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Abstract: The multicopper oxidases (MCOs) utilize a blue type 1 (T1) copper site and a trinuclear Cu
cluster composed of a type 2 (T2) and a binuclear type 3 (T3) site that together catalyze the four-electron
reduction of O, to H,O. Reaction of the fully reduced enzyme with O, proceeds via two sequential two-
electron steps generating the peroxy intermediate (PI) and the native intermediate (NI). While a detailed
description of the geometric and electronic structure of NI has been developed, this has been more elusive
for Pl largely due to the diamagnetic nature of its ground state. Density functional theory (DFT) calculations
have been used to correlate to spectroscopic data to generate a description of the geometric and electronic
structure of PI. A highly conserved carboxylate residue near the T2 site is found to play a critical role in
stabilizing the PI structure, which induces oxidation of the T2 and one T3 Cu center and strong
superexchange stabilization via the peroxide bridge, allowing irreversible binding of O, at the trinuclear Cu
site. Correlation of Pl to NI is achieved using a two-dimensional potential energy surface generated to
describe the catalytic two-electron reduction of the peroxide O—O bond by the MCOs. It is found that the
reaction is thermodynamically driven by the relative stability of NI and the involvement of the simultaneous
two-electron-transfer process. A low activation barrier (calculated ~5—6 kcal/mol and experimental ~3—5
kcal/mol) is produced by the triangular topology of the trinuclear Cu cluster site, as this symmetry provides
good donor—acceptor frontier molecular orbital (FMO) overlap. Finally, the O—0O bond cleavage in the
trinuclear Cu cluster can be achieved via either a proton-assisted or a proton-unassisted process, allowing
the MCOs to function over a wide range of pH. It is found that while the proton helps to stabilize the acceptor
0,2~ o* orbital in the proton-assisted process for better donor—acceptor FMO overlap, the third oxidized
Cu center in the trinuclear site assumes the role as a Lewis acid in the proton-unassisted process for
similarly efficient O—O bond cleavage.

1. Introduction The catalytic cycle is initiated by the reaction of the fully
reduced enzyme with OIn the fully reduced form, the T3 OH
bridging ligand and T2 OH ligand are lost, leading to a
coordinatively unsaturated trinuclear Cu cluste¥®l” The

reaction of the fully reduced enzyme with, @roceeds via two

Multicopper oxidases (MCOs) are a family of enzymes that
catalyze the four-electron reduction of @ H,O with con-
comitant oxidations of substrat&3To carry out their functions,
all MCOs utilize the redox properties of four Cu centers. The
electrons are taken up at the type 1 (T1) blue Cu site and
transferred~13 A to the trinuclear Cu cluster site composed

(5) Messerschmidt, A.; Ladenstein, R.; Huber, R.; Bolognesi, M.; Avigliano,
L.; Petruzzelli, R.; Rossi, A.; Finazzi-Agrd\. J. Mol. Biol. 1992 224,
179-205.

of a type 2 (T2) normal Cu site and a type 3 (T3) coupled-
binuclear copper sité? where the four-electron reduction of
O, to H,O occurs. In the fully oxidized resting form of the
enzyme, each of the two T3 Cu centers is held in the protein
by three His ligands and are bridged by a Oliyand, while

the T2 is held by two His ligands and has an Olgand outside
the cluster (Figure 13:1°
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Figure 1. A general description of the trinuclear Cu cluster in multicopper

case of laccase (T1HgL®)3! or simply knocked out by
mutating the Cys residue at the T1 site to Ser in Fet3p
(T1D):32-351n the T1D forms, only three electrons are nominally
available to reduce £ of which two from the three Cu centers
in the trinuclear site are transferred te.his leads to the
formation of Pl in a pH-independent and rapid procdss (2
x 108 M~1s71).2336 Alternatively, the decay of Pl is very slow
and pH dependenk(~ 0.003 st at pH= 4.7 andk ~ 0.0003
s1at pH 7.5 for T1HgLc, s~ 5.7)233435]t exhibits different
kinetic behavior at different pH conditions, where an inverse
proton kinetic isotope effect is observed at low pkl/kp =
0.89), while no such effect is observed at high gid/kp ~
1) 2334353 mportantly, it has been found by MCD spectroscopy
that PI decays via an “NI-like” speci€&.This, along with the
similar rate of formation of Pl and NI, has indicated Pl is a
kinetically competent precursor to Rf-31

The geometric and electronic structure of Pl is less well
defined than that of NI due the diamagnetic nature of its ground
state Got = 0, —2J > 200 cnr1).3! Earlier studies have
suggested that two electrons are donated by the two T3 Cu’s in
the trinuclear site to @upon formation of Pl in analogy to the
Oz reactivities in the other T3 sites in biology, hemocyanin (Hc)
and tyrosinase (Tyr), where the oxy-forms acquirg-g%7,?
side-on-bridged geometric and electronic strucré® How-
ever, the spectral features of Pl are very different from those of

oxidases. For the purpose of correlating to the earlier mutation studies onoxy-Hc and oxy-Tyr, indicating that the Pl acquires a very
Fet3p, the residue numbers of Fet3p are given. Note that two nearby different geometry! It has been suggested that the peroxide

carboxylate residues in the second coordination spheyeafd Es7, are

also indicated (in red). Mutant studies indicate that these residues have

critical roles in the Qreactivity of the trinuclear Cu cluster.

must be bound internally in the trinuclear site as a—T3
bridging ligand?33which is supported by a spectroscopic study
of the peroxy adduct (PA) of T1HgL%4,a crystallographic study

sequential two-electron steps, generating the peroxy intermediateof the PA of CotAl” and QM/MM calculations of Pl and P&.

(PI) and the native intermediate (NI). In the holo-enzyme, only

the four-electron reduced NI has been trapped as the second
two-electron process is very fast ¢ 350 s1),2 effectively

In this study, extensive DFT calculations are correlated to
spectroscopic data to develop the geometric and electronic
structure of Pl. This is then correlated to that of NI, which has

resulting in one four-electron process. Extensive spectroscopicbeen rigorously defined in previous studfés?® to elucidate

studies on N combined with modéf—28 and computational

the reductive cleavage of the<® bond (i.e., P NI). The

studies?® have demonstrated that Nl is a fully oxidized species roles of two highly conserved carboxylate residuess(@&nd
with O fully reduced to water-level products that remain bound E,g;in Fet3p, Figure 1) in the outer coordination sphere of the

to the trinuclear site ags-0xo anduz-hydroxo bridging ligands.

trinuclear cluster site are also evaluated and found to be essential

Alternatively, Pl has been trapped and characterized usingin the stabilization of the Pl structure and in proton donation in
Tl-depleted derivatives of MCOs, where the T1 is either the O-O bond cleavage step. This study provides new molecular

replaced by a spectroscopic and redox-innocerit ktmn in the
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2. Computational Details

