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The oxidative half-reaction of copper amine oxidase (CAO) has been studied quantum mechanically using
hybrid density functional theory (B3LYP). After the production of®4, two different but energetically similar
mechanisms leading to the formation of ammonia and kR suggested. In one of the mechanisms (A),
protonation of the O-2 site of the cofactor TPQ occurs prior to water activation whereas in the other (B) the
0O-2 site of the cofactor remains unprotonated. Both of these mechanisms are divided into four steps, and the
last two steps in mechanism B are further divided into two steps. Detailed comparisons are made to experimental
findings and suggestions. In particular, the roles of the copper metal center and the critical Asp319 are discussed.

. Introduction w
w
Copper amine oxidases (CAOs) constitute a class of enzymes ®
that catalyze the oxidative deamination of primary amines to : i

the corresponding aldehydes and ammonia, concomitant with

the two-electron reduction of dioxygen to hydrogen peroxide. g

CAOs have diverse biological functions both in prokaryotes and

in eukaryotes. In prokaryotes, they are suggested to be involved

in nutrient metabolisn; 2 and in eukaryotes, they are implicated

in cell differentiation, cell growth, detoxification, wound healing,

cell signaling, and programmed cell de4tfi.In higher organ-

isms, CAOs are suggested to be adhesion proteins that mediate

the interaction between lymphocytes and endothelial cells and .

play an important role in inflammatory resporfsé€. Amine oy ommmT i

oxidases are homodimers with#05 kDa subunits with each

subunit containing a cofactor, 2,4,5-trihydroxyphenylalanine-

quinone, referred to as topa quinone (TPQ), and a copper Tyr305

ion81112The crystal structures froscherichia col(ECAO) 3

pea seedling (PSAGY,Arthobactor globiformigAPAO), 15 and Figure 1. X-ray structure of the active-site region of HPAO.

yeast Hansenula polymorphgdHPAO)® have been solved.

CAOs are proposed to be dual-function enzymes, catalyzing depends on the source of the enzy#h&The crystal structure

both cofactor biogenesis from an intrinsic, specific precursor of HPAO has been solved to 2.4-A resolutirin contrast to

tyrosiné”18and the oxidative deamination of amines. the earlier structures, this structure (see Figure 1) shows the
The mechanism of copper-dependent amine oxidases has beegofactor already oriented as required for catalysis. At the active

reviewed recently?-20 Catalysis is suggested to proceed via a site, the C-5 carbonyl of the cofactor is directed toward the

ping-pong mechanishi! with two half-reactions known as the ~ substrate binding site, and the active-site base (Asp319) is

reductive and oxidative half-reactions, which are shown in egs positioned at the right place for assisting in the Schiff base

Asp319

1 and 2, respectively: formation. The Cu atom is coordinated to the imidazole side-
chains of three histidines, His456, His458, and His624, and to

E.x + RCH,NH, — E,.,+ RCHO Q) two water molecules, one equatorial and one axial in a distorted
square-pyramidal geometry. The active-site base Tyr305 uses

Eeq T O, + H,O— E, + H,0, + NH, 2 a hydrogen bonding network involving water molecules to

connect the substrate binding site with the copper binding site.

CAOs oxidize a range of primary amines with different amine In contrast to the detailed knowledge of the reductive half-
oxidase enzymes having distinct substrate specificities. For reaction, much less is known about the mechanism for the
example, PSAO prefers diamines as substrate and ECAO preferg)xidative half-reactio428 The oxidative half-reaction uses
aromatic amines whereas prokaryotic bacterial amine oxidasemolecular oxygen to recycle the reduced enzyme back to its
and mammalian plasma oxidases preferentially oxidize mono- Oxidized resting state accompanied by the release of ammonia
amines. Whether one or the other half-reaction is rate-limiting and hydrogen peroxide. (See Figure 2.) In the first step of the
suggested mechanism; €nters the active site. The,®inding
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II. Computational Details

All calculations discussed in the present paper were performed
using the Gaussian #and Jagud? programs. The calculations
for each structure were performed in two steps. First, an
optimization of the geometry was made using the B3LYP
method* with double&-quality basis sets. For the second step
of mechanism A, where the copper complex is included in the
model, the LACVP basis set of Jaguar was used. This basis set
\>H202 has an effective core potential (ECP) for copffein the other
steps of the mechanism, the d95 basis set was used for all atoms.
o - Open-shell systems were treated using unrestricted B3LYP
@ (UB3LYP). All degrees of freedom were optimized, and the
cu(l) o NH,
Iminoquinone

