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Abstract: In a previous DFT study a mechanism for the reductive half-reaction of pea seedling amine oxidase (PSAO)
was suggested. In many of the suggested steps a lysine at the active site plays an important role. However, this lysine
is not found in other amine oxidases. The primary aim of the present DFT study is therefore to investigate alternative
mechanisms for those amine oxidases (CAO) where the lysine residue is not present. One of the most important roles
suggested for the lysine in PSAO was to protonate the O2-site of TPQ before the critical COH bond cleavage of the
substrate. In the absence of lysine the O2-site of TPQ is now suggested to be protonated by a water ligand on the copper
metal complex, in line with experimental suggestions. In other steps the role of lysine is taken over by an asparagine.
All results are compared with experimental observations and good agreement is generally found.
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Introduction

Copper containing amine oxidases (CAOs) constitute a family of
redox active enzymes, which are present both in eukaryotes and
prokaryotes. They catalyze the two-electron oxidative deamination
of primary amines by dioxygen into corresponding aldehydes,
ammonia, and hydrogen peroxide. In prokaryotes, amine oxidases
are suggested to have nutrient associated functions,1–3 but in
eukaryotes they are involved in a large variety of functions. They
are implicated in lignification processes, wound healing, tissue
differentiation, tumor growth, and programmed cell death.4–6 The
CAO enzymes are homodimeric with 70–95 kDa subunits, and
with each subunit containing one copper center and an organic
cofactor 2,4,5-trihydroxyphenylalaninequinone referred to as topa
quinone (TPQ).7–9 The crystal structures from Escherichia coli
(ECAO),10 pea seedling (PSAO),11 Arthobactor globiformis
(APAO),12 and yeast Hansenula polymorpha (HPAO)13 have been
solved. Recently, Zn-substituted structures from the HPAO have
been crystallized.14 CAOs are suggested to be dual-function en-
zymes, involved both in TPQ biogenesis from a precursor ty-
rosine15,16 and catalytic oxidative deamination of amines. Steady-
state kinetics for the CAOs with regard to amine substrate and
dioxygen has shown that the catalytic mechanism proceeds via two
half-reactions known as the reductive and oxidative half-reac-
tions,4,17 shown in Eqs. (1) and (2), respectively:

Eox � RCH2NH23 Ered � RCHO (1)

Ered � O2 � H2O3 Eox � H2O2 � NH3 (2)

In the absence of dioxygen, kinetic constants obtained for the
reduction of the enzyme are in good agreement with the steady-
state parameters for the reductive half-reaction.18

The catalytic mechanism for the reductive half-reaction of
PSAO has recently been investigated by DFT methods.19 This
study was strongly guided by experimental structural and spectro-
scopic information, and the suggested mechanism is summarized
in Figure 2. This mechanism is divided into six steps where steps
2 and 3 were further subdivided into two steps. In step 1, the amine
substrate attacks the C5 site of TPQ accompanied by a simulta-
neous protonation by Asp300. In step 2a, a proton is transferred
from the substrate to the O5 hydroxyl group via an external water,
followed by its abstraction by Asp300. In step 2b, a donation of a
proton by Asp300 to the O5 hydroxyl group of TPQ leads to the
formation of a substrate Schiff base accompanied by a release of a
water molecule. This substrate Schiff base has been found in a
crystal structure with an inhibitor20 and by resonance Raman
spectroscopy.21 In the third step, Lys296 is suggested to play one
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of its most important roles in the reductive half-reaction as the
proton donor for the necessary protonation of the O2-site of TPQ.
The protonation of O2 is important for the full utilization of the