DFT calculations were performed using Gaussiaff@3yplementing
the broken-symmetry methdd.All geometry optimizations were
performed using B3LYP functiorlwith doubles basis sets 6-31G*
for Cu and coordinated N/O atoms and 3-21G* for the rest. The starting
geometry of the trinuclear Cu site was adapted from the crystal structure
of Trametesversicolor laccase (1GYC, Res. 1.9 Awhere the His
ligands were replaced by imidazolyl ligands. To reflect the features of
the crystal structure, (a) the positions of the H atoms that replaced the
side chains to the protein backbone and those bound to His N not bound
to Cu (which are all involved in hydrogen bonds) were fixed, (b) the
angle of the O atom on the T2 water-derived ligand relative to the
plane of the two T2 His rings to prevent it from artificial binding to (a) 2...2
the nearby T3 His ligands was fixed, and (c) the three N-TB3s-N Hn=n

(b) pg-1,1,2

dihedral angles (T3and T3 are defined in Figure 1), where the N's  Figure 2. Ca\_lculated structures of P, (a) withoubDr_esulping in a side-
are the coordinated atoms of the eclipsed His ligands, were fixed to On u-7*#>bridged geometry, and (b) withdy resulting in aus-1,1,2-
keep the eclipsed conformation as found in the crystal structures of all Pidged geometry. Refer to Table 1 for geometric parameters.
MCOs. _Note that the fle%)fibility of the model was not affectgd by these rape 1. Geometric Parameters for PI with and without Doy
constraints, as exemplified by the wide range of¥33g distances (distances in A and angles in deg)?

found in different structures (e.g., in AR(T3,—T3s) = 4.07 A and in - -

o K . without Dgy with Dgs
NI, R(T3,—T3g) = 3.01 A). Additional details of the individual models ] [s-11.2]
are given in Results and Analysis. The resulting optimized structures

of Pl (with Dgs), PlHe, PH-et+H, TS, TS, and NI (vide infra; the ?;:(T); éggi igg; gggg;
coordinates of these structures are given in Supporting Information) T2—T3: 4.006 3.682 (3:714)
were further used for single-point calculations with the B3LYP T3,—T3s 3.686 4.066 (4.197)
functional using the triple-basis set 6-311G* for Cu and coordinated T2—H,0 2.390 1.997 (2.070)
N/O atoms and double-6-31G* for the rest. Solvation effects were T2—-0! 2.659 1.937 (1.973)
also considered for Rle, PH-eH, TS, TS;, and NI (vide infra) using T3,-0! 2.012 3.098 (3173)
the polarized continuum model as implemented in Gaussian 03 (PCM/ g’;:gﬁ %g;g igg% géig;
UAKS) with a dielectric constant of 4.0 to reflect the protein dielectric T35 02 1.928 2.045 (2.033)
media. The molecular orbital (MO) compositions were obtained using T2—-0'-T3s — 143.8 (143.0)
PyMOlize#® T3,—0-T3g 131.4 - -
T3,—0>-T3s 141.3 163.8 (165.3)

3. Results and Analysis
aGeometric parameters presented are those obtained using B3LYP
3.1. The Peroxy Intermediate. 3.1.1. Geometric Structure  functional with 6-31G* basis set on Cu and coordinated N/O atoms and

of PL. To obtain a spectroscopically refevant stucture of PI, 210700 S [e< 1 soater, those ebianed fsg BILYE nore)
we have performed spin unrestricted DFT calculations, Where the rest are indicated in parentheses forabd.,1,2-bridged structure.
O is bound internally to the cluster as implicated by previous
spectroscopi¢ and QM/MM computational resulf8:*® H,O reminiscent of oxy-Hc/Ty#248while the latter is similar to that
was chosen as the water-derived ligand on the T2 center, andobtained in the QM/MM calculations of P:46Both structures
the internal peroxide was kept unprotonated, following earlier have singlet ground states, the side-on structure vith—3700
kinetic dat&® indicating that the formation of Pl is a pH-  cmand theus-1,1,2 structure with ~ —54 cnm,4° reasonably
independent process. consistent with experiment2J > 200 cnr?).31

Initially, model systems with only the ligands that are directly Of these two structures, the side-on structure was found to
coordinated to the three Cu centers (the eight His and the T2be energetically more stable by7.7 kcal/mol (pure singlehot
H,0, Figure 1) were considered. All geometry optimizations = 0 energy comparisons from projection of the broken-
were performed in the broken-symmetg = 0 ((F~ 1.0) symmetryMs = 0 energies}? However, this is inconsistent with
states. Two structures were obtained, one with a side-gph experiment, as Pl does not exhibit the spectral features of the
7?-0,%~ geometry and the other withig-1,1,2-Q?~ geometry side-on-bridged structure as found in oxy-Hc/Tyr and its model
(Figure 2 and Table 1; additional geometric parameters and spincomplexes, which are characterized by a prominent band in the
densities are listed in Tables S1 and $2)he former is absorption spectrum at340 nm withe ~ 20000-25000 Mt
cm! (see Figure S1¥24850In PI, while an absorption band at
(42) Frisch, M. J.; et alGaussian 03revision C.01; Gaussian, Inc.. Pittsburgh, g similar energy is also observed, its intensity+s4fold lower

PA, 2004. . LIS . . .
(43) Noodleman, LJ. Chem. Phys1981, 74, 5737-5743. (vide infra), indicating that the side-on-bridged structure is not
(44) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. present in ppL
(45) Tenderholt, APyMOlyze ver. 1.5; Stanford University: Stanford, CA, . ’ . ) )
2006. Modified structures were then considered, implementing the
(46) ChalupskyJ.; Neese, F.; Solomon, E. |.; Ryde, U.; Rek, L. Inorg. Chem. P R ;
2006 45 1105%- 11056, possible effect of a nearby carboxylate residug, [@llowing
(47) An additional geometry optimization on the-1,1,2-Q?-bridged PI
structure was performed with a larger basis set, with trip&311G* on (48) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. Ehem. Re. 2004 104
Cu and coordinated N/O atoms and 6-31G* on the rest, to verify that the 1013-1045.
structures obtained in this study with the doublguality basis set, with (49) These energies are based on calculations using B3LYP functional with
6-31G* on Cu and coordinated N/O atoms and 3-21G* on the rest, are 6-31G* basis set on Cu and coordinated N/O atoms and 3-21G* basis set
sound. As a result, it is found that the overall structure of Pl remains the on the rest.
same and the geometric parameters are very similar to those obtained with (50) Eickman, N. C.; Himmelwright, R. S.; Solomon, E.Rroc. Natl. Acad.
the doubleg basis set, as indicated in Table 1. Sci. U.S.A1979 76, 2094-2098.