Cu(ll) OH
Aminoquinol

@

transition states that were obtained were confirmed to have only
Cu(l) O one imaginary frequency of the Hessian. In the second step of
@ the calculations, the B3LYP energy was evaluated for the
TPQ e . )
optimized geometry using much larger basis sets. For the second
Figure 2. Experimentally suggested mechanism for the oxidative half- Step of mechanism A, the LACV3P** basis set of trifdlejuality
reaction of CAO. including one polarization function on each atom was used
together with an ECP for the copper atom. In the other steps of

the hydrophobic patch consisting of the amino acid side-chains € mechanism, the 6-3115(2d,2p) basis set, which includes
from Leu, Met, and Tyr that lie very close to the O-2 position diffuse functions and two polarization functions on each atom,
of the cofactor. This region is in the vicinity of the equatorial &S used. Zero-point vibrational effects and thermal effects were

copper water and a crystal water molecule and is accessible tg2dded on the basis of B3LYP calculatiqn_s usjng the same ba_sis
the hydrated dimer interfadé.In the second step of the set as that used for the geometry optimization. The dielectric
mechanism in Figure 2, dioxygen is reduced to hydrogen effects from the surrounding environment were obtained using
peroxide. There are two different versions of how this oc- the CPCM polarizable conductor model (Cosr#fojvhere the

curs?5:28 In the “copper-on” mechanism, a superoxide ion is solvent cavity is formed as a surface of constant charge density

suggested to move and form a bond to copper whereas in theof the solvated moIeCL.J'Ie. The default isodensity value of 0.0004
p ” . - . au was used. The radii of the solvent molecules were taken from
copper-off” mechanism the superoxide ion does not bind to

- - - . the parameters for water. The united atom topological nfédel
copper. In the first step of both versions, dioxygen is suggested d to build th . d hh d th
to bind at a site near the O-2 position of TPQ. Dioxygen was used to build the cavity around each heavy atom, and the

duction is tri d by the first elect 0 f' ¢ th radius of each atomic sphere was determined by multiplying
reduc |3nfls rlg?e_ltt; ty the |(;§ electron h'rar?sl erd ro:n the the van der Waals radius by a scaling factor of 1.2. For the
][e ucs OI%ThO Q (')d € I(')I');]Yg?'n’twllct ei N (]3 '® second step of mechanism A, the self-consistent reaction-field
ormation of the superoxide ion. ThiS Tirst electron wanster 1S - o4 a5 implemented in Jagta® was used to evaluate the
suggested to be the rate-limiting step. This step is followed by

) ; olvent corrections by employing the LACVP basis set. A probe
the successive transfers of the first proton, second electron, anq, ius ofR = 1.40 A corresponding to the water molecule was
second proton, which lead to the formation and release@bH  chosen. In both cases, the dielectric constant was set equal to

The O-4 proton is experimentally suggested to be involved in 4 \yhich corresponds to a dielectric constant of about 3 for the
this proces$? The second proton is most likely to be donated protein and 80 for the water medium surrounding the protin.
by the O-2 of TPQ. These proton transfers result in the formation sjnce models with the same charge were used throughout the
of copper hydroxide and a protonated reduced cofactor. The present study, the relative dielectric effects were found to be
reduction of dioxygen including the suggestion of a rate-limiting  yather small and not very sensitive to the method used or to the
spin transition will be discussed in another p&pand will be value chosen for the dielectric constant. The relative energies
only briefly discussed here. discussed below are Gibbs free energies where all of the effects
In the remaining steps of the oxidative half-reaction, discussed described above are added. Normal errors of using B3LYP and
in the rest of the paper, the reduced iminoquinone form of the different aspects of modeling enzyme active sites are described
cofactor is oxidized back to TPQ with the release of ammonia. in recent reviewg 43
The release of ammonia has been postulated to proceed either
by the hydrolysis of the iminoquinone or by substrate transami- Ill. Results and Discussion

nation to form a substrate Schiff baeThe deprotonated The oxidative half-reaction of CAO has been studied using
Asp319 now accepts a proton from the water and triggers the the B3LYP method and similar kinds of models as those used
nucleophilic attack by an activated water at the C-5 site of the previously for the reductive half-reaction of PSA®The
cofactor, which results in a subsequent release of ammonia. Theexperimentally suggested mechanism shown in Figure 2 is used
experimentally measured rate for the TR Qxidation of 7.4x as a starting point for the present study. After the hydrogen
102 s™* corresponds to a barrier of 19.0 kcal/mol for the Cu- peroxide-formation step, two different mechanisms were inves-
depleted enzyme, and 16.3'sorresponds to a barrier of 15.8  tigated. In HPAO, the active site is deeply buried and lies close
kcal/mol in the presence of copp&The crystal structure and  to a interface between the two subunits of the enz{h&ince