resonance effects in the next critical COH bond breaking step.
According to the proposed mechanism, Lys296 uses a hydrogen
bonded chain of two water molecules and Tyr286 to protonate the
O2-site of TPQ. In step 3b, the COH bond of the substrate is
broken in a proton transfer step involving the deprotonated lysine,
and a product Schiff base is formed. This step is found to be
rate-limiting for the reductive half-reaction in agreement with
experiments.22 The formation of this product Schiff base has been
observed experimentally by resonance Raman spectroscopy for an
E406N mutant of yeast methylamine oxidase.23,24 In step 4,
Asp300 abstracts a proton from a solvent water and the activated
hydroxyl group, in turn, attacks C1 of the substrate forming a
COOH bond. In step 5, Asp300 transfers its proton to the substrate
N1 group through a hydrogen bonded chain involving a water
molecule. In step 6, Asp300 plays the role of proton abstractor in
the CON bond cleavage and the product aldehyde is released. In
this suggested mechanism for the reductive half-reaction of
PSAO,19 it is clear that the lysine residue plays a quite important
role. It is also known from experiments that the lysine residue is
conserved only in approximately half of the known amine oxi-
dase.25 For example, as seen from the crystal structure of HPAO,
the lysine is not present at the active site of this enzyme.13 This

Figure 1. X-ray structure of the active site region of HPAO.

Figure 2. Theoretically suggested mechanism for the reductive half-reaction of PSAO.
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raises the question of how catalysis is achieved in the absence of
the lysine residue. For example, how does the protonation of the
O2-site of the cofactor TPQ occur? Which residue takes over the
function of the lysine? To address these questions a mechanism for
the reductive half-reaction in the absence of the lysine has been
investigated quantum chemically. Structural information for the
present study is taken from the crystal structure for HPAO, which
has been solved to 2.4 Å resolution.13 Unlike the crystal structure
of PSAO,11 the cofactor is already oriented as required for the
catalysis in this structure (see Fig. 1). At the active site, the Cu
atom is penta-coordinated in a distorted square–pyramidal geom-
etry. It is bonded to the imidazole side chains of three histidines—
His456, His458, and His624—and to two water molecules—one
equatorial, and one axial. The substrate binding site is connected
with copper through a hydrogen bonding network involving water
molecules and an active site base Tyr305. In contrast to the earlier
crystal structure, the C5 carbonyl of the cofactor and the substrate
binding site are at the same side and the active site base (Asp319)
is perfectly positioned to participate in the Schiff base formation.
The Asp319, Tyr305, and Asn404 residues are conserved at the
active site in all amine oxidases studied so far.25 The above
quantum chemically suggested mechanism coupled with the ex-
perimental information provide an excellent starting point for the
further quantum chemical investigation of this enzyme.

Computational Details

The present calculations were performed using the GAUSSIAN-
9826 and Jaguar27 programs. The calculations for the mechanism
were performed in two steps. First, an optimization of the geom-

etry was made using the B3LYP method28 with the d95 basis set
except for the first part of the third step of the mechanism (where
copper is involved) where the lacvp basis set was used. Open-shell
systems were treated using unrestricted B3LYP (UB3LYP). All
degrees of freedom were optimized and the transition states ob-
tained were confirmed to have only one imaginary frequency of the
Hessian. In the second step, the B3LYP energy was evaluated for
the optimized geometry using the large 6-311�G(2d,2p) basis set,
which includes diffuse functions and two polarization functions on
each atom. For the first part of the third step of the mechanism, the
LACV3P** basis set of triple zeta, quality including one polar-
ization function on each atom, was used together with an ECP29

for the copper atom. Zero-point vibrational effects and thermal
effects were added based on B3LYP calculations using the same
basis set as for the geometry optimization. The dielectric effects
from the surrounding environment were obtained using the CPCM
polarizable conductor model (Cosmo),30,31 where the solvent cav-
ity is formed as a surface of constant charge density of the solvated
molecule. The default isodensity value of 0.0004 au is used. The
radii of the solvent molecules were taken from the parameters for

Figure 3. Suggested first step of the amine oxidation in HPAO.

Figure 4. Suggested first part of the second step of the amine oxida-
tion in HPAO.

Figure 5. Optimized transition state for the first part of step 2.

