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Abstract: In the present quantum chemical study, the biogenesis of the cofactor topaquinone (TPQ) has
been studied using hybrid density functional theory (B3LYP). The suggested mechanism is divided into six
steps and incorporates the observation of four crystallized intermediates. The experimental suggestion
that the formation of the Cu(II)-peroxy species is the rate-limiting step is consistent with the results of the
present study. Before the formation of the Cu(II)-peroxy species, dioxygen is suggested to first bind at the
equatorial position on the copper metal center. A mechanism for the critical O-O bond cleavage is
suggested, and this step is found to be driven by an unusually large exothermicity. A complex, spin-forbidden
formation of H2O2 with and without the involvement of the copper metal center is discussed. The results
are discussed in detail, and comparisons are made to experimental findings and suggestions.

I. Introduction

Copper-containing amine oxidases (CAOs) constitute a family
of redox active enzymes, which is ubiquitous in aerobic
organisms, present both in eukaryotes and prokaryotes. In
eukaryotes, CAOs have thus far been described in yeast, plants,
and mammals. They catalyze the two-electron oxidative deami-
nation 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. In yeast, this enzyme provides the source
of nitrogen and carbon. In plants, they are implicated in
lignification, wound healing, and signal transduction.4 In mam-
mals, they may be involved in tissue differentiation, tumor
growth, and programmed cell death.5,6 One of the reaction
products of CAOs, hydrogen peroxide, is suggested to play a
role in cell regulation by acting as an intracellular second
messenger. It has been shown that hydrogen peroxide can act
as a signal-transducing molecule in vascular smooth muscles,
evoking responses that include tyrosine phosphorylation, MAP
kinase stimulation, and DNA synthesis.7 The semicarbazide
sensitive amine oxidase (SSAO), which is found in the endo
thelium, has been shown to mediate lymphocyte binding to the

endothelium.8,9 SSAO activities have been found to be increased
in patients with diabeties, atherosclerosis, and heart failures.10,11

The CAO enzymes are homodimeric with 70-95 kDa
subunits, and the crystal structures fromEscherichia coli
(ECAO),12 pea seedling (PSAO),13 Arthobactor globiformis
(AGAO),14 and yeastHansenula polymorpha(HPAO)15 have
been solved. Recently, Zn- and Co-substituted structures from
HPAO have also been crystallized.16,17 All CAOs contain a
peptide-bound quinone cofactor, 2,4,5-trihydroxyphenylalanine-
quinone referred to as topaquinone (TPQ), that catalyzes the
oxidative deamination of primary amines.18 This cofactor
belongs to a unique class of quinone cofactors that are derived
by post-translational modifications of polypeptide-bound amino
acid side chains. It has been established that TPQ is synthesized
by post-translational modification of a specific tyrosyl residue
occurring in the highly conserved Asn-Tyr(TPQ)-(Asp/Glu)-
Tyr consensus sequence.19-21 Two possible mechanisms have
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been advanced for this process: the enzymatic mechanism,
which involves post-translational modification enzyme(s) or a
self-catalytic mechanism which involves the amine oxidase-
bound copper complex.20,22 Experiments conducted in the
recombinant yeast methylamine oxidase ruled out the enzymatic
mechanism.22 These experiments showed that if the TPQ
biogenesis is enzyme-catalyzed then these enzyme(s) would be
expected to have higher specificity than CAOs, i.e., the enzymes
specific for TPQ formation. It has been observed that the
consensus amino acid sequence is present in a large number of
proteins which do not contain quinone moieties;23,24 therefore,
consensus amino acid sequence alone is not sufficient to
determine the specificity of recognition, whereas the modifica-
tion of precursor tyrosine through a self-processing mechanism
has been observed in several proteins.25-27 CAOs are thus
suggested to be dual-function enzymes, capable of catalyzing
both formation of TPQ through the oxygenation of tyrosine and
oxidation of amines within a single active site.

The catalytic mechanism is of ping-pong type occurring in
two half-reactions known as the reductive and oxidative half-
reactions, shown in eqs 1 and 2, respectively:

In the reductive half-reaction, TPQ is reduced by the substrate
amine to an aminophenol species, which is reoxidized back to
TPQ by molecular oxygen in the oxidative half-reaction. All
known CAOs have a highly conserved active site in which a
Cu atom is coordinated to the imidazole side chains of three
histidines and two water molecules in a distorted square-
pyramidal geometry. The crystal structure for the active site of
HPAO is shown in Figure 1.

In contrast to the vast amount of information provided by
experimental and theoretical studies about catalysis,28-36 much
less has been known about biogenesis. Several studies have
addressed the mechanism of TPQ biogenesis by means of
nonenzymatic models.37,38 However, recent spectroscopic, ki-
netic, and crystallographic studies made it possible to suggest

a plausible mechanism for the biogenesis of TPQ.39-42 An
important breakthrough also came from a very recent X-ray
crystallographic study of the enzyme from AGAO in which five
intermediates in the proposed self-catalytic mechanism of TPQ
biogenesis had been crystallized.43 The mechanism for the
biogenesis of cofactor TPQ has been reviewed several times.44-46