a vast amount of available detailed experimental information CAOs are enzymes that utilize radical chemifryhe active
provide an excellent starting point for the present quantum site is not directly accessible from bulk solvent. Substrate access
chemical study of the mechanism. Apart from testing the requires a significant rearrangement of the polypeptide. The first
suggested mechanisms, quantum chemical studies can contributquestion to be addressed here concerns the choice of an
by providing additional information about short-lived intermedi- appropriate model for the active site. A neutral model for the
ates and transition states. active site was chosen, which should be reasonable for a
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molecular system deeply buried in the low dielectric of a protein.

H H
Since the Cu metal center is experimentally suggé%t&dsto sy O cHy 1O P CH, TPQ
» . ) . N/ * P~ " \ / H~0eey-O H
play a critical role in the first two steps of hydrogen peroxide cd—o—H—-"° . O---H
formation and protonation of the O-2 site of TPQ, itis included _’ S . +
in the model for these steps. The role of copper in the formation 5, s H N e A T NHz
0 1S

of hydrogen peroxide will be addressed in detail in a forthcom-
ing paper? In the other steps discussed here, the copper com- Figure 3. Suggested second step of mechanism A for the oxidative
plex will be left out of the model. It is clear from experimeftits half-reaction.

that Asp319 is important in key steps of ammonia formation;
therefore, it was also included in the model. After the formation
of the product aldehyde in the reductive half-reaction, Asp319
is experimentally suggested to be unprotondfedn the basis

of these experimental suggestions, a negatively charged Asp319°
is therefore included in the model. A neutral reduced amino-
quinol form of TPQ, formed at the end of the reductive half-
reaction in the previous B3LYP stud§,is used in the first
geometry optimization in mechanism A. It has also been
suggested experimentally that after the formation gD5 TPQ

is neutral® This does not mean that the TPQ cofactor always
remains neutral. As discussed below, in some of the steps, a
negatively charged cofactor is found. In step 3 of mechanism
B, two more water molecules were added to the model. One of
the water molecules is observed in the crystal strutiwkereas

the second one is used to describe the hydrogen bonding fromgigyre 4. Optimized transition state for step 2 of mechanism A.
other active-site residues such as Tyr407. In step 3 of mechanism o ) S
A, TPQ and Asp319 together carry a net neutral charge Whereassuggesteql to be the rate-limiting step for the entire oxidative
in step 3 of mechanism B Asp319 carries a net negative charge.half-reaction. ) .

On the basis of earlier experience with the proton-transfer B Step 2. Protonation of the O-2 Site of TPQAfter the
reactions, Asp319 is modeled by a formate. The detailed formation of HO,, the possibility of two different mechanisms

energetics for both mechanisms are summarized in Figures 222rSes. In mechanism A, the O-2 site of the cofactor is protonated
and 23 and Tables 1 and 2. whereas in mechanism B the O-2 site of the cofactor remains

unprotonated. In the second step of mechanism A, shown in
Figure 3, protonation of the O-2 site of cofactor TPQ takes place.
Since the copper metal center is experimentally suggested to

A. Step 1. Mechanism for the Dioxygen ReductionThe
mechanism for dioxygen reduction in the oxidative half-reaction

will be presented in detail in a forthcoming pageiOnly the be involved in the protonation of the O-2 siethe copper

most important parts of the suggested mechanism will be briefly complex including three histidines and two water molecules

m;%n:l?nh%g:fﬁ ;Zfoﬁggtf;nssglﬁrﬁ?:nogéhe dioxygen IrGduc'(axial and equatorial) was included in the model. In this step,