Figure 6. Suggested second part of the second step of the amine
oxidation in HPAO.
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water. The United Atom Topological Model32 was used to build
the cavity around each heavy atom, and the radius of each atomic
sphere was determined by multiplying the van der Waals radius by
a scaling factor of 1.2. For the first part of the third step of the
mechanism, the self-consistent reaction field method as imple-
mented in Jaguar33,34 was used to evaluate the solvent corrections
by employing the LACVP basis set. A probe radius of R � 1.40
Å corresponding to the water molecule was chosen. In both cases,
the dielectric constant was set equal to 4, which corresponds to a
dielectric constant of about 3 for the protein and 80 for the water
medium surrounding the protein.35 Because models with the same
charge were used throughout the present study, the relative dielec-
tric effects were found to be rather small and not very sensitive to
the method used or to the value chosen for the dielectric constant.
The relative energies discussed below are Gibbs free energies
where all the effects described above are added. Normal errors of
using B3LYP and different aspects of modeling enzyme active
sites are described in recent reviews.36–38 To test the accuracy of
the B3LYP method for the present systems, a comparison was
made between the B3LYP and G2MS methods39 in the previous
DFT study of PSAO using the smallest possible models.19 A
satisfactory deviation of only 2.0 kcal/mol between the G2MS and
B3LYP levels was found.

Results and Discussion

An earlier DFT study of the first half-reaction (1) for PSAO,19

shown in Figure 2, prompted the present investigation of the

reductive half-reaction of CAO in the absence of the active site
lysine. Because the previous DFT study for PSAO and also ex-
periments suggest that the copper complex is unlikely to play any
role in the major part of the reaction,19,40 it could be left out of the
model in most steps. The only exception is the first part of step 3,
where the copper complex was included to protonate the cofactor
TPQ. Because Asp319 is expected to play essentially the same role
here as played by Asp300 in the earlier study for PSAO, it was
included in the model. In the crystal structure of H. polymorpha,13

Asn404 is positioned only 4.30 Å away from the O4-site of TPQ,
which makes it a likely candidate to participate in the mechanism.
In HPAO, Asn404 and a water molecule together are expected to
have the same role as played by Lys296 in PSAO,19 and were
therefore included in some of the steps. The role of Asn404 was
investigated in a few cases discussed below, by removing it from
the model and using only a water molecule instead. The asparagine
residue has also been suggested to be important for the initial
positioning of the TPQ cofactor.41 In the case of PSAO, a neutral
model was chosen for the first geometry optimization, but in the
present study, in the absence of lysine, the system starts out
negatively charged. A neutral form of the substrate and Asp319,
and a negatively charged TPQ cofactor as suggested by experi-
ments42 were chosen. It has to be stressed that this initial choice

Figure 7. Optimized transition state for the second part of step 2.

Figure 8. Suggested first part of the third step of the amine oxidation
in HPAO.

Figure 9. Suggested second part of the third step of the amine
oxidation in HPAO.

Figure 10. Optimized transition state for the first part of the third step
of the amine oxidation in HPAO.
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does not necessarily mean that the TPQ cofactor always remains
negative. As discussed below, in some of the steps a neutral TPQ
cofactor is also found. On the basis of earlier experience, a neutral
Asp319 is modeled by a formic acid, while a neutral Asn404 is
modeled by a formamide. The neutral substrate is modeled by an
ethylamine.

Step 1. Substrate Attack on the C5 Site of TPQ

The first step of the suggested mechanism (see Fig. 3) involves an
attack of the amine of the substrate on the C5 site of the cofactor
TPQ with a simultaneous protonation of the O5 site by the neutral
Asp319. This step is very similar to the first step in PSAO, the only
difference being that the negatively charged form of TPQ was
chosen here. The rest of the system, Asp319, and the substrate
were chosen to be neutral, as they were in PSAO. A concerted
attack on C5 and O5 is important to keep the barrier low. The step
was found to have no barrier and is exothermic by 9.0 kcal/mol.
The calculated entropy effect is �1.7 kcal/mol (included in the
values), favoring the reactants and indicating that the product is
more tightly bound than the reactant. On the other hand, due to the
formation of the charged residues shown in the figure, the dielec-
tric effects (also included in the values) favor the products by 1.5
kcal/mol. With the presence of lysine in PSAO, this step is per-
fectly thermoneutral, and crosses over a small barrier of 2.6
kcal/mol.