The presence of copper is suggested to be crucial for biogenesis.
No other metal has been found to replace copper in TPQ
formation. Zinc, cobalt, and nickel have been tried. This is unlike
catalysis, where some other metals such as cobalt are also
active.47,48 The consensus residues are also expected to play
important roles in TPQ formation. Mutant studies of HPAO
showed that the rate of the reaction with O2 was found to be
reduced 6-fold in the E406Q mutant and by more than 30-fold
in N404D.40 In another study, the H624C mutant also signifi-
cantly reduced the rate of reaction with O2. In this case, a ligand-
to-metal charge transfer (LMCT) tyr-copper complex was still
found to be formed.39

The most accepted experimentally suggested mechanism is
shown in Figure 2. The mechanism is divided into six steps. In
the first step, copper binds anaerobically to the enzyme. To
determine the kinetic significance of Cu binding, experiments
were conducted with and without prebound Cu(II), and in both
cases biogenesis was found to occur with the same rate, showing
that Cu(II) binding is a fast process in comparison to biogen-
esis.40 Mutant experiments show that the rate of TPQ formation
is significantly diminished for the E406Q and N404D mutants,40

which are known to be important in controlling the conformation
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Figure 1. X-ray structure of the active site region of HPAO.

Eox + RCH2NH2 f Ered + RCHO (1)

Ered + O2 + H2O f Eox + H2O2 + NH3 (2)
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of TPQ during catalytic turnover.49 IntermediateA (Figure 3)
has been crystallized for AGAO at 100 K, and the overall
structure was found to closely resemble the holo enzyme at the
same temperature43 and also the apo and holo-AGAO at room
temperature.14 At the copper metal center, the precursor tyrosine
has access to two possible binding sites on copper: an axial
site and an equatorial site. Crystal structures of a Zn-containing
analogue of apo-Cu HPAO with an inhibitor azide showed that
the precursor tyrosine binds to the metal at the axial position.16,41

It was suggested earlier by a kinetic analysis of TPQ biogenesis
in HPAO that the precursor tyrosine initially does not interact
with copper to form a charge transfer complex. Only after the
inclusion of dioxygen does it get deprotonated and binds to
copper.40 In the crystal structure of A from AGAO (Figure 3),
the hydroxyl group of the side chain of Tyr382 is anaerobically
bonded to copper at an axial position with a Cu-O distance of
ca. 2.6 Å. The distance of 2.6 Å is longer than that required of
<2.0 Å to permit charge transfer, but is still enough for forming
a weak bond through charge dipole interaction.40 The main
reason behind the absence of charge transfer could be that
Tyr382 is protonated. Other important features of this structure
are the flexibility of His592, which could be modeled in two
conformations, and the coordination of the copper atom with
three histidine residues in a trigonal pyramidal geometry,

consistent with the EPR signal detected for Cu(II) after anaerobic
mixing in the enzyme. Structure A can be described as a Cu
(II)-tyrosinate species with partial Cu(I)-tyrosyl radical character,
as a result of the covalency of the ligand-metal bond which
promotes the reaction with dioxygen.50

In the second step of the suggested mechanism, dioxygen
binds at a site near the precursor tyrosine. The absence of solvent
viscocity effects suggests that oxygen prebinds with a weak
affinity to the protein rather than reacting in a diffusion
controlled manner.40 Two possible dioxygen binding locations
have been suggested: either a vacant equatorial position at the
copper metal center14 or a nonmetal site.39,40It has been shown
experimentally that during TPQ formation 2 equiv of dioxygen
are consumed,51 and the first O2 is observed to react more slowly
than the second one.40 It has clearly been indicated by kinetic
data that a step, which takes place either simultaneously or
precedes the reaction of the first equivalent of O2, is rate-limiting
in TPQ biogenesis.40 The above results suggest that neither
copper binding nor concomitant O2 binding and LMCT complex
formation are rate-limiting. These results leave either the reaction
between the LMCT species and O2 or an undetermined
conformational change as a possible rate-limiting step in the
biogenesis. The latter was ruled out by a comparison between
the crystal structures of the apo and holo-enzymes, which
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Figure 2. Experimentally suggested mechanism for the biogenesis of TPQ in CAO.
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showed no significant conformational change.14 In subsequent
observations it was found that in HPAO, the assignment of the
pH effects to the Y405 is most consistent with a rate enhance-
ment if the LMCT complex includes a deprotonated precursor
tyrosine.40 Furthermore, in the H624C mutant studies of HPAO,
the reduction of the rate of TPQ formation could be attributed
to the changes in the electronic configuration of the LMCT
species, rather than conformational changes at the active site.39

The experimentally measured rate for TPQ formation of 12.3
M-1 s-1 at low pH corresponds to a rate-limiting barrier of 16.0
kcal/mol, and the rate of 77.8 M-1 s-1 at high pH corresponds
to a barrier of 14.9 kcal/mol. This pH dependence and other
factors suggest a direct reaction between the LMCT complex
and dioxygen to be rate-limiting in TPQ formation.40

In the suggested third step, dioxygen is proposed to react
with the Cu (II)-tyrosinate species and form a bridging peroxy
intermediate. This intermediate is expected to be stabilized either
by an accompanying proton transfer or by electrostatic interac-
tions. The absence of significant solvent isotope effects shows
that a proton transfer is not rate-limiting and must be uncoupled
to the reaction between the LMCT species and dioxygen.40 All
these results indicate that the formation of the peroxy bridging
intermediate is the rate-limiting step in TPQ biogenesis. This
intermediate then breaks down to form the product dopaquinone
(DPQ) and Cu(II)-hydroxide species. A structure containing the
product DPQ has been crystallized in AGAO43 (see structure B
in Figure 3). In the crystal structure, the C-5 position of the
TPQ ring is oxidized and O4 of DPQ is bonded axially to the
copper atom with a bond distance of 2.6 Å.