copper is initially pentacoordinated, and TPQ is hydrogen
bonded to the axial water molecule. During the course of this
O, + TPQuminoquinoi— H202  TPQmminoguinone ~ (3) step, the axial water becomes uncoordinated to copper and
bridges between the equatorial water molecule and the O-2 site
The following mechanism is suggested by the B3LYP calcula- of cofactor TPQ. The formation of the intermediate structure
tions. In the first step, as suggested experimentally, triplet in which copper is tetracoordinated is endergonic by 2.6 kcal/
dioxygen replaces the axial water g\and binds between the  mol including zero-point vibrational (plus thermal enthalpy)
0O-2 and O-4 positions of the cofactor TP Dioxygen effects of—1.4 kcal/mol, dielectric effects 0f3.8 kcal/mol,
binding is accompanied by an electron transfer from the TPQ and a calculated entropy effect 6f0.5 kcal/mol. After the
to dioxygen, which leads to the creation of a Cu¢Hp,:-- formation of this intermediate structure, a proton from the
M (rad) radical pair, where Mrad) represents the semiquinol  equatorial water is transferred to the O-2 position of the cofactor
form of TPQ. This radical pair is still in a triplet state. The via the bridging water molecule. This proton transfer has a
electron-transfer step takes place without any enthalpy barrier, barrier of 2.8 kcal/mol including zero-point vibrational (plus
which does not necessarily mean that the formation of the radicalthermal enthalpy) effects of 1.5 kcal/mol, dielectric effects
pair is exergonic since there should be a large loss of entropy of +1.1 kcal/mol, and a calculated entropy effect<#.0 kcal/
involved when the free ©becomes bound. In the next step, mol. Since the transition state follows a step that is endergonic
the superoxide anion crosses over a barrier of 8.2 kcal/mol andby 2.6 kcal/mol, the overall barrier for the proton transfer is
binds to copper. This step is endothermic by 2.6 kcal/mol. Once 5.4 kcal/mol. In the transition-state structure shown in Figure
the Cu-O, (rad) bonded species is formed, a proton transfer 4, a water molecule is located between the copper metal center
from O-2 and a hydrogen atom transfer from the O-4 site of and the O-2 position of the cofactor. This step is slightly
the cofactor take place in a concerted manner. This concertedendergonic by 1.8 kcal/mol including zero-point vibrational (plus
2H" + e transfer leads to the formation of single;® and thermal enthalpy) effects of 1.2 kcal/mol, dielectric effects
the triplet form of the cofactor TPQ. Because of the formation of +1.4 kcal/mol, and a calculated entropy effectieif.5 kcal/
of triplet TPQ, this step is quite endothermiby 12.9 kcal/ mol. The endergonicity of this step agrees well with the
mol. After the formation of this species, a spin transition takes experimental suggestion that proton transfer from the Cu-
place because of the weak exchange between Cu and TPQ, andoordinated water to TPQ should be energetically unfavorable
singlet TPQ is formed. This step is calculated to be exothermic because of the difference irkp values?® At the end of this
by 29.1 kcal/mol. The T— S transition in cofactor TPQ is  step, protonated cofactor TPQ is formed.
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Figure 7. Suggested third step of mechanism B for the oxidative half-
reaction.

Figure 6. Optimized transition state for step 3 of mechanism A.

C. Step 3. Nucleophilic Attack by Water at the C-5 Site
of TPQ. The suggested third step of mechanism A begins with
a proton transfer from the NFi group at the C-5 site of cofactor
TPQ to Asp319 (not included in the model of the first two steps).
On the basis of an experimental suggesfivan unprotonated
Asp319 is chosen in this step. This proton transfer occurs
spontaneously as the geometry of the reactant is optimized. The
rest of the third step is shown in Figure 5 and describes the
activation of a water molecule for a nucleophilic attack at the
C-5 site of the TPQ cofactor. Apart from Asp319, the TPQ

cofactor and a water molecule (to be activated) were included o on Asp319 Asp319
3

Figure 8. Optimized transition state for step 3 of mechanism B.

in the model, bu_t not the copper complex. In thi_s step, as o H/"H/C‘%C/H TPQ CH, L O
suggested experimentafty, Asp319 plays one of its most AN / e T @/
important roles in the entire oxidative half-reaction. When the " H/O‘_t',,o © e
water molecule attacks C-5, a proton is donated to Asp319, and i =t : -

a C-0 bond is formed. At the same time, Asp319 gives the \ ° \H

previously abstracted proton back to th&lH group at the C-5 Mo

site of the cofactor. I "

ThIS.Step.has a barrier of 14.4 kcal/mol, which includes zero- Figure 9. Suggested fourth step of mechanism A for the oxidative
point vibrational (plus thermal enthalpy) effects-60.5 kcal/ half-reaction.