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13129
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the residue numbering in Fet3p, Figure 1), which is highly 10
conserved throughout all known MC®s! X-ray crystal T3g (a) PI-CD
structures indicate that the carboxylate moiety of this residue f 05
is involved in hydrogen-bonding interactions with both the T2
water-derived ligand (mediated by a water molecule) andgsa T3 — \; +
His ligand (Figure 1). In addition, the backbone carbonyl group Awoe™ foom \m m?
of this residue is also hydrogen bonded to thél of one of 5 \ /
the T2 His ligands (Figure 1). In fact, the hydrogen-bonding ;
connectivity of this residue has been observed to affect the T2 i \142
Cu' site in the resting enzynfé,suggestive of a critical role in
keeping the structural stability and in tuning the reactivity of : ! e ——— : A5
the trinuclear cluster site. In addition, mutation of this residue : ! o4
to an uncharged residue, Ala or Asn, in Fet3p resulted in T3g|
complete loss of @reactivity3° Alternatively, the Q reactivity
is completely retained in thedsE mutant of Fet3p, suggesting
that the negative charge ofgPplays a significant role in the . , e .
formation of PI35:37 21000 / 19000 1W1suw 13000
Dg4 was implemented in both the-r%72-0,%~ side-on and T2 02
u3-1,1,2-Q?~ structures using a formate ion and a water T3 '
molecule that mediate hydrogen-bonding interactions between - (b) PA-CD
Dg4 and the T2 water-derived ligand in the enzyme (Figure 2b). : 20
The H atom of the formate ion was fixed in position during the T2 :TZ
optimization, while other atoms of the formate ion and the water 10
molecule were freely optimized. As a result, fiel,1,2-Q%~ /\q

structure became more stable than the side-on structurétsy o0 1o/ 1700 15000 W R
T2

___F--'
&
Ae (Mcm)

s
B
g
¢

v

'
r
'
'
'
'

:
:
: 0.2
:
:

:
-g- E
8
Ae (M-'em)

kcal/mol (pure singletSo,c = O energy comparisons from
projection of the broken-symmetiyls = 0 energies}? The
marked stabilization of thes-1,1,2-Q?" structure derives from
stronger T2- and T3—peroxide bonding interactions induced
by the negative charge ofjpthat lowers the reduction potentials T2 (c) PA-MCD
of these Cu centers. In addition, the calculatésl—670 cnt?, Wavenumbers (cm-)

and it repr_esents a h'ghly stabilized smg_let grou_nd state via Figure 3. Comparison and assignments of the LF transitions in Pl and PA
strong antiferromagnetic superexchange interactions. ughe of T1HgLc in the CD and MCD spectra, adapted from earlier studies (refs
1,1,2-bridged geometry is also consistent with the EXAFS data, 31 and 41). (a) 298 K CD spectrum of PI, where Pl of T1HgLc is given in

in which an intense outer-shell peak-a8.4 A is observed! red (100 mM potassium phosphate buffer, $t¥.4). 298 K CD spectrum
hi likel . h . of PI from Fet3p-T1D is also given in orange (100 mM sodium phosphate
This EXAFS feature likely derives from the 23 Cu pair buffer, pH= 7.4) to show CD features below 10000 cth{adapted from

(calculated distance 3.68 A, Table 1), as the strong F2and ref 37). (b) 298 K CD spectrum of PA (T1HgL¢ 200-fold excess of
T3g—peroxide bonding interactions and the tight-TQ,2 — H;0,, 100 mM potassium phosphate buffer, pH6.0). (c) 4.2 K MCD

- spectrum of PA (T1HgLet 200-fold excess of bD,, 100 mM potassium
T3g bridge would promote the favorable Deby@/aller factor phosphate buffer, pH= 6.0). Indicated peak positions are based on

required for the intense outer-shell peak (T&nd T3 are simultaneous Gaussian fitting results using absorption, CD (for Pl and PA),
defined in Figure 2). and MCD spectra (for PA).

3.1.2. Electronic Structure of PI: Correlation to Spec-. _dataon Pl and its structural analogue, the peroxy adduct{PA).
tros_copy. Due to the Ia_ck qf EPR and MCD features, speC|f|c_ In PA, which is obtained by binding #; to the fully oxidized
assignments of the oxidation states of the three Cu centers iNtrinuclear Cu cluster in T1Hglc, all three Cu centers are

PI have been difficult. While it has been previously proposed oxidized with a paramagnet&o = %/, ground state, rendering
that the two T3 Cu’s in Pl are oxidized as in Hc/Tyr, the distinct to be EPR and MCD active. Importantly, it has been

nature of the T?’ sites in MCOs relatlye FO He/Tyr hgs been established that the peroxide binding geometries in PA and PI
demonstrated with thesl %;depleted derivative of Lc which lacks ¢ similar (e.g., both show the characteristic intense outer-shell
any affinity toward Q. peak in the EXAFS Fourier transform data at3.4 A),

In the calculatedus-1,1,2-bridged PI structure with dp demonstrating PA to be a valid structural analogue of'PI.
(Figure 2b), it is found that the T2 and g&re oxidized and In Figure 3, the 298K CD spectra of Pl and PA and 4.2 K
T3/.\ is reduced. This description of the oxidiation states of the MCD Spectrum of PA in the ||gand field region are presented’
Cu centers in Pl is consistent with the available spectroscopic\yhere band positions are indicated on the basis of previous
simultaneous Gaussian fitting results using absorption, CD, and
O RS Solomon. E. 13 Am. Chern, So@008 127, 1365513826, ' MCD (for PA) spectra?#1 Four bands are observed in the PA
(52) Lubien, C. D.; Winkler, M. E.; Thamann, T. J.; Scott, R. A.; Co, M. S.; MCD spectrum that are all associated with the paramagnetic

;‘gfgsonl K. O.; Solomon, E. U. Am. Chem. Sod981, 103 7014~ T2 CU' center, theS = 1/, spin being localized at the T2 ¢tu
(53) Penner-Hahn, J. E.; Hedman, B.; Hodgson, K. O.; Spira, D. J.; Solomon, center in PA as previously determined by the EPR d#ata.
E. I. Biochem. Biophys. Res. Comm(834 119 567 -574. Alternatively, at least five bands are observed in the PA CD

(54) Spira-Solomon, D. J.; Solomon, EJI.Am. Chem. Sod987, 109, 6421 X X
6432. spectrum. Previously, these CD bands were assigned to the T3

Ae (M'cm-1T-1)

-2.0

-3.0
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Spin Densities: T2 = -0.61, T3, = 0.06, T3, = 0.52, O' = 0.00, 0% = 0.13

J =-670 cm! (expt. J <-200 cnr?)