Step 2. Formation of the Substrate Schiff Base

The suggested second step of the reaction mechanism describes the
formation of the substrate Schiff base. This step is divided into two
parts, shown in Figures 4 and 6. In PSAO (see Fig. 2), the
formation of this base was suggested to proceed via a release of a
water molecule, which is formed by a proton transfer from the
amino group to the C5 hydroxyl group of TPQ via a solvent water
molecule. In this step lysine was not suggested to be directly
involved but only to stabilize the system by forming hydrogen
bonds with the O4 and C5 hydroxyl group of TPQ. In the present
study, the formation of the substrate Schiff base follows essentially
the same mechanism, but with the difference that, here, Asn404 is
hydrogen bonded to the O4 of TPQ and to a bridging water
molecule. The substrate Schiff base has been observed experimen-
tally in a crystal structure of the Escherichia coli enzyme with the
2-hydrazinopyridine inhibitor.20 It has also been observed in
model studies,42,43 by reductive trapping experiments44,45 and by
resonance Raman21 spectroscopy. In the first part of this reaction
step, a proton from the substrate amino group moves via a solvent
water molecule over to the C-5 hydroxyl group. In turn, the
hydroxyl proton is transferred to the unprotonated Asp319. In this
proton transfer chain reaction, the substrate amino group becomes
deprotonated and Asp319 protonated. This part has a barrier of
15.9 kcal/mol, and it is uphill by 8.4 kcal/mol. The transition state
obtained is shown in Figure 5. In PSAO, this step has a 0.8
kcal/mol lower barrier and is 2.9 kcal/mol less endergonic.

After the first part of this step, the COO bond distance to the
C5 carbon and the OOH distance to Asp319 become the main
reaction coordinates, and a water molecule is formed. The result-

Figure 11. Optimized transition state for the second part of the third
step of the amine oxidation in HPAO.

Figure 12. Suggested fourth step of the amine oxidation in HPAO.

Figure 13. Optimized transition state for step 4.

Figure 14. Suggested fifth step of the amine oxidation in HPAO.
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ing transition state is shown in Figure 7. This part has a barrier of
only 4.5 kcal/mol compared to the barrier in PSAO of 8.1 kcal/mol
compared to the barrier in PSAO of 8.1 kcal/mol. Going from
reactants to products in step 2 is exothermic by 14.4 kcal/mol. The
calculated entropy effect is �2.7 kcal/mol (included in the values)
favoring the product, and is due to the release of the water
molecule. The overall exothermicity from the reactants to the
products in step 2 is 5.9 kcal/mol, whereas in PSAO, it is only 2.5
kcal/mol. The calculated entropy effect contributes by �3.2 kcal/
mol, and is mainly due to the release of the water molecule. In
PSAO, with lysine present, this whole step has a 0.8 kcal/mol
lower barrier and is 3.4 kcal/mol less exergonic. A calculated
exothermicity of the second step agrees well with the inhibitor
crystal structure of the enzyme, which shows that the doubly
bonded substrate Schiff base is more stable than the singly bonded
reactant of this step. This step was also investigated without
including the Asn404 residue in the model. In the absence of
Asn404, the enzyme follows a slightly different mechanism. In the
first part of the mechanism, a proton from the substrate amino
group is transferred to the O4-site of TPQ via a solvent water
molecule. In the next step, with the help of the same bridging water
molecule, this proton is transferred again to the C5 hydroxyl group
and water is formed. In the absence of Asn404, the overall barrier
for the formation of the substrate Schiff base is 3.9 kcal/mol
higher.

Step 3. Formation of the Product Schiff Base

The suggested step 3, in which the COH bond of the substrate is
cleaved, is the most critical step of the entire mechanism. As
shown in the suggested mechanism for PSAO (see Fig. 2), this step

leads to the formation of a second Schiff base, which is known as
the product Schiff base. In the present study also, this step is
divided into two parts, which are shown in Figures 8 and 9. The
product Schiff base has recently been observed by resonance
Raman spectroscopy of a mutant of yeast methylamine oxi-
dase.23,24 It was shown in the previous study of PSAO, that to
achieve the difficult task of COH bond cleavage, the protonation
of the O2-site of TPQ is necessary.19 In that study, a mechanism
to accomplish O2 protonation was also suggested, in which a
proton was transferred from Lys296 to the O2-site of TPQ through
a hydrogen bonded chain including Tyr286 and two water mole-
cules. The deprotonated lysine is then used in the actual COH
bond cleavage.