mol, dielectric effects of-1.1 kcal/mol, and a calculated entropy
effect of +3.4 kcal/mol. The concerted transition state that is mol and dielectric effects of0.1 kcal/mol. The transition state
obtained is shown in Figure 6. This step is endergonic by 6.7 that is obtained is shown in Figure 8. This step is quite
kcal/mol including zero-point vibrational (plus thermal enthalpy) - endergonic by 14.4 kcal/mol including zero-point vibrational
effects of —1.7 kcal/mol and dielectric effects of2.0 kcal/ (plus thermal enthalpy) effects ef0.7 kcal/mol and dielectric
mol. At the end of this step, the C-5 site of the cofactor has effects of—0.3 kcal/mol. Since mechanism B has such a high
both OH and NH groups, and Asp319 is in a protonated form. parrier and is very endergonic, one more possibility was
In mechanism B, the O-2 site is unprotonated prior to water explored for the water activation in which a water molecule
activation. In the model for this mechanism, an unprotonated attacks the C-5 site of the protonated cofactor and transfers its
Asp319, the TPQ cofactor, a water molecule (to be activated), proton to the NH site of TPQ rather than to Asp319. However,
and two more additional solvent water molecules were included. the barrier for this process was found to be prohibitively high.
In this step (see Figure 7), these two solvent water molecules D. Step 4. Formation of the NH Group. In the proposed
are needed to provide stabilization of the active site through fourth step of mechanism A (see Figure 9), the hydroxyl proton
hydrogen bonding. One of the water molecules (W) is observed from the C-5 position of TPQ is transferred to the Nvbsition
in the crystal structufé (see Figure 1), and the second water is of the cofactor. A water molecule is used to bridge the donor
used to take the hydrogen bonding contribution from active- O-5 and acceptor Nfisites of TPQ. In a concerted manner, a
site residue Tyr407 into account. Since in this mechanism TPQ proton from the O-5 hydroxyl group is transferred to the NH
is neutral and Asp319 is negative, the entire model that is usedposition of the cofactor with a simultaneous transfer of the
is negatively charged. Without the protonation of O-2, the water Asp319 proton to O-5 of TPQ. This proton transfer leads to
activation has a barrier of 17.1 kcal/mol, which includes zero- the formation of an Nk group. Because of the positive charge
point vibrational (plus thermal enthalpy) effects-e.8 kcal/ on nitrogen, the Nklgroup formed in this step is not released
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Figure 10. Optimized transition state for step 4 of mechanism A.
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Figure 11. Suggested step 4a of mechanism B for the oxidative half- : .0 +H 0
reaction. H ,q;h\l~H" H N—H"
On,,.--00 H Oy
to the protein but remains covalently bonded to the C-5 site of Hor H=Q

the cofactor. Strong hydrogen bonds stabilize this charge-
separated system. This step has a barrier of 11.8 kcal/mol, which
includes zero-point vibrational (plus thermal enthalpy) effects
of —4.2 kcal/mol, dielectric effects 0f0.9 kcal/mol, and an
entropy effect oft-2.0 kcal/mol. The optimized transition-state
structure is shown in Figure 10. This step is exergonic by 4.9
kcal/mol including zero-point vibrational (plus thermal enthalpy)
effects of —0.8 kcal/mol, dielectric effects of3.6 kcal/mol,

and an entropy effect 6f0.5 kcal/mol. Since this step follows

a step that is endergonic by 8.5 kcal/mol (see above), the overall
barrier for this proton transfer becomes 20.3 kcal/mol.

In mechanism B, the fourth step is divided into two parts:
4a and 4b. In this step, a proton transfer from the C-5 hydroxyl
to the NH position of TPQ follows a two-step mechanism.
Some attempts have been made to investigate a similar kind of
one-step mechanism as suggested in mechanism A, but all of
these attempts failed. It must be concluded that in the negatively
charged state of the system it is energetically more favorable
to have a two-step mechanism. When mechanism B is continued
as shown in Figure 11, a proton from the hydroxyl group at the
C-5 site is transferred to the O-4 site of the cofactor in step 4a. 1304
It has to be mentioned that during the optimization, proton itself rigyre 14. Optimized transition state for step 4b of mechanism B.
moved to the O-4 site of TPQ. One solvent water molecule is
used in the model to bridge the proton donor and acceptor sitesin step 4b, the proton that was transferred to the O-4 site is
of TPQ. This proton transfer occurs with the simultaneous transferred again, as shown in Figure 13, but this time to the
donation of a proton by Asp319 to TPQ. This step has a barrier NH, position of the cofactor. The same bridging water molecule
of 4.7 kcal/mol, which includes zero-point vibrational (plus as that used earlier is used to bridge the donor O-4 and acceptor
thermal enthalpy) effects 0f3.3 kcal/mol, dielectric effects = NH> sites of TPQ. The optimized transition state for this step
of +2.1 kcal/mol, and a calculated entropy effectia.O kcal/ is shown in Figure 14. The proton transfer in step 4 leads to
mol. The optimized transition state for this step is shown in the formation of an Nki" group. Again, because of the positive
Figure 12. Since this step follows a step that is endergonic by charge on nitrogen, the NHyroup formed in this step is not
14.4 kcal/mol, the overall barrier for this proton transfer becomes released to the protein but remains covalently bonded to the
19.1 kcal/mol. This step is exergonic by 4.0 kcal/mol including C-5 site of the cofactor. This charge-separated system is again
zero-point vibrational (plus thermal enthalpy) effectsHaf.4 stabilized by strong hydrogen bonds. This step has a very small
kcal/mol, dielectric effects oft1.1 kcal/mol, and an entropy  barrier of 2.1 kcal/mol and is exergonic by 7.6 kcal/mol. Solvent
effect of +0.5 kcal/mol. At the end of this step, cofactor TPQ effects favor the product by 6.90 kcal/mol, which is mainly due
is neutral, and Asp319 carries the negative charge of the systemto a rather large change in the dipole moment from 3.4 D for

