrates [22].

Since ADH?2 is mainly expressed in the liver [27], the
kinetic constants strongly suggest that the human
enzyme is a major component of the hepatic retinol

oxidation. Mouse and rat ADH?2 showed much lower
activities for retinoids but they could still be of
importance for the conversion of retinoids, at least
the conversion of 9-cis-retinol to 9-cis-retinaldehyde
in the rat. This conversion has been traced earlier and
was described as the remaining non-ADHI1 retinol
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Figure 2. Structural model of human ADH?2 with bound all-trans-
retinol. Human ADH?2 is shown as a dimer with one monomer in
yellow and one in blue (top). A close-up view of the active site with
all-trans-retinol is given (bottom). Green residues are the flexible
side chains from the docking experiments and zinc atoms are
depicted green.

oxidizing capacity of the liver [28]. In line with this, it
has been suggested that mouse ADH3 contributes to
retinol conversion, although with a very low catalytic
ability that is in the same order as that for mouse
ADH? (Table 2). These values should be compared to
the corresponding values for ADH1 and ADHA4,
which are one order of magnitude larger (Table 2,
[15]). In contrast to most alcohol/aldehyde pairs, the
human and rat ADH2 enzymes showed higher
activities for retinols than for retinaldehydes. Simi-
larly, human and mouse ADH4 showed higher
turnover for the alcoholic forms of most tested
retinoids as compared to the corresponding aldehydes
[8, 12, 22]. At the same time human ADH2 has been
suggested to participate in the first-pass metabolism of
ethanol in the liver, an action that has been shown to
competitively inhibit retinol conversion [29].
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An additional objective of this study was to explain
the large differences in catalytic power in the
conversion of retinoids between mouse, rat and
human ADH2. The mutation of Pro47 in mouse
ADH2 to a His (the residue found in human ADH?2)
resulted in an increase in retinoid activity towards
the values determined for the human enzyme, and
this mutation can therefore explain a large part of
the difference between species. Similar judgments
have been stated for small substrates such as ethanol
[16, 18]. However, neither Pro47 in native mouse
ADH2 nor His in the mutant ADH2Pro47His (PDB
entries 1e3e/1e3l) are close (>3.0 A) to CXF or the
retinoids in the docking experiments. This indicates
that the difference in catalytic activity between the
mutant and native mouse ADH?2 is probably more
related to a lowering of the transition state energy
barrier for the reactions rather than differences in
binding of retinoids. Moreover, the identified iso-
tope effect for mouse ADH2 [16] clearly showed
that hydride transfer is rate limiting for alcohol
oxidation, i.e., retinol oxidation within this study.
This implies that the mutation Pro47His primarily
acts by modulation of the hydride transfer step [16].
The docking studies show that all tested retinoids fit
well into the substrate pocket of ADH?2 in human
and rodents, and that no apparent large differences
in binding distances between the species could be
observed. However, the binding of a substrate is
proportional to a change in the free energy, which is
difficult to assess from in silico methods, thus the
results from the docking experiments should be
carefully interpreted. The determined K,, values are
within a factor of ten between human and rodents
compared to a factor of almost 10000 in reaction
rates. This further shows that the difference in
overall catalytic efficiency between species prob-
ablyis notrelated to alarge difference in the affinity
for retinoids.

The main ADHs that have been proposed to partic-
ipate in retinoic acid biosynthesis are ADH1 and
ADH4 because of their widespread distribution and
their high catalytic efficiency [4, 8, 12, 14, 22]. Null
mutant mice with metabolic deficiencies for alcohol
oxidation provide strong evidence for the role of these
ADHs in retinol turnover, albeit with overlapping
abilities [30]. Thus, the high levels of ADHI in liver
provide protection against vitamin A toxicity by
elimination of the retinol excess. Furthermore,
ADH4, distributed in many epithelial tissues, pro-
motes survival during vitamin A deficiency, by gen-
erating retinoic acid for essential biological functions
[31]. ADH2 activities could not be traced in these
experiments due to the very low capacity of the mouse
ADH?2 to metabolize retinol, a fact that is not valid in
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conformation from each of the four dockings of all-trans retinol (A) and 9-cis-retinol (B) in human ADH2. The four different
conformations from the docking of all-frans and 9-cis-retinol in human ADH?2 display a possible rotation in one plane of about 90 degrees

with maintained distance to ZN and NAD™, see Table 3.

humans where ADH?2 is known to be one of the most
active forms in the liver [14].

Most retinol in the cell is bound to CRBP and the level
of free retinol has been estimated to be less than
0.1 uM [2]. Early experiments have shown that the
CRBP-retinol complex is not able to channel to the
active site of ADH [32], in contrast to SDR-RDHs,
which appeared to use holo-CRBP as a substrate [2,
9]. However, a recent overall comparison of enzymes
active in all-frans retinol/ retinaldehyde conversion
(ADH, SDR-RDH and AKR) clearly showed that
none of the enzymes studied was active with CRBP-
bound retinol/retinaldehyde, but only with free reti-
nol/retinaldehyde [8]. With this comparison under
identical conditions, in combination with a sensitive
detection method for the formed product, very similar
low K,, values were obtained for all-trans retinol/
retinaldehyde with enzymes from the different super-
families. These results set the focus back on ADHs as
efficient retinol dehydrogenases, because they show
K., values in the range of physiological levels of free
retinol and higher k., values than the other enzyme
groups. This is further supported by studies showing
that opposing actions of CRBP and ADH establish a
balance between retinol storage and retinol degrada-
tion in the liver [10].

In addition, it has been shown that the most common
solubilizer for retinoids in several studies, Tween 80,
acts as an inhibitor for mammalian ADHs [23]. With
the use of BSA instead of Tween 80 as a retinoid
solubilizer [8, 19], as in this study, the measured K,
values for retinoids were lowered up to 100-fold for
human ADH?2, which is in line with the difference

obtained for ADH1 and ADH4 in comparison to
earlier published data [14, 19, 23, 29].

From the comparison on reaction rates of all-trans-
retinol/retinaldehyde, human ADH2 can now be
added to the list of active human enzymes that at
present included ADHs (ADH1 and ADH4), SDR-
RDHs and AKRs [8]. Because of its low K ,, ADH2 is
one of the most efficient proteins of those compared
for the conversion of all-frans-retinol at concentra-
tions lower than 0.1 uM in liver. At higher concen-
trations, the contribution of ADHI1 gradually increas-
es because of its higher levels in liver. Thus, ADH2
plays arole in the hepatic elimination of retinol excess,
which would be more significant at relatively low
retinol concentrations. This is in contrast with its role
in ethanol detoxification, where the contribution of
ADH?2 is more relevant at high ethanol levels, because
of its high K, for this alcohol [33]. This, together with
the fact that the catalytic efficiency for conversion of
9-cis-retinol is a factor of ten higher than for all-trans-
retinol, clearly shows that ADH? is one of the major
pathways for conversion of retinols into their corre-
sponding aldehydes in hepatic cells.
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