In the suggested fourth step, the DPQ ring first rotates 180°
around the Câ-Cγ bond so that the C-2 position of TPQ faces
the Cu metal center. In this position, it is set up for a nucleophilic

attack by a copper-coordinated water or hydroxide.52 In the
suggested fifth step, the C-2 site of TPQ is oxidized. Since the
oxygen required for the C-2 oxidization is known to be derived
from a water molecule and not from dioxygen,52 a water
exchange reaction is also suggested to take place. The reduced
form of the cofactor, TPQred, is formed in this step. In the crystal
structure of the product (see structure C in Figure 3), the C-4
hydroxyl group is still coordinated to the copper with a bond
distance of 2.74 Å.43 In the final step of the mechanism,
dioxygen enters, and hydrogen peroxide is formed. During this
step, the TPQ ring rotates around both the CR-Câ and Câ-
Cγ bonds. This rearrangement in the Cu metal center may be
important for the binding and release of hydrogen peroxide from
the axial position.53

In the structures of all the intermediates crystallized in AGAO,
the consensus residues Asn381 and Asp383 stay at the same
positions, indicating that the orientation of the TPQ ring is not
due to the movement of these residues but rather due to the
rotation around the CR-Câ and Câ-Cγ bonds. Very recently,
the presence of a divalent metal ion has been suggested to play
an important role in the TPQred oxidation.54 A large amount of
experimental information combined with the crystal structures
of different intermediates have laid down a perfect foundation
for the present quantum chemical study of the mechanism. Apart
from testing the suggested mechanisms, quantum chemical
calculations can contribute by providing additional information
about short-lived intermediates and transition states.

II. Computational Details

The calculations discussed here were performed using the GAUSS-
IAN-9855 and Jaguar56 programs. The transition states for all the steps
and the Hessians for all the structures were calculated using the
GAUSSIAN-98 program. The rest of the calculations including the
optimization of all the reactants and products were performed using
Jaguar. The calculations for the mechanism were performed in two
steps. First, an optimization of the geometry was made using the B3LYP
method57 with the double-ú quality LACVP basis set. This basis set
has an ECP58 for the copper atom. Open shell systems were treated
using unrestricted B3LYP (UB3LYP). In all steps, one atom of each
histidine residue was kept frozen from the X-ray structure during the
optimization. In the figures, frozen atoms are shown in rectangular
boxes. All other degrees of freedom were optimized, and the transition
states obtained were confirmed to have only one imaginary frequency
of the Hessian. In the second step, the standard LACV3P** basis set
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Figure 3. X-ray structures of the four intermediates in AGAO.
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of triple-ú quality was used. This basis set includes one polarization
function on each atom and an extended ECP on the copper atom. Zero-
point vibrational and thermal effects were added based on B3LYP
calculations using the same basis set as for the geometry optimization.
Since some atoms were kept frozen, reliable entropy effects could not
be obtained, and these effects were therefore excluded in all the steps
of the mechanism except the first one. In this step, dioxygen becomes
bound, which leads to a significant decrease of entropy by 8.4 kcal/
mol which is added to the relative energy. The dielectric effects from
the surrounding environment were obtained using the self-consistent
reaction field method as implemented in Jaguar.59,60A probe radius of
R ) 1.40 Å corresponding to the water molecule was chosen. 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.61 In the present study, models with the same
charge were used in all the steps except the last one, which was studied
with two different charge states. The relative energies discussed below
include all the effects described above. Normal errors of using B3LYP
and different aspects of modeling enzyme active sites are described in
recent reviews.62-65

III. Results and Discussion

The biogenesis of cofactor TPQ has been studied using similar
methods as were used previously in quantum chemical studies
of the reductive and oxidative half reactions of CAO.33-36 The
present study is strongly guided by the experimentally suggested
mechanism in Figure 2. The first question to be considered here
concerns the choice of an appropriate model for the active site.
Since in the crystal structures of the intermediates from AGAO43

the Cu ion is coordinated with three histidines and a tyrosine
in a trigonal pyramidal geometry, these ligands are obviously
included in the model. In some of the steps, a hydroxyl ion is
also bonded to the copper ion in an equatorial position.
Histidines are modeled by imidazoles and tyrosine by ap-cresol.
As experimentally suggested, tyrosine is deprotonated in the
first step. The present quantum chemical study of TPQ biogen-
esis starts from a point where tyrosine is coordinated to copper
and the LMCT species has already been formed. Since in
comparison to biogenesis the Cu(II) binding is experimentally
suggested to be a fast process,40 it is not investigated in this
study. The Cu(II) binding is not expected to have any significant
effect on the overall energetics of biogenesis. On the basis of
the experimental suggestion that after the Cu(II) binding in the
apo enzyme, the precursor tyrosine is in a protonated state,16,41,43

the overall barrier in the present study is compared to the one
measured at high pH. The overall sequence of TPQ formation
can be written as:

This reaction is calculated to be exothermic by as much as 99.0
kcal/mol, including zero-point vibrational (plus thermal en-
thalpy) effects of-2.8 kcal/mol.