Figure 13. Suggested step 4b of mechanism B for the oxidative half-
reaction.
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Figure 15. Suggested step 5 of mechanism A for the oxidative half- Figure 17. Suggested step 5a of mechanism B for the oxidative half-
reaction reaction.
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Figure 18. Suggested step 5b of mechanism B for the oxidative half-
reaction.

oxygen atoms of Nkland Asp319, respectively. In the structure,
the N—-H* bond length is 1.21 A, and the-@H* bond length

is 1.30 A. This is a true minimum since the Hessian has no
imaginary frequency. This step is endergonic by 9.4 kcal/mol,
where zero-point vibrational (plus thermal enthalpy) effects
contribute—2.0 kcal/mol and dielectric effects;4.0 kcal/mol.
The calculated entropy effect is1.0 kcal/mol (included in the

Figure 16. Optimized transition state for step 5 in mechanism A.

the reactant to 5.9 D for the product. Thus, from the production

of H,O; to the formation of the NElgroup, the overall barrier
of 19.1 kcal/mol for mechanism B is slightly lower than the
barrier of 20.3 kcal/mol for mechanism A. However, it is clear

values), favoring the product. Since the barrier from the product
side is very small, the transition-state optimization failed for
this step. This problem was set aside since the size of a very

that the accuracy of the present methods is not sufficient to small barrier does not have any impact on the mechanism. In
discriminate between these two energetically very similar the next step (5b), as shown in Figure 18, a hydroxyl proton at
pathways. the C-5 position is transferred to the bridging water molecule