\
Side View

alUMO, -6.851 eV
(T2d,z2,2 + 0% 1) (T3g dyz,2 + O m.”)

(a) (b)

Figure 4. Contours of thex- and-LUMOs of PH-Dg, that are based on

T2 de—y and T3 die—y2, respectively, obtained from the broken-symmetry
state Ms = 0) calculation. Both LUMOs have significant peroxidg*
characters. Overall spin densities, isotropic exchange contamid the

% compositions are indicated, Cu centers in black and O atoms of peroxide
in red. The side view o&i-LUMO is also shown in (a) for better view of

the T2 de—y2 orbital.

/
BLUMO, -6.431 eV

Cu’s by analogy to the resting oxidized enzyme where only
the T3 Cu’s contribute to the CD spectrum. However, it is now
established that the structure of PA is significantly different from
that of the resting oxidized enzyme (Figure 1) as the T3 OH
bridge of the resting enzyme is replaced by the peroxide in PA
(and PI, Figure 2b). Thus, it is possible that both the T2 and
T3 Cu’s contribute to the CD spectrum of PA. In fact, two bands
are found in both the CD and MCD spectra of PA~a2000
cm~1and~17000 cn?, respectively (Figure 3b,c), indicating
that these are associated with the T2 Cu site.

Comparing the CD spectra of Pl and PA, four bands can be

Wavenumbers (cm-)

33000 31000 29000 27000 25000 23000 21000 19000 17000

+ + + 10.0
(a) PI/IPA-ABS
| B
: 2
: s
i E
0 n T2

: 2.0
£
33( o
=
-

02 x> T2 (b) PA-MCD [ *°

Figure 5. Comparison and assignments of the CT transitions in Pl and
PA of T1HgLc in the absorption and MCD spectra, adapted from earlier
studies (refs 31 and 41). (a) 298 K absorption spectra of PI (red, 1200 mM
potassium phosphate buffer, pH 7.4) and PA (black, T1HgLet+ 200-

fold excess of HO,, 100 mM potassium phosphate buffer, pH6.0). (b)

4.2 K MCD spectrum of PA (T1HgLet 200-fold excess of kD, 100

mM potassium phosphate buffer, pH 6.0). Indicated peak positions are
based on simultaneous Gaussian fitting results using absorption, CD (for
Pl and PA), and MCD spectra (for PA). Note that bands not assigned in
the MCD spectrum are associated with HisT2 CT transitions.

the T2-based magnetic orbital (Figure 4a), while it forms two

correlated to one another by their signs, energies, and intensitiesg-bonds with the Tg Cu de-? orbital in the T3-based magnetic

the shifts in energies would derive from the differences in the
electronic distributions in Pl and PA. Importantly, the two PA
CD bands associated with the T2 centef)¥2000 cnt! and
(—)17000 cn?, can be correlated to the Pl CD bands-a)~(
13300 cnrt and (—)15900 cn?, respectively. The other PI CD
bands, each of which correlates to a PA CD band, would then
be associated with the other oxidized Cu center in PI (i.e).T3
Notably, there is a PA CD band at(+)14500 cnt?! that does
not correlate to any band in the PI CD and PA MCD spectra.
This band would be associated with theaT@nter, which is
reduced in Pl (Figure 2b) and MCD-silent in PA.

With the validation that the description of the metal oxidation
states in Pl is consistent with experiment (with T2 ancg T3
oxidized and TR reduced), the diamagneti&, = 0 ground

orbital (Figure 4bf> Importantly, the G*~ zs* character allows
good orbital overlap between T2- and giBased magnetic
orbitals at the bridging peroxide, which leads to the strong
antiferromagnetic coupling in PI.

The calculated electronic structure of PI can also be correlated
to the spectral features in the charge transfer (CT) region of
the absorption spectrum of PI. In Figure 5a, the absorption
spectrum of Pl of T1HgLc is presented in red, where positions
of the four CT bands associated with?0O— Cu' CT transitions
are indicated on the basis of previous studies of Pl in both the
T1HgLc and T1D Fet33!24The four bands can be categorized
into the higher-energy/higher-intensity® z,* — Cu' (~31000
cm~1and~27500 cn?) and lower-energy/lower-intensity,®
m,* — Cu' CT transitions £25000 cnt! and~21000 cnt?).

state can now be correlated to the calculated electronic structurd-urther distinction between the two,© z,* — Cu' CT

of Pl. As mentioned above, the isotropic exchange coupling
constanty, is calculated to be-670 cnT?, indicative of a strong

antiferromagnetic coupling between the spins at the two
magnetic centers now considered to be the oxidized T2 apd T3

transitions can be made using the MO description of Pl in Figure
4. The T2-based-LUMO and T3-baseds-LUMO, both of
which are significantly mixed with the £ z,* orbital, would
be good acceptor MOs for the;® z,* — Cu' CT transitions,

centers that are bridged by the peroxide. Figure 4 presents théhe donor MO being the doubly occupied MO based of O

contours of thex- andS-LUMOs that are based on T2 Ciedp

and T3 Cu de-2, respectively, which represent the two
magnetic orbitals involved in the superexchange interaction in
Pl (Figure 2b). Both of these magnetic orbitals contain a
significant amount of &~ z,* character. As shown in Figure

4, the Q2 mz,* orbital is involved in an asymmetric orbital
interaction with the T2 and Tg3Cu centers, in which the £~

7, orbital forms oneo-bond with the T2 Cu d-y2 orbital in

7,*. The MO energies and £ 7,* characters in these LUMOs
can be directly correlated to the relative energies and intensities
of the Q2™ m,* — Cu' CT transitions. As shown in Figure 4,
the T&-baseds-LUMO is higher in energy than the T2-based

(55) Note that the Cuperoxide interactions found in Pl are different from those
of the u-n%n?-O,?~ side-on-bridged structure where each of the Qud
orbitals form two strongr-bonds with the &~ 7,* orbital. As a result,
the exchange coupling is larger in the side-on structilire -3700 cnr?,49
vide supra) compared to that of R1 & —670 cnml).
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o-LUMO by 0.42 eV (3400 cnt?), and the peroxide character

is higher by~11% (the difference of the % character of both
peroxide O atoms). On the basis of these descriptions, the
higher-energy band at31000 cn? can be assigned to the®©

7w* — T3g CT transition, and the lower-energy banc&7500
cm?, to the Q%™ zr,* — T2 CT transitior?® Similar assignments
can be applied to the other lower-energy CT bands, tffe O
m* — T3g and T2 CT transitions, as indicated in Figure 5a
(red).