A. Step 1: Dioxygen Binding. In the first step of the
suggested mechanism (Figure 4), dioxygen enters the active site
and binds to the LMCT species. After the Cu(II) binding in the
apo enzyme, a protonated precursor tyrosine is experimentally
suggested to coordinate at the axial position of the copper metal
center. It is only during the dioxygen binding that it becomes
deprotonated.16,41,43The mechanism concerning the simultaneous
binding of dioxygen and deprotonation of tyrosine is not clear.
Therefore, the present starting point is when the reactant
tyrosinate is bound to copper at the axial position forming the
LMCT species. In the optimized structure, the Cu-O4 distance
is 2.0 Å (Figure 4), which is substantially shorter than the Cu-
O4 distance of ca. 2.6 Å for this intermediate in the crystal
structure.43 On optimizing the reactant with a protonated tyrosine
the Cu-O4 distance remains unchanged. Furthermore, on taking
the coordinates of this intermediate directly from the X-ray
structure and optimizing them, the tyrosine residue moves from
the axial to the equatorial position, and the Cu-O4 distance
still becomes 2.0 Å. It is possible that at the active site the
precursor tyrosine is held at an axial position by the active site
residues and the backbone. The reactant has significant Cu(I)-
tyrosyl character shown by a spin population of 0.3 on copper
and 0.7 on tyrosyl, which is in agreement with experimental
suggestions.50 According to experiments, dioxygen can bind at
two different locations at the active site, either at an equatorial
position on the copper metal center14 or covalently to the
tyrosinate.39,40 The formation of the Cu(II)-peroxy species has
been investigated in both cases and is found to be less favorable
by 11.7 kcal/mol when dioxygen binds to the tyrosinate. On
the basis of this result, dioxygen has been chosen to bind at the
equatorial position of the copper metal center. Dioxygen binding
at the vacant equatorial position is concomitant with electron
transfer from the LMCT species to dioxygen, which leads to
the formation of a Cu(II)-superoxide-tyrosyl complex. The
formation of this complex is endergonic by 6.0 kcal/mol,
including solvent effects of-2.6 kcal/mol and a large entropy
contribution of 8.4 kcal/mol, when free oxygen becomes bound.
It has been experimentally observed that Cu(II) cannot be
substituted by any other metal, such as Zn2+, Co2+, Ni2+, Cd2+,
etc., in the TPQ formation; only Fe2 + was found to have 10%
activity.47,48At the moment, the reason behind this behavior of
the enzyme is not known.

B. Step 2: Formation of the Cu(II)-Peroxy Species.In the
second step of the suggested mechanism (Figure 5), the tyrosyl-

(59) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; Sitkoff, D.; Nicholls,
A.; Ringnalda, M.; Goddard, W. A., III; Honig, B.J. Am. Chem. Soc.1994,
116, 11875-11882.

(60) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B.; Ringnalda,
M.; Sitkoff, D.; Honig, B.J. Phys. Chem.1996, 100, 11775-11788.

(61) Blomberg, M. R. A.; Siegbahn, P. E. M.; Babcock, G. T.J. Am. Chem.
Soc.1998, 120, 8812-8824.

(62) Siegbahn, P. E. M.; Blomberg, M. R. A.Annu. ReV. Phys. Chem.1999,
50, 221-249.

(63) Siegbahn, P. E. M.; Blomberg, M. R. A.Chem. ReV. 2000, 100, 421-437.
(64) Blomberg, M. R. A.; Siegbahn, P. E. M.J. Phys. Chem.2001, 105, 9375-

9386.
(65) Siegbahn, P. E. M.Q. ReV. Biophys.2003, 36, 91-145.

Tyr- + 2O2 f TPQ- + H2O2 (3)

Figure 4. Suggested first step of the mechanism.
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Cu(II)-superoxide complex formed in the previous step attacks
the C-5 position of the TPQ ring, and the bridging Cu(II)-peroxy
species is formed. The formation of this species has been
suggested experimentally by kinetic studies conducted on CAO
from yeast.40 On the basis of a large number of experiments, it
has been concluded that the formation of the peroxo-bridged
intermediate is rate-limiting in the TPQ formation (see Introduc-
tion). An external water molecule has been added in the model,
which stabilizes the superoxide species through a weak hydrogen
bond. In this step, an electron transfer from tyrosyl to superoxide
is accompanied by a simultaneous attack of superoxide at the
C-5 site of TPQ. The optimized transition state for this step is
shown in Figure 6, and the calculated barrier is 8.4 kcal/mol,
including extremely small solvent effects of-0.1 kcal/mol. It
is clearly indicated in the transition-state structure that half of
the electron is already transferred. Since this step follows a step
which is endergonic by 6.0 kcal/mol, the overall barrier becomes
14.4 kcal/mol, which is in excellent agreement with the
experimentally measured one of 14.9 kcal/mol for the rate-
limiting step at high pH.40 This step is exothermic by 11.9 kcal/
mol, including solvent effects of+0.4 kcal/mol and zero-point

vibrational (plus thermal enthalpy) effects of+1.7 kcal/mol.
In the product, the oxygen atom bound to Cu(II) has a small
spin of 0.19, which is stabilized by a water molecule, and the
Cu-O4 bond distance is 2.28 Å.

