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Aldehyde oxidase is a molybdenum hydroxylase that catalyzes the oxidation of aldehydes and nitrogen-
containing heterocycles. The enzyme plays a dual role in the metabolism of physiologically important
endogenous compounds and the biotransformation of xenobiotics. Using density functional theory methods,
geometry optimization of tetrahedral intermediates of drugs and druglike compounds was examined to predict
the likely metabolites of aldehyde oxidase. The calculations suggest that the lowest energy tetrahedral
intermediate resulting from the initial substrate corresponds to the observed metaboliteg90% of the time.
Additional calculations were performed on a series of heterocyclic compounds where the products resulting
from metabolism by xanthine oxidase and aldehyde oxidase differ in many instances. Again, the lowest
energy tetrahedral intermediate corresponded to the observed product of aldehyde oxidase metabolismg90%
for the compounds examined, while the observed products of xanthine oxidase were not well predicted.

Introduction

Oxidative biotransformations of xenobiotics are mediated
primarily by cytochrome P450 isoforms and non-P450 enzymes
including flavin monooxygenase, monoamine oxidase, alcohol
dehydrogenase, and the molybdenum hydroxylases.1 Currently,
aldehyde oxidase (AOa) is not a major drug metabolizing
enzyme; however, as stated by Obach, “As efforts in drug design
strive to reduce or remove cytochrome P450 metabolic lability,
new drugs will be cleared by other mechanisms, such as
aldehyde oxidase.”2 At present, the efforts to reduce cytochrome
P450 metabolic lability have increased the number of azahet-
erocyclic structures tested for their potential as new drug entities.
Replacing a carbon in an aromatic ring with a nitrogen decreases
the electron density in the aromatic ring carbons, thereby
decreasing P450-mediated aromatic oxidation. These electron-
deficient carbons then become susceptible to nucleophilic attack
by AO. The recent attention given to this enzyme2-4 attests to
AO’s growing significance. Furthermore, the potential for
toxicity in humans increases whenever an animal model is
unable to predict metabolic pathways. For example, dogs have
no liver AO, mice have three different AO enzymes, while
humans have a single AO gene.5 Given the species differences
in metabolism, computational models may point to potentially
misleading animal modeling of metabolic routes and toxicity.

In addition to AO, there are a number of enzymes containing
a molybdenum pyranopterin cofactor (Scheme 1) that share a
basic biochemistry important in human homeostasis, including
xanthine oxidase (XO) and sulfite oxidase. While many studies
(described below) have elucidated the inorganic chemistry of
these molybdenum-containing oxidases, our knowledge of

reactivity and mechanism changes with different small druglike
molecules is almost nonexistent. While the physiological
function of XO is well-known, that of AO is not.5 One possible
function is the oxidation of retinal to retinoic acid, but this has
not been confirmed.6 Genetic evidence has also linked AO to
the familial recessive form of amyotrophic lateral sclerosis
(ALS).7 This leads to possible toxic interactions in humans due
to disrupted homeostasis.

The general mechanism of aldehyde oxidase is largely
inferred from studies on xanthine oxidase. These enzymes can
oxygenate compounds including aldehydes and azaheterocycles
to carboxylic acids or, for example, phthalazinones as shown
in Scheme 2. Both AO and XO have the ability to oxidize a
number of different structures, from small bicyclic compounds
to complicated structures with multiple ring systems. Most
druglike molecules studied thus far are substrates for AO and
show limited affinity for human XO.4,8-10

Xanthine oxidase and aldehyde oxidase contain similar
binding sites, have similar molecular properties, and exhibit
broad substrate specificity with some overlap between them.
The oxidation involves cleavage of a C-H bond and, in
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Scheme 1.Structure of the Molybdenum Pyranopterin Cofactor
(MoCo)

Scheme 2.Oxidase Products of Aldehyde Oxidasea

a Reaction A is benzaldehyde oxygenation, and reaction B is phthalazine
oxygenation.
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aromatic heterocyclic compounds, generally occurs adjacent to
a nitrogen atom; the resulting product does not remain in the
enol form, shown in Scheme 3, but rapidly converts to the keto
form.