To further validate the above CT assignments in PI, the CT
spectral features of Pl are compared to those of PA. In Figure
5, the 298 K absorption (in black) and 4.2 K MCD spectra of
PA are presented with band positions from a previous stlidy.
As mentioned above, the features of the PA MCD spectrum
are only associated with its paramagnetic T2 site. In the PA
MCD spectrum, a definitive assignment was previously made
for the intense ) 25500 cnt! band as a &~ — T2 CT
transition based on comparative analysis of absorption, CD, and
MCD spectra’! From pulsed EPR data, the T2 water-derived
ligand is OH in PA57 Due to the differences in ligand field,
the T2-based acceptor MO in PA would be several thousand
cm~1 higher than that of Pl with O as its T2 water-derived
ligand. Indeed, the & m,* — T2 CT transition in Pl (Figure
5a (red), at~21000 cn?) is found~4000 cnt? lower in energy
than the 25500 cmt band in PA. Similarly, it is expected that
the Q2 z,* — T2 CT transition in PA is higher in energy by
~4000 cnt?! than that of PI observed at27500 cnt. The
~31000 cn1! band in PA can thus be assigned as th8 O
m,* — T2 CT transition, which is supported by the fact that it
is observed in both the absorption and MCD spectra of PA.

3.2. O—0 Bond CleavageWith an experimentally calibrated
description of the geometric and electronic structure of Pl, we
now extend our investigation toward correlating P1 with NI to
describe the ©0 bond-cleavage reaction by the trinuclear Cu
cluster in the MCOs. As mentioned in the Introduction,
experiment indicates that Pl is a kinetically competent precursor
of the four-electron @reduced NI and that the P+ NI process

MCOs, Eg7 (or the equivalent Asp/Glu) is hydrogen bonded to
the T3 OH bridging ligand through one or two water molecules.
Here, the mediating water is removed, and the formic acid is
placed such that the O atom of the formic acid involved in the
hydrogen bonding (designated,@ee Figure 6, inset) is at the
position of the O atom of the removed water molecule. In
addition, unless otherwise mentioned, the distance between the
peroxide O atom (designated?,Gsee Figure 6, inset) and the
formic acid O atom is fixed at a value of 2.87 A, which is a
reasonable distance for the hydrogen bond (2.87 A is the
distance between the O atoms of T3 Obtidging ligand and
the mediating water molecule in the crystal structure of resting
T. versicolor laccase, from which the starting geometries for
all of the calculations of this study have been obtairféd).

3.2.1. Pl with an Extra Electron from T1: Pl+e. At the
starting point of G-O bond cleavage, the extra electron from
the T1 site is assumed to have been transferred to the PI
structure, while the proton on the formic acid (designatéd H
see Figure 6, inset) is not transferred. The resulting structure,
designated Pte, is shown in Figure 6. Notably, the structure
of Pl+e is considerably different from that of Pl (Figure 2b).
This structure derives from the occupation of the extra electron
in the hole on the T2 center in PI (i.e., occupation of the
o-LUMO in Figure 4), which is found to be lower in MO energy
than the hole on the E3center in Pl (the3-LUMO in Figure
4). Due to the reduction of the T2 center, the—Jferoxide
bonding interaction is lost, and consequently+-Placquires a
structure with the peroxide in betweengrand T3 centers.
The T3 —peroxide bonding interaction, however, is found to
be very limited as the Ta3is also reduced, which is indicated
by the low spin density on the Rk3center (spin densities are
T2 =0.00, T3 = +0.07, T3 = +0.48 in PH-e).

3.2.2. Proton-Unassisted ©0 Bond Cleavage The energy
changes along the peroxide!-©02 bond elongation (see the
inset of Figure 6 for atom designations) without proton transfer
from the formic acid are investigated first. In addition toHel
with R(O1—02?) = 1.46 A, partially optimized Pte structures

is the second two-electron step in the reaction mechanism thatwith fixed R(O'~0?) = 1.50, 1.60, 1.70, 1.80, and 1.90 A are

involves the G-O bond cleavage. This step is very fast in the
native enzymek > 350 s1),2336where an extra electron from
T1 promotes the two-electron peroxide-O bond cleavage.
Notably, it also occurs during the decay of PI, which is sléw (
~ 0.0003-0.003 s?) due to the lack of the T1 site as the
nominal source of the fourth electron.

Thus, we model our starting geometry for-O cleavage to
NI with the PI structure obtained above (Figure 2b). In addition
to the formate ion that mimicsda a formic acid is included to
mimic the role of a second nearby carboxylate residug; E
(Figure 1). From a recent Fet3p mutant studyssfhas been
demonstrated to play a central role in proton donation in the
decay of PE” Moreover, the proton from Jg7 is necessary to
form the OH" bridge in NI. For the simplicity of the model,
the position of the formic acid is moved closer to the T3 site
than in the enzyme structure. In the crystal structures of resting

(56) Resonance Raman experiments were performed on Pl obtained from both
T1Hg laccase and T1D Fet3p. However, we were not able to observe any
vibrational signals above noise as these were dominated by the intense
fluorescence of the aromatic residues when Pl was irradiated in the near
UV. Note that in oxy-hemocyanin, the intense absorptior: 20000 M1
cm™1) quenches the fluorescence in this region, allowing the resonance
Raman spectrum to be obtained.

(57) Unpublished results.
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obtained. AtR(O'—0?) > 1.90 A, the proton transfer from the
formic acid to the @ atom occurs spontaneously due to the
increased negative charge on thé &nter. Finally, the NI
structure with @ protonated (i.e., the T3 OHoridge in NI) is
obtained atR(O!—0?) =~ 2.40 A. All optimizations are
performed at the broken-symmetry states as the spin expectation
value,[¥[] deviates from the pure spin doublet valud®i~

0.75 upon G-O bond elongation and spin redistribution among
the Cu and peroxide O atoms. Two broken-symmetry spin
configurations allow description of transient states along the
O—0 bond elongation as two electrons of opposite sdiasd

1) are donated from the reduced T2 anch E&nters to the &~

o* orbital in Pl+e, |T2T3aT3s[= |faaland|opall Of these,
however, it is found that only th¢faodspin configuration
generates transient-state structures that describe continuous

(58) To compare the energy difference between the direct proton transfer from
a proton donor to a proton acceptor and the indirect proton transfer via a
water molecule, we have modeled the proton-transfer process between a
formate ion and a formic acid at the B3LYP/6-B+G** level. As a result,
energy barriers for the proton-transfer process directly between a formate
and a formic acid and that mediated by a water molecule were estimated
with relatively similar values of+7.9 and~12.0 kcal/mol, respectively.
(The distance between O atoms accepting and donating the proton was
fixed at 2.80 A. See Figures S2, S3 and figure legends for details of the
calculations.)
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Pl+e TS, ey
R(0'0?) = 1.46A R(0'0%) = 1.70A § -D;o(
0 kcai/mo!t +5.9 kcaﬂnr:f