C. Step 3: Formation of DPQ. In the third step of the
suggested mechanism (Figure 7), the O-O bond of dioxygen
is cleaved, thereby establishing the C-5 carbonyl bond. The
oxygen atom required for the formation of DPQ is experimen-
tally known to be provided by dioxygen.52 After the formation
of the Cu(II)-peroxy species in the previous step, the O-O bond
cleavage can now begin. The optimized transition-state structure
is shown in Figure 8, and the computed barrier is 11.4 kcal/
mol, including solvent effects of-0.7 kcal/mol and zero-point
vibrational (plus thermal enthalpy) effects of-4.6 kcal/mol.
As usual, in a heterolytic O-O bond cleavage this is ac-
companied by proton transfers; in this case indirectly through
a water molecule from the sp3 carbon of the phenol ring to one

Figure 5. Suggested second step of the mechanism.

Figure 6. Optimized transition state for step 2.

Figure 7. Suggested third step of the mechanism.

Figure 8. Optimized transition state for step 3.
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of the oxygens of the peroxide. In the transition-state structure
all the O-H distances are between 1.17 and 1.37 Å, indicating
that the proton transfer is concerted. An external water (added
to the model in the previous step) assists in this proton transfer.
The O-O bond cleavage is driven by an unusually large
exothermicity of 55.4 kcal/mol, including a large solvent effect
of 8.5 kcal/mol. Shortly after the TS, when the proton has
reached the peroxide oxygen, the O-O bond distance starts to
increase and the reaction goes to the product without any
additional barrier. The absence of solvent isotopic effects rules
out the possibility that this proton transfer is rate-limiting.40 The
bound product DPQ has been crystallized in AGAO43 (Figure
3B). In the X-ray structure, the C-5 position of the TPQ ring is
oxidized.

D. Step 4: Addition of the Hydroxyl Group at the C-5
Position of DPQ.In the fourth step of the suggested mechanism
(Figure 9), a water molecule is activated to attack the C-2
position of TPQ. Before water activation, the DPQ ring is
experimentally suggested to rotate by 180° around the Câ-Cγ
bond.40 As a result of this rotation, the C-2 position of TPQ is
now positioned for an attack by a water or hydroxide coordi-
nated to copper.52 It has been shown experimentally that the
C-2 oxygen of TPQ is derived from a water molecule rather
than from dioxygen.52 In the model, a hydrogen-bonded chain
of conserved water molecules is used to connect the Cu-
coordinated hydroxide with the C-2 position of TPQ. Since the
water molecules are already present at the active site, reaching
the structure of the reactant does not require major rearrange-
ments. The reactant of this step has been crystallized (Figure
3B) and resembles the optimized structure. For example, in the
crystal structure the Cu-O4 distance is 2.6 Å in comparison to
the Cu-O4 distance of 2.52 Å in the optimized structure. In
the transition state (Figure 10), a hydroxide group is added to
the C-2 position of the TPQ ring while the proton is transferred
in a concerted manner to the O-4 position through a hydrogen-
bonded chain of water molecules. This step has a barrier of
16.0 kcal/mol, including solvent effects of+3.3 kcal/mol and
zero-point vibrational (plus thermal enthalpy) effects of-1.3
kcal/mol. The barrier of 16.0 kcal/mol for this step is slightly
higher (1.6 kcal/mol) than the rate-limiting step, which creates
a minor disagreement with experiments, since it has been shown
that formation of the Cu(II)-peroxy species is rate-limiting. This
minor disagreement is in line with the general experience that
B3LYP overestimates the activation energy for long-range

proton-transfer reactions.66 The effect of extending the basis
set of 9.7 kcal/mol is unusually large. This step is endothermic
by 5.4 kcal/mol, and in the product O-4 is not bonded to copper.
The endothermicity of this step agrees well with experiments,
where the lower energy reactant has been crystallized but not
the endothermic product. In the product, the proton from the
activated water molecule is not fully transferred to the O-4 site
of TPQ, but rather, is positioned between water and O-4. This
structure is a real minimum, since the Hessian has no imaginary
frequencies. Proton transfer through several ordered water
molecules in the enzyme is quite common and has been
suggested for proton transfer in, for example, cytochrome-c-
oxidase67 and Ni-Fe hydrogenase.68 Since the three water
molecules are already present at the active site in the X-ray
structure (Figure 3B), the loss of entropy should be minor. This
step has also been investigated by using only one molecule of
intervening water. To do this, a rearrangement is necessary such
that Cu(II) is now no longer bonded to the O-4 site of TPQ.
The barrier for water activation using one water molecule is
found to be only 2.0 kcal/mol higher than with three waters
and endothermic by 17.8 kcal/mol. In the product, the enolate
species formed is coordinated to Cu(II). After the formation of
the enolate species using one water molecule, the protonation
of the O-4 site of TPQ could be achieved through some other
energetically comparable pathways. However, these pathways
have not been investigated in the present study.

E. Step 5: Formation of TPQred. In the fifth step of the
suggested mechanism, a proton from the C-2 hydroxyl of TPQ

(66) Prabhakar, R.; Blomberg, M. R. A.; Siegbahn, P. E. M.Theor. Chem. Acc.
1999, 104, 461-470.

(67) Wikström, M.; Verkhovsky, M. I.; Hummer, G.Biochim. Biophys. Acta
2003, 1604, 61-65.

(68) Frey, M.; Fontecilla-Camps, J. C.; Volbeda, A.Handbook of Metallopro-
teins; Messerschmidt, A., Huber, R., Poulus, T., Wieghardt, K., Eds.;
Wiley: Chichester, U.K., 2001, 880-896.