E. Step 5. Release of Ammonia as an Ammonium lorin in a similar manner to that discussed for mechanism A. At the

the suggested fifth step of mechanism A (see Figure 15), a ratherS@me time, Asp319 swings around and abstracts this proton from
large structural rearrangement takes place. In a somewhathe water and donates it to the BHyroup. During this process,
complicated process, the hydroxyl proton at the C-5 position is the ammonium ion is released from its position at the cofactor
transferred to the Asp319, which swings around and donates@nd moves to form a hydrogen bond at the O-4 site of the TPQ
this proton to the NK" group. In this process, the ammonium cofactor. Again, all of these changes occurred automatically
ion is released from its position at the cofactor and moves all during the stepwise optimization.
the way to form a hydrogen bond at the O-4 site of the TPQ  This step has a barrier of 6.4 kcal/mol, which includes zero-
cofactor. All of these changes occurred automatically during point vibrational (plus thermal enthalpy) effects-60.6 kcal/
the stepwise optimization. This step has a barrier of 6.0 kcal/ mol, dielectric effects oft-0.4 kcal/mol, and an entropy effect
mol, which includes zero-point vibrational (plus thermal en- of +1.3 kcal/mol. The optimized transition-state structure is
thalpy) effects of-0.7 kcal/mol, dielectric effects of2.3 kcal/ shown in Figure 19. This step is exergonic by 18.8 kcal/mol
mol, and an entropy effect of 1.2 kcal/mol. The optimized  including zero-point vibrational (plus thermal enthalpy) effects
transition-state structure is shown in Figure 16. This step is of +2.2 kcal/mol and dielectric effects af1.3 kcal/mol. The
exergonic by 7.5 kcal/mol including zero-point vibrational (plus entropy effect of~2.3 kcal/mol (included in the values) favors
thermal enthalpy) effects ef0.2 kcal/mol and dielectric effects  the product and is due to the release of the ammonium ion. In
of —0.4 kcal/mol. The entropy effect 6f4.8 kcal/mol (included mechanism A, at the end of the oxidative half-reaction, a proton
in the values) favors the product and is due to the release ofat O-2 is transferred back to the copper complex, and the enzyme
the ammonium ion. At the end of this step, a neutral TPQ, a is prepared for the next catalytic cycle. This step is beyond the
negatively charged Asp319, and an ammonia molecule arescope of this study; therefore, it is not investigated here.
formed, in full agreement with experimerits3146 However, a possible proton transfer from the ammonium ion
In mechanism B, the step leading to the formation of the to the O-4 site of the cofactor was also investigated. A few
ammonium ion is again divided into two steps: 5a and 5b. In attempts were made in this direction, but they all led to very
step 5a, as shown in Figure 17, some reorganization of the endergonic reactions. Itis therefore suggested that TPQ obtains
hydrogen bonds take place. In this step, a hydrogen bonda proton from the surrounding enzyme. An example of this kind
between the O-5 hydroxyl group at the C-5 site and Asp319 is of mechanism was suggested for PSAO, where at the beginning
broken, and a new hydrogen bond between this hydroxyl group of the reductive half-reaction Lys296 protonates the O-4 site
and the bridging water molecule is formed. Another noticeable of TPQ** In other CAOs, for example, in BSAO, TPQ could
change in this step is that one of the protons from theeNH be negatively charged at the beginning of the reductive half-
group moves toward Asp319 and sits between the nitrogen andreaction.
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Figure 19. Optimized transition state for step 5b of mechanism B.
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diagrams for both mechanisms are divided into four steps. The
energy diagrams are constructed by imposing the condition that
the reactant of each step has the same energy as the product of
the previous step. At the starting point of the presently suggested
mechanism, dioxygen occupies a cavity between the O-2 and
O-4 positions of the cofactor. Endergonic binding of dioxygen
is followed by an electron transfer leading to the creation of a
triplet Cu(ll)---O,(rad)--M*(rad) system. In the next step, O
crosses over a barrier of 8.2 kcal/mol and binds to copper. Once
the Cu-O,~ bonded species is formed, a proton transfer from
0O-2 and a hydrogen atom transfer from the O-4 site of the
cofactor take place in a concerted manner. This concerted
2HT + e transfer leads to the formation of singlet® and

a triplet form of cofactor TPQ. Because of the weak exchange
interaction in the Cu(doubletyTPQ(triplet) system, a spin
flipping takes place, and singlet TPQ is formed. The-TS
transition is proposed to be the rate-limiting step for the entire
oxidative half-reaction.

In mechanism A, the TPQ cofactor is protonated at the O-2
position by the copper complex prior to water activation. In
the third step, water activation takes place with a barrier of 14.4
kcal/mol. In the fourth step, a proton transfer from the O-5
hydroxyl group to the Nk group at the O-5 position of the
TPQ forms a bonded N¢yroup. This step has a barrier of 11.8
kcal/mol, but since this step follows an endergonic step, the
overall barrier for this step becomes 20.3 kcal/mol. In the last

The oxidative half-reaction of CAO has been studied using step, a proton abstraction by Asp319 triggers the release of an
similar kinds of computational methods and models to those ammonium ion with the simultaneous formation of a neutral

used previously for the reductive half-reaction of PSA@nd

topaquinone and an unprotonated Asp319. This step has a barrier

for different substrate reactions of other enzymes such asof 6.0 kcal/mol. The present mechanism, as described in Figure
RNR*48and PFL% The present quantum chemical study was 22, is in line with most of the available experimental informa-
strongly directed by the structural and spectroscopic information tion. As shown in Figure 23, the energy diagram for mechanism
provided by experiments. Two different but energetically similar B is also divided into four steps, where the third and fourth
mechanisms, A and B, were studied. The first step is common steps are further divided into two steps. In mechanism B, the

to both mechanisms, and it is only after the formation eOk

TPQ cofactor remains unprotonated at O-2 in the water

that the two mechanisms start to deviate. The different steps ofactivation step, which passes over a barrier of 17.1 kcal/mol.
mechanisms A and B are described in Figures 20 and 21. Theln the third step, a proton is transferred from the C-5 to the
detailed energetics is shown in Figures 22 and 23 and Tables 10-4 site of TPQ with a barrier of 4.7 kcal/mol. Since this step

and 2. It is shown that after the,8,-formation step the energy

follows an endergonic step, the overall barrier for this step
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Figure 22. Energy diagram for mechanism A for the oxidative half-reaction.
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Figure 23. Energy diagram for mechanism B for the oxidative half reaction.