@‘i\

Y

R(0'0?) = 1.45A R(0'0%) = 1.70A R(0'0?) = 2.40A
-2.1 kcal/mol +3.3 kcal/mol -51 kcal/mol*
(+5.4 kcal/mol from Pl+e+H)

Figure 6. Calculated structures of e, PH-et+H, TS, TS, and NI, where the two transition states, T&®id TS, refer to transition states in the proton-
unassisted and proton-assisted@bond cleavage, respectively. (Inset) Designations of atoms are indicated. The energies are based on single-point calculations
using B3LYP functional with 6-311G* for Cu and coordinated N/O atoms and 6-31G* for the rest, with additional consideration of solvation efects usin
the polarized continuum model (PCM/UAKS) with dielectric constahibf 4.0. The geometry optimizations were performed using B3LYP functional with
6-31G* for Cu and coordinated N/O atoms and 3-21G* for the rest.

structural transition between Pé and NI. In the|Soalspin calculations is consistent with the experimental value-8f-5
configuration, the same spin orientation on the two T3 Cu kcal/mol, which is obtained from the experimental ratekof
centers allows favorable electron delocalization over the T3 350 s* for O—O bond cleavage, using the Arrhenius equation
centers via the bridging xand & atoms. As a result, thelO k = A exp(—E4/RT), where the pre-exponential factéx is
and G atoms remain bound to both the Fand T3 centers assumed to be in the order of5tA10°. Importantly, this result
(Ot also bound to T2), and the-@D bond elongation occurs  implies that a proton is not required to drive the catalytic@

along the direction perpendicular to 4-3T3g in the Cu plane, bond-cleavage reaction in the MCOs, although it is required at
leading to the NI structure withs-oxo and T3u-OH™ bridging a later stage (after pto protonate the T@-oxo ligand, which
ligands. The G-O bond elongation in théxSodspin config- otherwise would be energetically unfavorable.

uration, on the other hand, occurs along the direction perpen- 35 3 proton-Assisted G-O Bond Cleavage Alternatively
dicular to T2-T3g in the Cy plane, as the electron delocal- e effect of protonation on the-D bond-cleavage reaction
ization over the T2 and Tgcenters via the Batom results in g jnyestigated by transferring the’ Htom on the formic acid
the formation of a strong F20—T3g bridge with a wide {4 the peroxide ®atom. First, we investigate the structure of
bridging angle>15C°. This leads to the dissociation of theé O Pl+e after the complete proton transfer was obtained-&H,
atom from the TR center, and consequently, the structures Figure 6, bottom). The overall geometry ofRHH is very
. . 1_ 2 . ’ .

Ohbta'“ed .W'th longR(O*~O )N(;l's A) do not correlate with similar to that of Pt-e, although it is found to be at lower energy
t es -brldge”d structure of Nf is highl hermi ith than PH-e by ~—2.1 kcal/mol. From this energy difference

The overall Pire = NI process Is highly exothermic, wit (neglecting entropy contributions), thekp of Pl+e can be

AFT = 51 kcal/m_ol (obtained from comparison of the pure estimated to be-1.5 pH units higher than that of the proton
spin doublet energies of # and NI, where the doublet energy donor (i.e., the formic acid in our model) at room temperature.

of NI was obtained from projection of the energy of the broken- Note also that the proton transfer in thetel — Pl+et+H

o dmmtt_etrythst?ttﬁT? TB’P]T?LBID ; I agD W'th [l;szg ~ 1.75), process is likely a kinetically unhindered process. With the fixed
indicating fhat this IS a lighly thefmocynamically driven process. R(02—0') = 2.87 A, it is estimated that the energy barrier for

iti i 1-02?) ~ .
The transition state is located R(O™~C”) & 1.70 A (Ts, the proton transfer is-7.7 kcal/mot® (at R@O?—H') = 1.50 A,
Figure 6, top), with an activation energy estimated-5t9 kcal/ T ooy : . g
mol relative to Pi#e. The low activation energy from these R(O'-0?) = 1.46 A (fixed)). However, this activation energy
' 9y is found to decrease with shortB(0>—0'). At R(O>—-Q') =

(59) Note that three possible broken-symmetry states, Witi.[] jofol] and 2.75 A (fixed), the estimated activation energy is lowered to
|aapCispin configurations, have very similar energies and contribute .3 9 kcal/mol (atR(O?—H') = 1.40 A andR(O'-0?) = 1.46
equivalently to the spin-frustrated ground state of?NThus, while the " . ’ > ] ! '
|focCspin configuration contributes significantly in the early stage ef@ A (fixed); Table S4), while aR(O*—Q") = 2.60 A (fixed), no
bond cleavage (which includes the transition state, vide infra), the other iar i ; imizati i
two spin configurations become equally important as all three Cu centers energy barrier is found (I'e" 0_pt|n_1|zat|on f’fﬂ resulted in
in the trinuclear cluster become oxidized. PlH+et+H). Therefore, the activation barrier for the proton
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transfer is largely dependent on the heavy atom distances, and
in the flexible protein environment, the O atom distances would
be dynamically optimized to accommodate the lower activation
barrier for proton transfer to convert-#¢ to the thermodynami-
cally more stable Pte+H form. This would be consistent with
the enzyme where the proton transfer would be mediated by a
water molecule betweensg and the peroxide.

The energy changes along thé-@D? bond elongation in the
PI+-e+H structure are then investigated. In addition te-8+H
with R(O1—0?) = 1.45 A, partial optimizations of Pte+H are
performed at fixedR(O'—0?) of 1.50, 1.60, 1.70, 1.80, 1.90,
and 2.10 A (plus NI witrR(O!—0?) ~ 2.40 A). As with Pt-e,
the broken-symmetry spin configuration|@R T3, T3g[= |Sao]
is implemented in these calculations (vide supra). Assuming
that the activation barrier of the proton transfer {el—
Pl4+-e+H) is low,0 the transition state for the fe— Pl+e+H
— NI process is located &(0'—0?) ~ 1.70 A (TS, Figure 6,
bottom), where the activation energy is estimate8l 3 kcal/
mol relative to Pte and+5.4 kcal/mol relative to Pte+H.
As with PHe, the low-energy barrier for this process is
consistent with the experimental value of3—5 kcal/mol.
Although not by much, the activation energy is smaller than Figure 7. Two-dimensional potential energy surface (2D-PES) of thedD
that of the proton-unassistedHR# — NI process, indicating that ~ bond cleavage in the multicopper oxidases. Refer to Figure 6, inset, for
the proton does play a ole n the cleavage of thebond.  JeSASin o2 0 e, The energes e b o ol vang