Figure 9. Suggested fourth step of the mechanism.

Figure 10. Optimized transition state for step 4.
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is transferred to the hydroxyl group coordinated to copper.
TPQred and a water molecule, coordinated to the Cu(II) ion, are
formed (Figure 11). The same hydrogen-bonded chain of water
molecules as used in the previous step is used here. In the model,
an additional water molecule is added which provides stabiliza-
tion to the transition state by forming a hydrogen bond with
the C-2 hydroxyl group of TPQ. In the crystal structure of this
intermediate from AGAO43 (Figure 3C), a hydrogen bond of
this type exists between the C-2 hydroxyl of the cofactor and
Thr403. This step has a barrier of 12.6 kcal/mol, including
solvent effects of-4.8 kcal/mol and zero-point vibrational (plus
thermal enthalpy) effects of-2.0 kcal/mol. Since this step
follows a step, which is endothermic by 5.4 kcal/mol, the overall
barrier from the resting state of DPQ becomes 18.0 kcal/mol.
Here the disagreement with experiments is slightly larger than
the one in the previous step, but still not outside the normal
error bars of 3-5 kcal/mol. In this step, a long-range proton
transfer takes place, which is also slightly overestimated by DFT.
In the absence of any deuterium isotope effects, a proton-transfer
process cannot be rate-limiting in TPQ formation;40 thus, the
barrier has to be lower than 14.4 kcal/mol. The optimized
transition state is shown in Figure 12, where the O-H distances
indicate a concerted proton-transfer process. The formation of
the product is exothermic by 10.5 kcal/mol, including solvent
effects of -4.1 kcal/mol. The exothermicity of the product
TPQred is in agreement with experiments, where the low-energy
product has been crystallized but not the high-energy reactant.
The X-ray and optimized structures are very similar, with a Cu-
O4 bond distance of 2.74 Å in the crystal structure in
comparison to 2.73 Å in the optimized structure. As with the
previous step of water activation using one water molecule, in
this step the proton transfer could also be achieved through some
other possible reaction pathways. However, the investigation
of these alternative pathways is beyond the scope of the present
study.

F. Step 6: Formation of TPQox. In the last step of the
suggested mechanism, the second oxygen molecule takes two
electrons and two protons from TPQred to produce H2O2. The
formation of hydrogen peroxide has been suggested experimen-
tally, and prior to its formation, the TPQ ring is proposed to
rotate around both the CR-Câ and Câ-Cγ bonds.39-41,43 It
has been observed very recently that the reduced form of the
cofactor (TPQred) is resistant to air oxidation and requires the
presence of a divalent metal ion.54 To investigate the role of
Cu(II) in the TPQred oxidation, this step has been investigated
both with and without the inclusion of the copper metal center.

Apart from the copper metal center, TPQred, a chain of two water
molecules and dioxygen are also included in the model for this
step. The reaction leading to hydrogen peroxide can be written
as:

The overall reaction is a spin-forbidden process. TPQred, H2O2,
and TPQox are all singlets, and O2 is a triplet. To form hydrogen
peroxide, the system has to undergo a triplet (T)f singlet (S)
transition. The presence of the divalent metal center could play
an important role in overcoming the spin prohibition. The role
of a divalent metal in the spin transition induced by exchange
interaction in the oxidative half-reaction of CAO has been
studied in detail.36 In this step, dioxygen replaces a water
molecule and binds between the O-2 and O-4 positions of the
cofactor (Figure 13). According to the B3LYP calculations, the
dioxygen binding is accompanied by a simultaneous transfer
of two electrons and a proton from the O-2 site of TPQred to
the dioxygen. The transfer of two electrons and a proton takes
place without any barrier and occurs during the optimization
of the reactant. In the reactant, a hydro-peroxy species (O2H)
is already formed and is bonded to the Cu(II) ion. The concerted
transfer of two electrons and a proton is necessary for the low
barrier in this step. The absence of any O-18 and deuterium
isotope effects confirms that this is a fast process. The formation
of this complex could be slightly endergonic due to a binding
of free dioxygen. The entropy contribution in this step should
be smaller because, unlike the first step, here dioxygen binding
is accompanied by a release of a water molecule. After the
formation of hydro-peroxy species, the O-4 proton is transferred
using the hydrogen-bonding chain of water molecules. This
concerted proton transfer leads to the formation of hydrogen
peroxide. In the transition state, all the O-H distances are
between 1.10 and 1.40 Å, indicating that this process is
concerted. This step has a very low barrier of 2.1 kcal/mol,
including a solvent effect of-3.3 kcal/mol and zero-point

Figure 11. Suggested fifth step of the mechanism.

Figure 12. Optimized transition state for step 5.

O2 + TPQred f H2O2 + TPQox (4)
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vibrational (plus thermal enthalpy) effects of-3.1 kcal/mol.
The optimized transition state for this step is shown in Figure
14. This step is slightly exothermic by 3.2 kcal/mol, and in the
product H2O2 and the oxidized form of cofactor TPQox are
formed. In the presence of the copper metal center, an alternative
mechanism for the formation of H2O2 has also been investigated.
According to this mechanism, dioxygen replaces a water
molecule concomitantly with an electron transfer from TPQred

to dioxygen. In the reactant, a Cu(I)-superoxide species and a
semiquinol form of the cofactor is formed. The formation of
this complex is 27.3 kcal/mol higher than the reactant (hydro-
peroxy species) in the suggested mechanism. After the formation
of the Cu(I)-superoxide species, an electron from the cofactor
and O-2 and O-4 protons are transferred in a concerted manner
to form H2O2. Because the calculated barrier for the alternative
mechanism is prohibitively high, this mechanism is ruled out.