A number of studies have been performed on the mechanism
of electron transfer in XO, and by inference AO, by the Hille,11

Enemark,12 and Massey13 groups. Briefly, the source of oxygen
in the product is water; nucleophilic attack and hydride transfer
leave the substrate coordinated to the MoCo, and the enzyme
is reduced. A buildup of reduced enzyme, with or without the
substrate bound to the MoCo by C-O-Mo bonds, is observed
(Scheme 4). Finally, electrons are transferred from the MoCo
to the iron-sulfur clusters and then to the flavin as has been
observed by EPR. The final reduction product for AO is
superoxide or hydrogen peroxide. The production of reactive
oxygen species is believed to be the connection between AO
and ALS.7 The overall reaction generates reducing equivalents
in contrast to the cytochrome P450 isoforms, where reducing
equivalents are consumed and molecular oxygen is the source
of oxygen incorporation into the resulting product.

Oxidation via AO or XO results in metabolites that differ
from those that occur during metabolism with the cytochromes
P450 monooxygenases. Metabolites generated via the action of
AO are being observed more often in drug metabolism as
increasingly electron-deficient molecules are synthesized to
decrease metabolism by cytochrome P450 isoforms. For the
cytochromes P450, a number of publications exist that predict
the site(s) of metabolism in a compound, assuming the
compound is a substrate.14-16 AO typically oxidizes at carbon
atoms adjacent to N atoms; however, the electron-deficient
substrates of AO usually have more than one N atom and,
therefore, multiple plausible oxidation sites. There are currently
no methods available in the literature to predict regioselectivity
of a molecule by AO, and reliable computational predictions
of likely products and/or potential liabilities as early as possible
in drug development are desirable. If simple computational
methods can be developed for predicting the regioselectivity
of AO metabolism, they can be used to redesign molecules to
slow metabolism. This is particularly important when a com-
pound is rapidly excreted or oxidized to a toxic metabolite.
Herein, we describe a simple, qualitative method using density

functional theory (DFT) to predict the product of AO metabo-
lism by examining the energetics of likely tetrahedral intermedi-
ates resulting from nucleophilic attack on carbon.

Results

It has been suggested that a potential predictor of the site of
AO metabolism for a compound is the most positively charged
carbon adjacent to nitrogen in an aromatic ring. In addition,
steric effects have also been suggested to influence the observed
products.17 Geometry optimizations of the substrate and product
of AO metabolism were performed in an effort to discern if the
carbon with the highest partial charge in the heteroaromatic ring
system determined the site of metabolism. As can be seen in
Table 1, the charges do not appear to be predictive. Obviously,
a different approach is required to enhance our predictive
capacity.

Given that the first step in the proposed mechanism for AO
is nucleophilic attack, the tetrahedral intermediate resulting from
the oxygenation reaction by AO at each carbon was examined.
The use of the tetrahedral intermediate as a means of predicting
the resulting oxidation product reflects the proposed reaction
mechanism for this enzyme and the observation of a tetrahedral
intermediate in the crystal structure of the closely related XO
complexed with the slow-metabolizing substrate FYX-051.18

While evidence exists for a concerted nucleophilic attack, and
hydride transfer, the position of metabolism may still be dictated
by the energy of the tetrahedral intermediate. As the reaction is
identical for each compound and is believed to proceed via a
common mechanism, the relative energies of the tetrahedral
intermediates are proportional to the activation enthalpies of
the reactions as described by the Hammond postulate.19

The energies of the likely tetrahedral intermediates of eight
drug molecules that have been reported as AO substrates in the
literature are presented in Table 1. In nearly every instance, the
tetrahedral intermediate with the lowest∆Grel corresponded to
the observed metabolic product of AO; the exception here was
deoxypenciclovir. For deoxypenciclovir the observed metabolite
is addition at the 6-position, while computation predicts oxida-
tion at the 8-position. One possible explanation for the incorrect
prediction is the formation of an intramolecular hydrogen bond
in the geometry-optimized structure of the8ohdeoxypenciclovir
intermediate. As shown in Figure 1a, the-OH of the tetrahedral
intermediate on C8 forms a hydrogen bond with an alcohol on
the side chain connected to the N9, with an O-H distance of
1.9 Å and O-H‚‚‚O angle of 168.8°. This is a stabilizing
interaction, but it is unlikely to occur in the enzyme active site
since it would likely result in unfavorable van der Waals contact
with the cofactor and enzyme. This hydrogen bonding interac-
tion does not occur in the6oh intermediate (Figure 1b).