Without the lysine proton donor, the question arises how the
O2-site of TPQ becomes protonated. It is not known with certainty
that the copper complex is essential for this protonation, but its
involvement has been suggested experimentally.46,47 In the X-ray
structure, the axial water coordinated to copper is in the vicinity of
the O2 site of TPQ,48 which makes it a very likely candidate for
participation in the protonation of O2. To investigate this possi-
bility, the copper complex, including three histidines and two
water molecules (axial and equatorial), is included in the model. In
the first part of the third step (see Fig. 8), copper is initially
penta-coordinated and TPQ is hydrogen bonded to the axial water
molecule. During the course of the reaction, copper becomes
tetra-coordinated by losing the axial water molecule, which moves
over and bridges between the equatorial water and the O2-site of
the TPQ cofactor. This point is actually in a local minimum. The
formation of this intermediate is endergonic by 2.6 kcal/mol. This
step has some similarities with the Cu–Zn superoxide dismutase
(SOD), where Cu is also penta-coordinated and a water molecule
is bonded at the axial position.49 In SOD, this Cu-coordinated
water molecule is easily replaced by small anionic ligands like
cyanide and azide, which provides hydrogen bonding interactions
to other water molecules within the active site.50,51 Once the
tetra-coordinated intermediate structure is formed, a proton from
the equatorial water molecule is transferred to the O2 position of
the cofactor via the bridging water molecule. This proton transfer
has a barrier of 2.8 kcal/mol. In the optimized transition state
structure, shown in Figure 10, the water molecule is positioned
between the copper metal center and the O2 position of the
cofactor. Because this step follows a 2.6 kcal/mol endergonic step,
the overall barrier for the proton transfer becomes 5.4 kcal/mol.

Figure 15. Optimized transition state for step 5.

Figure 16. Suggested sixth step of the amine oxidation in HPAO.

Figure 17. Optimized transition state for step 6.
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This step is slightly endergonic by 1.8 kcal/mol. In comparison, the
suggested protonation of O2 in PSAO passes a barrier of 10.1
kcal/mol and is endergonic by 8.1 kcal/mol. This result shows that
the protonation of the O2-site of TPQ by the copper complex in
enzymes without lysine is more efficient than the suggested pro-
tonation by Lys296 in PSAO. Still, the calculations suggest that
PSAO probably does not use this mechanism, because there is a
big advantage if lysine is deprotonated for the next step of COH
activation. Overall, the calculated rate-limiting COH activation is
actually slightly lower with lysine present, see further below.
Asp319 was not included in the model for the protonation of the
O4-site, but is required in the next step where it first takes a proton
from the NH2

� group at the C5 site of the TPQ cofactor and at the
end gives it back. In this part, the critical COH bond breaking
takes place driven by a strong exothermicity of 16.7 kcal/mol. The
main contribution to this driving force comes from the aromaticity
of the TPQ ring, obtained in this step. The entropy effects decrease
the exothermicity by 0.5 kcal/mol, and the dielectric effects give
an increase by 0.4 kcal/mol. In PSAO, this part is even more
exergonic by 28.5 kcal/mol. The transition state for this step is
shown in Figure 11. At the end of this step Asp319 is unprotonated
in agreement with some experimental suggestions.23 During the

optimization, the water molecule which was formed in step 2, is
hydrogen bonded to the second oxygen of the Asp319 carboxylate,
swings around, and places itself close to the substrate C1 carbon.
At this position it is in a perfect position for the next step.