becomes 19.1 kcal/mol. In the fourth step, a proton transfer from mechanism B the whole system starts out negatively charged.
the O-4 to the NH group at the O-5 position of TPQ leads to In this step, two additional water molecules were required to
a bonded NH" group. In step 5, a rearrangement of the obtain the same reaction. Another notable difference is in step
hydrogen bonds takes place, but the key change is the formation4, where in mechanism A only one step is needed to transfer a
of a hydrogen bond between the C-5 hydroxyl group and a proton from the O-5 hydroxyl group to the NHjroup at the
bridging water molecule. This bond is important for the release O-5 position of TPQ but in mechanism B two steps are required
of ammonia. In the last step, the transfer of the O-5 hydroxyl to achieve the same proton transfer. It is therefore clear that
proton to the neighboring water molecule triggers the release the overall charge state of the model plays a crucial role in
of the ammonium ion with the simultaneous formation of a determining the reaction pathways. The accuracy of the available
negatively charged topaquinone and an unprotonated Asp319methods is not sufficient to determine which one of the
The formation of these species has been suggested experiunderlying mechanisms is most probable. The main question
mentally3146 This step has a barrier of 6.4 kcal/mol and is to be considered here is if, prior to the water activation step, a
exergonic by 18.8 kcal/mol. The present mechanisms as protonation of the O-2 site of the cofactor takes place. Here it
described in Figures 20 and 21 are energetically very similar has to be stressed that since the~TS nonradiative transition
and in line with most of the available experimental information. is suggested to be rate-limiting for the entire oxidative half-
Although they are energetically very similar, there are significant reaction3® which one of the above-mentioned mechanisms the
differences in these two mechanisms. For example, in step 3 ofenzyme utilizes would not affect the overall rate of the reaction.
mechanism A, the system is neutrally charged whereas in The highest barriers in the oxidative half-reaction computed in
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TABLE 1: Energies (kcal/mol) of the Optimized Structures
for the Different Steps of Mechanism A

Ebigbasis EDZ EAHa Esolvb ETAS
step 2
0.0 0.0 0.0 0.0 0.0 0.0
2.6 0.6 —2.2 -1.3 3.8 -0.5
5.4 5.7 -1.4 -2.9 4.9 —2.4
1.8 —-3.0 —6.5 -2.5 5.2 2.0
step 3
1.8 0.0 0.0 0.0 0.0 0.0
16.2 12,5 3.8 -0.5 -11 3.4
8.5 4.6 -0.7 -17 2.0 1.7
step 4
8.5 0.0 0.0 0.0 0.0 0.0
20.3 14.9 5.6 —4.2 -0.9 2.0
3.6 -1.1 —3.4 —0.8 —3.6 0.5
step 5
3.6 0.0 0.0 0.0 0.0 0.0
9.6 5.6 8.5 -0.7 2.3 -1.2
-3.9 —2.4 —4.3 0.2 —0.4 —4.8
@ Sum of zero-point and thermal enthalpy effe¢t€alculated with

the DZ basis set.

TABLE 2: Energies (au) of the Optimized Structures for
the Different Steps of Mechanism B

Ebigbasis Epz Ear? Esol? Eras
step 3
0.0 0.0 0.0 0.0 0.0 0.0
17.1 17.2 15.9 —-1.8 -0.1 18
14.4 14.6 15.6 -0.7 -0.3 0.8
step 4a
14.4 0.0 0.0 0.0 0.0 0.0
19.1 4.90 0.9 -3.3 2.1 1.0
10.4 -7.0 -3.7 1.4 11 0.5
step 4b
10.4 0.0 0.0 0.0 0.0 0.0
12.5 5.3 -0.7 —-3.2 -15 15
2.8 -1.6 —4.5 0.4 —6.9 0.5
step 5a
2.8 0.0 0.0 0.0 0.0 0.0
12.2 8.3 -8.3 -2.0 4.0 -1.0
step 5b
12.2 0.0 0.0 0.0 0.0 0.0
18.6 5.3 0.19 —0.6 0.4 13
—6.6 -19.9 —21.0 2.2 13 -2.3

aSum of zero-point and thermal enthalpy effeét€alculated with

the DZ basis

the present study of 280 kcal/mol are somewhat higher than

set.
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