A number of proprietary compounds with pre-existing AO
metabolism data were examined computationally via this method
to determine if the lowest energy tetrahedral intermediate
resulting from nucleophilic attack on carbon corresponded to
the observed product. The results of this comparison are given
in Table 2. In this table, compounds with the same number are
structurally related, while those with different numbers are
structurally diverse. For each druglike molecule in this table,
the tetrahedral intermediate with the lowest energy corresponded
to the observed product. This trend was also predicted for
truncated model compounds, compounds in which the substit-
uents extending off the heteroaromatic ring system were
truncated in an effort to reduce computational effort while
maintaining the inherent functionality of the substituent.20

Scheme 3

Scheme 4.Stepwise Nucleophilic Attack of MoCo on
Formamide Followed by Hydride Transfer

Use of DFT Calculations To Predict AO Metabolites Journal of Medicinal Chemistry, 2007, Vol. 50, No. 194643



Finally, we tested our ability to predict the major metabolites
using energies of the tetrahedral intermediates for a number of
chemicals reported in the literature by Krenitsky et al.20 to be
both AO and XO substrates. While it is generally believed that
the mechanism of AO and XO oxygenations are similar, this is
not an entirely valid assumption because differing substrate
specificities exist for each. These differences are likely dictated
by factors including the protonation state of the MoCo and
amino acid variations at the enzyme active site of each.17,20

Krenitsky et al. examined the specificity of AO and XO with
regard to the hydroxylation of a number of substrates. The
authors concluded that both enzymes have some features in
common because they oxidized some of the same compounds,
although they did note that different oxidation products resulted

in many instances. We attempted to reproduce the sites of
oxidation of the substituted azaheterocycles examined by
Krenitsky et al. (Table 3 of ref 20). The relative energies of the
likely tetrahedral intermediates for each compound examined

Table 1. Relative Energy Comparisonsa between Likely Tetrahedral Intermediatesb of Known Substrates Metabolized by Aldehyde Oxidase

a In kcal/mol. b Red v ) site of metabolism. Blackv ) most positive carbon in ring.c Truncated model of compound in series where the metab-
olite is predicted.

Figure 1. (a) Structure of deoxypenciclovir tetrahedral intermediate
8oh showing hydrogen bond between-OH on C8 and substituent on
N9. (b) Structure of deoxypenciclovir tetrahedral intermediate6oh.

Figure 2. (a) Structure of 6-mercaptopurine tetrahedral intermediate
2oh_n7h. (b) Structure of 6-mercaptopurine tetrahedral intermediate
8oh_n1h.

Figure 3. (a) Structure of 2-aminopurine tetrahedral intermediate
6oh_n9h with -OH on C6 forming a possible favorable interaction
with the lone pair on N7. (b) Structure of 2-aminopurine tetrahedral
intermediate6oh_n7h. (c) Structure of 2-aminopurine tetrahedral
intermediate8oh.

Figure 4. Structures of pteridine tetrahedral intermediates2oh (a),
4oh (b), 6oh (c), and7oh (d).
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are shown in Table 3. Overall, the energy of the tetrahedral
intermediates predicted the site of oxygenation for AO but not
for XO. In most instances, the differences in energy between
the likely tetrahedral intermediates in Table 3 are substantial,
and interpretation is straightforward. However, in some cases
the energy differences are relatively small.

The experimentally observed product of 6-mercaptopurine AO
metabolism is oxygenation of position 8 in the ring. The results
of the DFT calculations suggest that metabolism would be
favored at position 2 in the ring (2oh_n7h), where this
intermediate is only 0.12 kcal/mol lower in energy than the
tetrahedral intermediate of the observed product tetrahedral
intermediate8oh_n1h. Interestingly both metabolites are seen
with XO (Figure 2), so the small difference in energy is likely
to be relatively accurate.