It has also been suggested experimentally that the TPQ ring
rotates and forms the catalytically active “off-Cu” conforma-
tion.43 On the basis of the experimental suggestion, this step
has also been studied without including the copper metal center
in the model. TPQred can have two possible protonation states.
In one of them, C-5 of TPQred has an oxido group, while in the
other C-5 has a hydroxyl group. Because neither the protonation
state of oxygen at C-5 of TPQred nor its possible implications
on the TPQox formation are exactly clear, both these possibilities
were explored in the present study. In the first case, C-5 of
TPQred is chosen to have an oxido group, and the whole system
is negatively charged. This step is divided into two parts. In
the absence of the copper metal center, the mechanism for the
H2O2 formation is essentially the same as suggested previously
for hydrogen peroxide formation in glucose oxidase (GO).69 In
the first part, free dioxygen replaces one of the water molecule
and binds in a cavity between the O-2 and O-4 positions of
TPQred. The presence of dioxygen at the active site leads to the
first electron transfer which is facilitated by weak intermolecular
(and O-O) vibrations. This electron transfer leads to the creation
of the TPQ(rad)-superoxide(rad) radical pair (RP). At this
juncture, the radical pair formed is in a triplet state. The
superoxide radical has a very large SOC matrix element, which
leads to a fast Tf S spin transition. This type of transition has
been discussed in great detail for GO.69 The starting point is
that the triplet and singlet states are perfectly degenerate.

After the T f S transition, in the second part of this step,
the radical pair is in a singlet state. At this stage, the TPQred

radical transfers its O-4 proton to the O2
- radical, which is

followed by an electron-coupled proton transfer to the O2H
radical forming H2O2. The calculated free energy barrier for
this concerted 2H+ + e- transfer process is 5.1 kcal/mol. It has
to be stressed that such a simultaneous 2H+ + e- transfer can
only occur in the singlet state of the whole system. This step
leads to the formation of the oxidized form of the cofactor TPQox

and is exothermic by 23.0 kcal/mol.
In the second protonation case, C-5 of TPQred has a hydroxyl

group and the whole system is in a neutral charge state. In this
case, the TPQox formation follows a slightly different mecha-
nism, in which dioxygen binding is accompanied by an electron-
coupled proton transfer from O-2 of TPQred to dioxygen forming

(69) Prabhakar, R.; Siegbahn, P. E. M.; Minaev, B. F.; A° gren, H.J. Phys. Chem.
B 2002, 106, 3742-3750.

Figure 13. Suggested sixth step of the mechanism.

Figure 14. Optimized transition state for step 6.
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the O2H(rad)-TPQ(rad) radical pair. The RP formed is in a
triplet state, and in the same manner as mentioned above the T
f S spin transition takes place. In the singlet state of the RP,
an electron-coupled proton transfer takes place, but it has a
higher barrier by 7.4 kcal/mol and the product is highly
endothermic. These results strongly suggest that C-5 of TPQred

is favored to have an oxido group. As shown in the crystal
structure of the holo enzyme in AGAO (Figure 3D), after the
formation of TPQox the active site rearranges, and Cu becomes
pentacoordinated where an additional water molecule occupies
the vacant axial position.43

IV. Summary

The biogenesis of TPQ has been studied using similar kinds
of computational methods and models as those used for the
reductive half-reaction,33,34 oxidative half-reaction,35,36 and
different substrate reactions of other enzymes such as RNR70,71

and PFL.72 The present quantum chemical study is strongly
guided by the vast amount of structural and spectroscopic
information provided by experiments. As shown in Figure 15,
the energy diagram for the mechanism suggested in the present
study can be divided into six steps. This diagram is constructed
by imposing the condition that the reactant of each step has the
same energy as the product for the previous step. The suggested
mechanism starts from a point where an LMCT species has been
formed and where the O-4 site of the unprotonated tyrosine is
bonded to Cu(II). This species has been crystallized in AGAO.43

After the formation of this species, the binding of dioxygen
takes place. Two possible dioxygen binding locations have been

suggested:14,39,40(1) an equatorial position on the copper metal
center and (2) an off-Cu location at tyrosinate. It is calculated
in the present study that dioxygen is more favorable by 11.7
kcal/mol to bind at the equatorial position on the copper metal
center. Dioxygen binds concomitantly with the electron transfer
from tyrosinate to dioxygen, and a tyrosyl-Cu(II)-superoxide
complex is formed. The formation of this complex is endergonic
by 6.0 kcal/mol. In the second step, the C-5 position of the
TPQ ring is attacked by the Cu(II)-superoxide complex and a
bridging Cu(II)-peroxy species is formed. This step has been
studied in great detail by various experimental techniques. It is
concluded from the experimental results obtained from kinetic
studies,40 comparing crystal structures of apo and holo-
enzymes,14 conducting H624C mutant experiments,39 and
measuring limiting rates at high and low pH40 that the formation
of the Cu(II)-peroxy species is the rate-limiting step in TPQ
formation. The calculated barrier of 14.4 kcal/mol for this step
is in perfect agreement with the experimentally measured barrier
of 14.9 kcal/mol. This step is exothermic by 11.9 kcal/mol.