The barrier for the COH activation step is 17.1 kcal/mol.
Because this part follows a step that is endergonic by 1.8 kcal/mol,
see above, the overall barrier for the COH bond cleavage becomes
18.9 kcal/mol. The barrier of 18.9 kcal/mol makes it the rate-
limiting step of the presently suggested mechanism for the entire
reductive half-reaction. This result is in agreement with rapid
scanning kinetic data22 which suggest that the formation of the
product Schiff base takes place in the rate-limiting step. For
PSAO, the presence of lysine leads to a slightly lower barrier of
16.5 kcal/mol. Kinetic isotope effects have been calculated by
replacing hydrogen by deuterium on the CH2 group of the sub-
strate. The calculated kinetic isotope effect of 4.6 is higher than the
kinetic isotope effect of 3.9 for PSAO but lower than the experi-
mental isotope effect of 8.5. Tunneling effects can be estimated
using the simple Wigner formula52 and leads to an increase of the
isotope effect to 5.8 in somewhat better agreement with experi-
ment. To reach higher accuracy a more advanced dynamical treat-
ment is necessary. Some more possibilities were explored for the

Figure 18. Suggested mechanism for the reductive half-reaction of copper amine oxidases where lysine is not present.
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COH bond-breaking step. Removing the asparagine raised the
barrier by as much as 5.8 kcal/mol, showing that this residue is
actually quite important for this step. Letting Asp319 take the role
of Asn404 lowers the barrier by 0.2 kcal/mol, but this is not very
likely because a large displacement of Asp310 is needed and it is
very strongly hydrogen bonded to the nitrogen of the substrate.
Removal of both Asn404 and the water molecule increases the
barrier by 4.5 kcal/mol, showing that participation of these resi-
dues helps in the COH bond breaking.

Step 4. Substrate COOH Bond Formation

The suggested fourth step in the present study is exactly the same
as the one for PSAO. In this step, (see Fig. 12) the C1 carbon of
the substrate is attacked by the water molecule formed in step 2.
After its formation, the water molecule is hydrogen-bonded to the
Asp319, but in the course of step 3, it swings around 180 degrees
(see above) and positions itself in the vicinity of the C1 of the
substrate. In PSAO, the lysine does not participate in this step but

remains hydrogen bonded to the O4 hydroxyl group. The transition
state for the formation of the COO bond is shown in Figure 13.
The calculated barrier is 12.2 kcal/mol, to which entropy effects
contribute by �3.3 kcal/mol. This contribution comes mainly from
the presence of a relatively free water molecule before the reaction
with a large entropy. Dielectric effects raise the barrier by 0.4
kcal/mol. This step is endergonic by 4.7 kcal/mol, where entropy
again contributes significantly by �4.0 kcal/mol. Solvent effects
increase the endothermicity by 2.1 kcal/mol. The reason for the
significant dielectric effects is a change of dipole moment from 6.4
to 2.1 D for the products. In PSAO, this step has very similar
energetics, the barrier is 0.4 kcal/mol lower, and it is 1.6 kcal/mol
less endergonic.

Step 5. Transfer of a Proton from Asp319
to the Substrate Nitrogen

The suggested fifth step is also very similar to the one in PSAO. In
this step (see Fig. 14) a proton from the carboxylate of Asp319 is
transferred to the substrate nitrogen in a concerted transfer over
three hydrogen bonds. A water molecule is used to bridge the
donor and acceptor sites. Because strong hydrogen bonds between
Asp319 and the substrate hydroxyl group prevents Asp319 to
swing around 180 degrees and deliver the proton directly to the
substrate nitrogen, the present suggestion seems to be the best one.
The optimized transition state is shown in Figure 15. As seen in
this figure, the proton transfer is a strongly concerted process with
several OOH and NOH distances in the range 1.1–1.3 Å. The
computed barrier height is 12.0 kcal/mol, where zero-point vibra-
tional (plus thermal enthalpy) effects have lowered the barrier
significantly by 4.8 kcal/mol. The fifth reaction step is exergonic
by 1.6 kcal/mol. In PSAO, this step has 1.4 kcal/mol lower barrier
and it is 1.1 kcal/mol less exergonic.