When the likely intermediates of AO metabolism for 2-ami-
nopurine at position 6 were considered, a considerable difference
in the energy was found. This difference appeared to be due

primarily to the location of the hydrogen on the imidazole
portion of the fused heterocycle in the intermediate structure
as both tautomeric (hydrogen on N7 or N9) structures were
examined. If the hydrogen atom was located on N7 (6oh_n7h),
the energy of the optimized tetrahedral intermediate was 5.84
kcal/mol higher than if the hydrogen atom was located on N9
(6oh_n9h). From an examination of the two structures, the
energy difference can be attributed in part to the hydrogen of
the -OH group of the6oh_n9h intermediate forming an
apparently favorable electrostatic interaction with the N7 (and
related puckering in the pyrimidine ring portion of this 2-ami-
nopurine intermediate) with an O-H‚‚‚N angle of 104.4°. This
interaction is not possible in the6oh_n7h intermediate as the
hydrogen of the OH is directed away from the NH, where the
O-H‚‚‚N angle is 25.8° (Figure 3).

Here, the energy difference in tetrahedral intermediate
structures, although substantial, would not affect the prediction
results because the lowest energy tetrahedral intermediate in

Table 2. Relative Energy Comparisonsa between Likely Tetrahedral Intermediates of Proprietary Druglike Molecules

a In kcal/mol. b Observed site of metabolism.c Truncated model of compound in series where the metabolite is predicted.

Table 3. Relative Energy Comparisonsa between Likely Tetrahedral Intermediates of Xanthine Oxidase and Aldehyde Oxidase Metabolismb

a In kcal/mol. b Arrow indicates the order of oxidation (see Table 3 of ref 20 for further details).
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this series corresponds to the8oh structure, which is the
observed oxygenation product of AO metabolism.

In the case of pteridine, the experimentally observed products
of AO result from oxygenation of positions 4 and 2 in the ring,
while the observed products of XO are derived from oxygenation
at positions 4, 2, and 7. The results of the DFT calculations
suggest that metabolism would be favored at position 4 over
that at position 7 by 0.57 kcal/mol and position 2 by 1.17 kcal/
mol. Here again, the small differences in energy appear to be
relatively accurate in predicting the product. A favorable
electrostatic interaction between the-OH on position 4 and
the N5 with an NH distance of 2.7 Å and an O-H‚‚‚N angle
of 99.1° does not appear likely in the case of the4oh
intermediate (Figure 4). The correct major metabolite was
predicted; however, the method was unable to predict both major
metabolites of pteridine by AO if rank ordering of intermediates
was considered. Interestingly, the metabolite of 4-hydroxypte-
ridine was correctly predicted using this method.

Discussion

Determination and optimization of metabolism represent a
major bottleneck in drug discovery. In particular, the cytochrome
P450 enzyme system is often responsible for a large first-pass
effect or bioactivation to potentially toxic reactive intermediates.
To circumvent these metabolic problems, in particular aromatic
hydroxylation, it is becoming common practice to replace a
carbon atom in the aromatic ring with a nitrogen atom. These
azaheterocycles are relatively inert to cytochrome P450 mediated
oxidations because of the electron-withdrawing effects of the
nitrogen. These electron-deficient carbon atoms can become
targets for nucleophilic oxygenation by xanthine and aldehyde
oxidases. Thus, new generation drugs are more likely to be XO
and AO substrates. At present it is not known if XO and AO
can bioactivate molecules, but these enzymes in general have
higher turnover numbers than the P450 enzymes and may play
a role in first-pass effects.

The computational method presented in this manuscript is
the first method for predicting regioselectivity in AO-catalyzed
reactions. The method is very accurate considering it assumes
no interaction with the protein. Overall, from reports in the
literature on druglike or drug molecules (Table 1), new
generation lead compounds (Table 2), and small molecules
(Table 3), the predictive capability is 93%, or 25 out of 27 major
metabolites predicted for AO. In the two cases that the major
metabolites are not predicted correctly, only 0.12 and 0.73 kcal/
mol separate the predicted and actual metabolite. This is in
contrast to the large difference in energy (in general>3 kcal/
mol) for the majority of the compounds tested. The method fails
to predict XO regioselectivity, only correctly predicting 44%
of the major metabolites for XO.

One potential problem with this method is that a number of
these compounds can exist in more than one tautomer, and
computational predictions of regioselectivity are dependent on
which tautomer is used. From our calculations thus far, it appears
that using the lowest energy tautomer in the gas-phase results
in the correct answer. Another potential problem is when
intramolecular hydrogen bonds can form. These intramolecular
interactions lower the energy of the tetrahedral intermediate and
in one case, deoxypenciclovir (Figure 1), result in an incorrect
prediction of the major metabolite. A more complete enzyme
model would most likely correct this problem.