3.2.4. 2D-Potential Energy Surface: Two Possible Reac- 3516+ for the rest.
tion Pathways. The proton-unassisted & — NI and proton-
assisted Pte — Pl+et+H — NI processes can be combined

into a two-dimensional potential energy surface (2D-PES),
which simultaneously accounts for tiR¢O—0?) and R(O*— 08 T PR ———
H') reaction coordinates. The surface is generated using 28 04 1 Dotted lines = Pl+e
points at differentR(O'—0?) and R(O?>—H’): at R(O—-0?) = 2 02
1.46, 1.50, 1.60, 1.70 A (i.e., up to T8nd TS), R(O2—H') =
~1.85, 1.70, 1.50, 1.30y1.0 A; atR(O'—0?) = 1.80 and 1.90 - "14
A, R(O?>—H") = ~1.8, 1.50,~1.0 A; atR(0'—0?) = 2.10 and @ 021
2.40 A, R(O?>—H") = ~1.0 A. The results are given in Table 04t
S3. 06t
Starting from the rear diagonal in Figure 7, which ist+el o8
and proceeding to the front diagonal, which is NI, two possible ) 0107 Distance (Ang) IE
lowest-energy paths can be traced on the 2D-PES that are
consistent with the proton-unassisted process (path +e Pt I_:igurt_e 8. Changes in spin densities up_on—O_ bond elongation. S_olid
TS, — NI) and the proton-assisted process (path 2+ lines mdu:atg cha_nggs from+Pe&+H to NI (i.e., with protonaltid geromde),
and dotted lines indicate changes from+-el PH-e with R(O'-0?) > 1.9

PlHe+H — TS, — NI). Recall that previous kinetic studies on A are not shown, as the proton transfer occurs spontaneously with no barrier
Pl decay in T1HgL®& and T1D Fet3##3537have shown that  at these ®-0? distances.
an inverse proton kinetic isotope effedtyfkp = 0.89) is ] o
involved at low pH (pH~ 5), whereas no isotope effect is 3.2.5. Molecular Orbital Description of the O—O Bond
presentku/kp ~ 1) at high pH (pH~ 7). These kinetic isotope CIeavagg.Examlngtlon of the.electronlg strgctgre ghanges alolng
data suggest that the -4 bond from protonation of the the rgact!on coordinate provides detailed |n5|ght into the qrb|tal
peroxide must be present at the transition state at low pH andcontributions to the ©0 bond-cleavage reaction mechanism.
is not formed at the transition state at high PHThus, the First, the spin density changes at the Cu centers-refind
distinct kinetic descriptions of PI decay at different pH's can Pl+e+H upon elongation of the © 02 bonds are shown in
be directly correlated to paths 1 and 2 in the 2D-PES presentedrigure 8. The spin density at the g 8enter remains constant
in Figure 7. In addition, the similarity in the activation energies throughout the reaction coordinate, indicating that this center
of the proton-unassisted and proton-assisted processes of path@mains fully oxidized. Alternatively, the magnitudes of the spin
1 and 2 (5.7 keal/mol vs 5.4 kcal/mol) is also consistent with densities at the T2 and K3centers gradually increase upon
the similarity in the experimental activation energy of Pl decay €longation of the &-0?bond, demonstrating that the reduced
at high and low pH’s, which only differ by-1 kcal/mol23 T2 and T3 centers gradually donate electrons in the reductive
— - — cleavage of the peroxide. Notably, the T2 and FBin densities
(60 st et o, e ey by e s process inrease symmetically with 0pposie signs, reachig-50%

the relative stability of Pte+H, compared to that of Rie, can provide of their full values at NI, where these Cu centers are fully

enough thermodynamic driving force to make the energy barrier in the ovidized. This implies that the ©0 bond cleavage is a

proton-transfer process still small relative to the overall transition-state
energy. simultaneous two-electron process.
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Pl+e+H——TS,

2
&
x

T2: electron donor

T3A TSB

$ T3g: Lewis Acid
Stabilizes 0% &*

T34 electron donor

N

022_ c*
\ \ly N Figure 10. Orbital interactions in the ©0 bond cleavage process.

Al %‘01 Py in ligand environments between T2 and T3 giesmportantly,

il the interaction of the three broken-symmetry states results in
AT O%pyy the spin-frustrated ground state of NI. The unique properties of
| the ground state of NI are evidenced by features in its EPR and
BHOMO pLUMO pLUMO MCD spectra, where a logrvalue <2.0 and a low-lying doublet
Figure 9. Correlation of MOs involved in electron transfer during the ~€Xcited state at-150 cntt have been observed that are not

PlH+e+H — TS, — NI process. In P+e+H, only the T3 center is oxidized, possible for typical Cu(ll) complexés.
and thea- andf3-HOMOs are derived from the highest-energy d-electrons ) )
of T2 and T3 Cu centers. In Tg both the T2 ¢ 2-baseda-HOMO and 4. Discussion

T3a de—y-based3-HOMO form good overlap and mixing with the peroxide . . . .

LUMO (022~ ¢*) that promotes facile simultaneous two-electron transfer Despite the st[rong eXpe.”memal eV'.dence that PI is the
from the donor T2 and T3Cu's to the acceptor peroxide for the-©@ precursor for NI in the reaction mechanism of the MCOs, the

bor:jd C'gavzgi- lt?] tge ft'”al ’\#' ﬁtaged thed1/—12 and, 8) Ce“(;efso ": e(g;ly geometric and electronic structure of PI has been elusive. It has
oxlaized an 0 atoms T1ully reduced fAg-oxo anau- . _ .

bridging ligands. The same type of MO correlation can be made for the been (_:Ons'dered that the two-electron trar]sfe_‘r toirOthe
Pl+e — TS, — NI process. formation of Pl occurs from the two T3 Cu’s, in analogy to
O,-binding reactions in the other binuclear Cu sites in biology
(Hc and Tyr). However, the T3 sites of MCO and Hc/Tyr are
intrinsically different38-40.53.54.61n particular, the T3 site in the

T2-depleted form of tree Lc has been shown to lack any O

NI process). According to the frontier molecular orbital (FMO)  '€a@ctivity>~>* Interestingly, although the His ligand conforma-
theory, the reaction is activated by good overlap between the ions are different in the T3 sites of MCOs and Hc/Tyr, our
HOMO of the donor (i.e., the reduced T2 andsT@u’s) and calculations on PI without § resulted in the side-on-bridged

the LUMO of the acceptor (i.e., the peroxidd). At the start geometry that is very similar to those of the oxy-Hc and oxy-

of the process, the two electrons of the donor T2 and&&upy Tyr (Figure 2a). This suggests that the description of the
the a- and -HOMOs of PH-e+H (Figure 9, left), while the trinuclear Cu cluster site must include the additional effects of

unoccupied @ ¢* is at high energy. As the ©0 bond is the second-coordination sphere residues, in particulag, D

elongated, the unoccupied® o* decreases in energy and starts Inclusion of tht=T 4 residue in our mode.ls allows us to obtain
mixing with both the donor T2,d 2 and T3 de_ HOMOs the spectro;:cop!cally relevam@-l,l,z-brldggd PI stru.cture.
(Figure 9, middle). The strong orbital mixing at the transition Recent studies WIFh Fet3p mutants have |mpl|cated f[he |mportant
state represents the efficiency of electron transfer from the donor"!€ of the Dy residue®31-3+3where mutation of this residue