Step 6. Formation of Product Aldehyde

The last step of the suggested mechanism (see Fig. 16) also has
large similarities with the last step in PSAO. This step results in the
release of the product aldehyde. The water molecule, which was
added in the previous step, does not play any role in this step, and
it was therefore removed from the model. To release the product
aldehyde, the CON bond of the substrate needs to be broken. The
CON bond breaking is achieved by a proton abstraction by
Asp319. This is another critical function of Asp319 in the reduc-
tive half-reaction. The barrier for this step is 5.7 kcal/mol and the
optimized transition state is shown in Figure 17. This step is
slightly uphill by 0.9 kcal/mol. Entropy effects favor the product
by 4.6 kcal/mol mainly due to the release of the product aldehyde.
In PSAO, it was not possible to find a transition state for this step
due to a very small barrier for the backward reaction. It was found
to be 5.0 kcal/mol more endergonic. This step was expected to be
exergonic, and the endothermicity is therefore rather surprising.
The reason behind this might be that there is a very strong
hydrogen bond, with a bond distance of 1.54 Å between Asp319
and the product aldehyde. It is suggested by experiments that after
the release of the product, Asp319 becomes deprotonated.48 In that
scenario, this hydrogen bond will be replaced by hydrogen bonds
to other residues, and aldehyde would become much more free,

Table 1. Energies (kcal/mol) for the Optimized Structures of the
Different Steps.

EBigbasis EDZ E�H
a ESolv

b ET�S

Step-1
0.0 0.0 0.0 0.0 0.0 0.0
�9.0 �12.2 �14.1 3.0 �1.5 1.7

Step-2a
�9.0 0.0 0.0 0.0 0.0 0.0
6.9 18.8 13.5 �4.5 �0.4 2.0
�0.5 9.1 9.7 �1.7 1.5 �0.4

Step-2b
�0.5 0.0 0.0 0.0 0.0 0.0
4.0 3.9 0.9 �0.3 �0.7 1.6
�14.9 �10.2 �4.7 0.3 �1.9 �2.7

Step-3a
�14.9 0.0 0.0 0.0 0.0 0.0
�12.3 0.6 �2.2 �1.4 3.8 �0.5
�9.5 5.7 1.4 �2.9 4.9 �2.4
�13.1 �3.0 6.5 �2.5 5.2 2.0

Step-3b
�13.1 0.0 0.0 0.0 0.0 0.0
4.0 20.3 15.4 �4.7 1.4 0.1
�29.8 �15.6 �25.4 �1.2 �0.4 0.5

Step-4
�29.8 0.0 0.0 0.0 0.0 0.0
�17.6 8.8 4.1 �0.3 0.4 3.3
�25.1 �2.8 �3.4 1.4 2.1 4.0

Step-5
�28.0 0.0 0.0 0.0 0.0 0.0
�16.0 15.7 6.8 �4.8 �0.8 1.9
�29.6 �0.4 �3.0 �0.7 �1.8 1.3

Step-6
�29.6 0.0 0.0 0.0 0.0 0.0
�23.9 8.4 8.5 �1.4 �0.2 �1.1
�28.7 5.3 8.0 �0.5 0.6 �4.6

aThe sum of zero-point and thermal enthalpy effects.
bCalculated with DZ basis set.
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and a gain of entropy would probably make this step exothermic.
Because this reaction would require a significantly larger model
than the one presently used, this part of the final step of the
reductive half-reaction was not studied further. At the end of the
reductive half-reaction the cofactor is in its reduced aminoquinol
form. In the oxidative half-reaction it will be oxidized back to its
original TPQ form.

Summary

The reductive half-reaction for those CAOs that do not have an
active site lysine has been studied using similar kinds of compu-
tational methods and models as used previously for the reductive
half-reaction of PSAO,19 the oxidative half-reaction of CAO53 and
for different substrate reactions of other enzymes like RNR54,55

and PFL.56 The present study was prompted by the need to address
the role of lysine implied to be important in the previous quantum
chemical study of PSAO,19 but which is not present in other
CAOs. All the steps are compared with the mechanism suggested
for PSAO (see Fig. 2). The available structural and spectroscopic
information provided by experiments was also fully utilized in the
present quantum chemical study. The overall mechanism sug-
gested in the present study is shown in Figure 18. The detailed
energy contributions of each step are given in Table 1. Like PSAO,
the energy diagrams are divided into six steps (see Figs. 19 and
20). Steps 2 and 3 are further subdivided into two steps each. The
energy diagrams were constructed by imposing the constraint that