It is interesting that the energy of the tetrahedral intermediate
is predictive for AO but not for XO. This is not surprising

as XO has specific endogenous substrates and perhaps a more
specific binding interaction with the substrate. What is surprising
is that the methods work so well for AO. The ability to predict
the major metabolite based solely on the electronic features
indicates that the substrates are able to sample a number of
different binding modes and that the reaction most likely
proceeds through the lowest energy electronic pathway, with
the enzyme playing very little role in orientation. This means
either the enzyme is very flexible and can bind molecules in
multiple binding modes or the enzyme does not truly bind the
substrate but instead just presents the electrophilic carbon to
oxygen bond to the Mo cofactor. The latter binding mode would
make it difficult for the enzyme to catalyze the reaction by
hydrogen-bonding interactions. These results are very similar
to those seen for P450 3A4 because for 3A4 regioselectivity
appears to be dominated by electronic features. However,
regioselectivity predictions for 3A4 rarely exceed 80% with any
given model.14-16

The failure of the method to predict XO regioselectivity is
most likely a result of specific hydrogen bonds to the nitrogen
adjacent to the electrophilic carbon. A hydrogen bond to a
particular nitrogen in the molecule would stabilize the binding
mode and increase the electrophilicity of the carbon. Given the
differences in reactivity between XO and AO, generalizing the
mechanism of the molybdenum containing oxygenases may not
be warranted without further investigation.

The results presented here provide a very optimistic picture
with regard to drug design and metabolite prediction. The
method, while still only tested on a limited set of substrates, is
highly predictive, and blocking the predicted site of metabolism
should alter the metabolic profile. Furthermore, the method can
be used to guide the synthesis of the major metabolite, obviating
the need to make all the possible metabolites.

Conclusions

This study describes a simple qualitative method to predict
the likely metabolite resulting from biotransformation by
aldehyde oxidase. The calculations suggest that oxidation of
substrates by AO appears to be due primarily to the electronic
effects of the substituents, as previously suggested.20 This
approach provides a rank ordering of likely products by
examining the tetrahedral intermediate in the metabolism of
these compounds via AO with>90% accuracy for the com-
pounds examined. The method also appears to be largely
successful in distinguishing the products of XO metabolism from
those of AO metabolism for a number of closely related purine
derivatives.

This model should be useful when the observed metabolic
profile for a molecule is inappropriate because of either an
undesirable metabolite or an inappropriate rate of metabolism.
A predictive model for regioselectivity can be used to both
identify the likely site of metabolism and suggest modifications
to alter that metabolism. Although the available data cannot be
used to model rates of AO metabolism, the observed regiose-
lectivity is an indication of the relative rates of metabolism
within a molecule. Therefore, electronic features that can alter
regioselectivity may be important for predicting rates as well.
Additional kinetic data will be needed to test this hypothesis.

It is important to note that the rank ordering and conclusions
did not change following inclusion of the frequency calculation
or higher basis set corrections; therefore, the method appears
to be equally effective without these computationally expensive
corrections.
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Computational Methodology
Tetrahedral intermediate structures were generated by considering

the geometry-optimized, neutral substrate, unless otherwise noted,
where the nucleophile,-OH- attacks a carbon atom. For nitrogen-
containing heterocycles, a hydrogen atom was added to the nitrogen,
resulting in a net addition of water, in accordance with the proposed
mechanism. All geometries and energies reported in this study were
computed using the B3LYP density functional theory method21-24

implemented in the Gaussian03 program package.25 Geometry
optimizations were performed using the 6-31G(d,p) basis set and
were spin-unrestricted. Single-point calculations on the optimized
geometries were performed with the larger basis set 6-311+G(2d,-
2p) to obtain more accurate energy values. Typical errors observed
for the B3LYP functional are in the range of 2-3 kcal/mol in
calculations of reaction barriers and for complexes that do not
contain transition metals,26-30 which may vary depending on the
reaction being examined. Hessians were determined at the B3LYP/
6-31G(d,p) level. Complete thermochemical calculations were
performed, and final energies reported include zero-point vibrational
energies. The frequency calculations also served to verify that a
stationary point was achieved, i.e., no negative eigenvalues for
minima. Atomic charges were calculated using the ESP method of
Merz and Kollman31 implemented in Gaussian03. Figures were
made in PyMOL.32
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