T2 and T3 HOMOs to the acceptor peroxide LUMO, which to the uncharged Ala or Asn residue results in a complete loss
is consistent with the low-energy barrier. of O reactivity while its mutation into the negatively charged

After the transition state, the electrons are fully transferred GlU retains the @reactivity*>*"This suggests that the negative

from the T2 and T3 Cu centers to both O atoms of the peroxide Charge at the B position must induce a unique charge
(i.e., fully oxidizing T2 and TR and fully reducing @), dlstr!k_)unon in the trinuclear Cu cluster sﬂg that is necessary to
completing the G-O bond cleavage (Figure 9, right). As _stablh_ze the PI stru_cture. Our calculatlor_ls show_ thz_;lt the
described previously, the two O atoms becomeuexo and inclusion of the negatively char_gengesuIts in the oxidation
T3 4-OH- bridging ligands in NI that contribute significantly ~ ©f the T2 and Tg centers with the Tg center reduced.

in stabilizing NI structure, providing the thermodynamic driving mportantly, theus-1,1,2-bridged geometry of PI would be
force for the four-electron reduction of,@n the MCOg25.27.28 closely related to the role of the trinuclear Cu cluster active

It is worth mentioning that, while it is necessary to impose site in biology, which is to irreversibly bind £and activate it
IT2T3.T3:0 = |Baal spin configuration to generate the for the second two-electron step in the four-electron reduction

transient-state structures relevant to theé-&PHe+H — NI of Oz to H0. This is in contrast to the role of oxy-Hc with its
process (vide supra), three broken-symmetry states3(] side-on-bridged geometry, which is to reversibly bind and
lafol] and|Baaequally contribute to the ground state of NI, 'élease @

This is due to the favorable super-exchange interactions among _Evaluation of the P+e — NI process using the 2D-PES
all three Cu centers via thes-oxo and T3u-OH- bridging (Figure 7) has provided insight into the rapid—O bond-

ligands upon oxidation of the T2 and A8enters (the second cleavage process in the MCOs. First, the reaction would be

T3 #_OH b”dgl_ng “gand 1S fou_”q nepessary to keep the three (61) Hazes, B.; Magnus, K. A.; Bonaventura, C.; Bonaventura, J.; Dauter, Z.;
exchange coupling constants similar in NI, due to the difference Kalk, K. H.; Hol, W. G. J.Protein Sci.1993 2, 597-619.

The MOs that are involved in the two-electron-O bond-
cleavage process infPe+H — TS, — NI are shown in Figure
9 (a similar description can be applied to thetel— TS; —
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driven by the large thermodynamic driving forc8E = —51
kcal/mol, NI relative to Pte) derived from the stable NI
structure (relative to Pte). The large exothermicity promotes
the low-energy barrier of the ©0 bond-cleavage process,
which was calculated to be5—6 kcal/mol, consistent with the
experimental value of-35 kcal/mol. Moreover, the spin density

Thus, the G-O bond cleavage in MCOs does not intrinsically
require the assistance of the proton, allowing the reaction to
proceed efficiently at high as well as at low pH. In cytochrome
¢ oxidase (CcO), on the other hand, it has been proposed that
protonation of the peroxide by the Tyr residue near the binuclear
heme-Cy active site is necessary prior to the—=O bond

changes along the two possible reaction paths found in the 2D-cleavage to achieve a low-energy barrier to produce the ferryl-
PES (Figure 8) indicate that the two-electron reduction of the oxo-level Ry intermediaté® 68 The distinction between the
peroxide in the ©-O bond cleavage proceeds via a simultaneous heme-Cy site of CcO and the trinuclear Cu cluster site in MCO
two-electron process and not two, sequential one-electron stepslies in the fact that in the MCOs there are three Cu centers

This is consistent with the fact that the driving force of one-
electron transfer from the T2/T3 Cu'E{~ 0.4 V) to peroxide

is low (E® = +0.38 V vs NHE for HO, + H* + &~ — «OH +
H,O at pH 7.0) whereas that of two-electron transfer is high
(E® = +1.35 V vs NHE for HO, + 2H™ 4+ 2e~ — 2H,0 at pH

present that are capable of serving both as the source of electrons
(the reduced Chiand as Lewis acids (the oxidized '§un place

of a H" for the efficient four-electron reduction of,Oln the
binuclear heme-Gusite of CcO, a counterpart of the oxidized
T3g center is not available, and thus;-O bond cleavage would

7.0)82 Notably, this provides complementary evidence in support require a proton to assist lowering the?O ¢* orbital for
of the experimental results that NI is not a three-electron-reducedfavorable donoracceptor FMO interactions.

oxygen intermediate as previously proposed but rather a four-

electron product?.20.63-65

The efficient G-O bond cleavage is also closely related to
the triangular topology of the trinuclear Cu cluster. In the
transition states (i.e., T&nd TS), the triangular arrangement
of the Cu centers allows the accepte?Qos* MO to have strong
o-overlaps with both the donor T2 and 4 8-y MOs (Figure
10) that promote facile two-electron donation and the low
activation barrier. Furthermore, it is worth mentioning that, while
the T3 center does not contribute directly in electron donation
to PI, this positively charged oxidized €ucenter would
contribute in lowering the &~ o* energy. The orbital mixing
of the half-occupied @2 orbital of the oxidized Tg center
and the unoccupied £ ¢* via good c-overlap is, again,

promoted in the trigonal arrangement of the trinuclear Cu cluster

(Figure 10). Consequently, & ¢* character would be present
in the lower-energy half-occupied §3MO, which would
energetically enhance the dor@cceptor interaction with the
reduced T2 and T3MOs. This role of T3 is of particular
importance for the proton-unassisted process.
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In summary we have shown that ©6inds in a fundamentally
different way in the trinuclear Cu cluster relative to the T3 sites
in Hc/Tyr in that it bridges the T2 and T3 Cu’s due to the
presence of by near the T2 site. This likely stabilizes the
peroxide-bound structure against loss of Ohe trinuclear Cu
cluster further promotes cleavage of the-O bond by having
FMOs specifically oriented for overlap with* LUMO of
peroxide and by stabilizing the product of peroxide reduction
through bridging at the trinuclear site in NI.
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