the reactant of each step should have the same energy as the
product of the previous step. Step 5 is the only exception to this
rule, and the product of step 5 is placed at a calculated energy of
0.2 kcal/mol higher than the reactant of step 4. The reason behind
this minor adjustment is that in step 5 an extra water molecule was
added in the model, whereas in the fourth and sixth step the same
size of models were used. The reactant of the sixth step was
calculated to be 0.2 kcal/mol higher than the reactant of the fourth
step using the same model. It is known from experiments that the
product of step 5 should be lower than the reactant of step 4, and
placing the reactant of step 5 at the same energy as the product of
step 4 would create a larger disagreement with experiments. A
similar kind of minor adjustment was made for PSAO, where the
product of step 5 was placed 0.4 kcal/mol lower than the reactant
of step 4. By taking the accuracy of the present methods into
account, the agreement with experiments is quite satisfactory over-
all.

In the first step of the presently suggested mechanism an
exergonic addition of the amine substrate to the C5 carbon of TPQ
takes place with a simultaneous protonation of O5 by Asp319. This
step has no barrier, and is exergonic by 9.0 kcal/mol. In the second
step, a protonation of the O5 hydroxyl group of TPQ leads to the
formation of a water molecule. In the first part of this step, a proton
from the N1 substrate group is transferred via a water molecule to
the O5 hydroxyl group, which in turn, passes it on to Asp319. This
part has a barrier of 15.9 kcal/mol and is endergonic by 8.4
kcal/mol. In the second part, Asp319 donates this proton back and
a water molecule is formed. The second part has a barrier of 4.5

Figure 19. Energy diagram for the first three steps of the reductive half reaction of HPAO.
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kcal/mol, and is exergonic by 14.4 kcal/mol. This step results in
the formation of the substrate Schiff base, which has been ob-
served experimentally in a crystal structure with an inhibitor20 and
by resonance Raman spectroscopy.21 An overall exothermicity in
this step is in agreement with experiments that observe only the
substrate Schiff base but not the singly bonded reactant of this step.
The third step describes the formation of the product Schiff base,
and is experimentally suggested to be the rate-limiting step of the
entire reductive half-reaction.22 This step is also subdivided into
two parts. In the first part, as suggested by experiments, the TPQ
cofactor is protonated at the O2 position by the copper complex.46

This part has an overall barrier of 5.4 kcal/mol, and is endergonic
by 1.8 kcal/mol. In the second part of this step, a proton from the
C1 site of the substrate is transferred over to the O4-site of TPQ.
This proton transfer is assisted by Asn404 and a water molecule.
As suggested by experiments, Asp319 does not participate in this
step and remains unprotonated.23 The second part has a barrier of
17.1 kcal/mol. Because this part follows a step that is endergonic
by 1.8 kcal/mol, the overall barrier for this step becomes 18.9
kcal/mol. The formation of the product Schiff base is highly
exergonic by 16.7 kcal/mol. It has been observed experimentally
by resonance Raman spectroscopy for an E406N mutant of yeast
methylamine oxidase.23,24 Step 4 has a barrier of 12.2 kcal/mol,
and is endergonic by 4.7 kcal/mol. In step 5, Asp319 gets depro-
tonated by transferring its proton to the substrate through an
external water molecule. This step is exergonic by 1.6 kcal/mol,
and crosses over a barrier of 12.0 kcal/mol. Finally, in the last step,
the CON bond is broken and the product aldehyde is formed. This
step has a barrier of 5.7 kcal/mol, and is slightly endergonic by 0.9
kcal/mol. The present mechanism suggested by the model calcu-
lations (see Figs. 19 and Fig. 20), is in good agreement with most
of the available experimental information. Detailed energetics of
each reaction step has provided a deeper understanding of the
catalytical function of this interesting enzyme.
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