In the third step of the suggested mechanism, the critical O-O
bond cleavage takes place and a C-5 carbonyl bond is created
to form DPQ. Heterolytic O-O bond cleavage is accompanied
by a proton transfer and driven by an extremely large exother-
micity. This step has a barrier of 11.4 kcal/mol and is 55.4 kcal/
mol exothermic. The absence of solvent isotope effects indicates
that the accompanying proton transfer in this step is not rate-
limiting.40 The structure of DPQ has been crystallized in
AGAO.43 In the fourth step, a water molecule is activated to
add a hydroxyl group at the C-2 position of TPQ. It has been
shown experimentally that the C-2 position of TPQ is attacked
by a water or hydroxide coordinated to the copper and that the
C-5 oxygen of DPQ is derived from a water molecule rather

(70) Siegbahn, P. E. M.J. Am. Chem. Soc.1998, 120, 8417-8429.
(71) Himo, F.; Siegbahn, P. E. M.J. Phys. Chem. B2000, 104, 7502-7509.
(72) Himo, F.; Eriksson, L. A.J. Am. Chem. Soc.1998, 120, 11449-11455.

Figure 15. Energy diagram for the biogenesis of cofactor TPQ in CAO.
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than dioxygen.52 This step has a barrier of 16.0 kcal/mol and is
endothermic by 5.4 kcal/mol. Due to an overestimation of the
barrier for long-range proton-transfer processes in DFT,66 the
barrier for this step is slightly higher than the one in the second
step. In the fifth step, a proton transfer from the C-2 hydroxyl
group of TPQ to a hydroxyl group coordinated to copper leads
to the formation of the reduced form of TPQred and a water
molecule. A structure containing the product TPQred has been
crystallized in AGAO.43 This step has a barrier of 12.6 kcal/
mol and is exothermic by 10.5 kcal/mol. From the formation
of DPQ, the overall barrier for this step becomes 18.0 kcal/
mol. The calculated barrier for this step is in minor disagrement
with experiments, which is again due to the overestimation of
the long-range proton-transfer barrier by DFT.66 It is clear that
in the absence of a measured deuterium isotope effect, this step
cannot be rate-limiting.40 The deviation from experiments is not
very large and is within the accuracy of the present methods
(3-5 kcal/mol).

In the last step of the suggested mechanism, TPQred donates
two electrons and two protons to dioxygen to create the oxidized
form of the cofactor, TPQox. The formation of hydrogen
peroxide is a spin-forbidden process in which triplet dioxygen
reacts with singlet TPQred to produce singlet H2O2 and TPQox.
To form the products, the hydrogen peroxide and TPQox system
has to undergo a tripletf singlet transition. The presence of
the copper metal center is suggested to play a key role in
overcoming the spin prohibition. This step has been investigated
both with and without the presence of the copper metal center.
In the presence of the copper metal center, the dioxygen binding
takes place with the simultaneous transfers of two electrons and
a proton from the C-2 oxygen of TPQred to dioxygen and a
hydro-peroxy species (O2H) is formed. After the formation of
the hydro-peroxy species, a proton transfer from the O-4 site
of TPQred through a hydrogen-bonding chain leads to the
formation of H2O2. This step has a barrier of 2.1 kcal/mol and
is exothermic by 3.2 kcal/mol. An alternative mechanism has
also been investigated in the presence of the copper metal center.

According to the alternative mechanism, dioxygen binding is
accompanied by an electron transfer from TPQred to dioxygen,
resulting in the formation of a Cu(I)-superoxide species and a
semiquinol form of the cofactor. After the formation of this
complex, H2O2 production proceeds through a concerted transfer
of an electron and the O-2 and O-4 protons from the TPQred.
Since this mechanism is calculated to be energetically unfavor-
able, it has been ruled out.

In the absence of the copper metal center, the TPQ ring is
suggested to be in the catalytically active “off-Cu” conforma-
tion.43 This step has been investigated for two possible proto-
nation states of TPQred, i.e., C-5 of TPQred either has an oxido
group or a hydroxyl group. At the starting point, dioxygen
occupies a cavity between the O-2 and O-4 positions of TPQred.
Dioxygen binding is followed by an electron transfer without
any barrier leading to the creation of a triplet TPQ(rad)-
superoxide(rad) radical pair. After the formation of the triplet
radical pair, spin-orbit coupling and the hindered rotation of
the superoxide radical induce the Tf S spin transition in the
radical pair. Once the radical pair is in the singlet state, TPQred

(rad) donates its O-4 proton to the O2
- radical followed by a

concerted electron-coupled proton transfer to the O2H radical
to form H2O2. When C-5 of TPQred has an oxido group, this
step has a barrier of 5.1 kcal/mol and is exothermic by 23.0
kcal/mol. In comparison, with a hydroxyl group at C-5 the
barrier increases by 7.4 kcal/mol and the product is highly
endothermic. In that case, the formation of H2O2 follows a
slightly different mechanism.

The model calculations performed in the present study did
not only test the already known experimental information but
have also given additional information in almost all the steps
of the complex mechanism of TPQ biogenesis. This has led to
a deeper understanding of this unique enzyme, which is capable
of catalyzing the dual processes of TPQ biogenesis and turnover
by using a single active site.
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