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ABSTRACT: Methane hydroxylation at the dinuclear copper site
of particulate methane monooxygenase (pMMO) is studied by
using density functional theory calculations. The electronic,
structural, and reactivity properties of a possible dinuclear copper
species (u-oxo)(u-hydroxo)Cu""Cu™ are discussed with respect to
the C—H bond activation of methane. We propose that the tyrosine
residue in the second coordination sphere of the dicopper site
donates an H atom to the p-1*:1>-peroxoCu”’Cu” species and the
resultant (u-oxo)(u-hydroxo)CuCu™ species can hydroxylate
methane. This species for methane hydroxylation is more favorable
in reactivity than the bis(u-oxo)Cu™Cu™ species. The H-atom
transfer or proton-coupled electron transfer from the tyrosine
residue can reasonably induce the O—O bond dissociation of the -
n*:-peroxoCu'"Cu" species to form the reactive (u-oxo)(u-
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hydroxo)Cu"Cu™ species, which is expected to be an active species for the conversion of methane to methanol at the
dicopper site of pMMO. The rate-determining step for the methane hydroxylation is the C—H cleavage, which is in good

agreement with experimental KIE values reported so far.

B INTRODUCTION

The biological conversion of methane-to-methanol by methane
monooxygenase (MMO) is an important enzymatic function"?
under mild conditions because the activation of the strong C—
H bond in methane requires high-pressure (40 atm) and high-
temperature (850 °C) conditions in the presence of nickel
catalyst in the industrial two-step methane-methanol produc-
tion via the formation of CO and H,.> The methanotrophic
bacteria use MMO that has two different forms depending on
the level of copper ion in the soil. Under low levels of copper
ion, the cells express only soluble MMO (sMMO) in the
cytoplasm. Above a copper ion concentration >4 uM, the cells
switch to use a membrane protein, particulate MMO (pMMO).
The two enzymatic systems show significant differences in their
structures and in their metal active sites. In sSsMMO, methane
hydroxylation is performed at a diiron active site,* and a large
number of studies have been performed on the function of the
active site of sMMO using various spectroscopic measurements.
From quantum chemical calculations, nonradical,® radical,®’
and nonsynchronous concerted® mechanisms have been
proposed for methane hydroxylation by sMMO. In contrast,
little is known about the structure of the protein environment
and the location of copper active sites of pMMO, a multi
copper protein.” "' In 2005 Lieberman and Rosenzweig''®
reported an X-ray crystal structural analysis of pMMO at 2.8 A
resolution. Their excellent work revealed that pMMO consists
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of three subunits of pmoA, pmoB, and pmoC. This analysis has
identified three different metal centers in pMMO. The pmoB
subunit contains a mononuclear copper site and a dinuclear
copper site. Between pmoA and pmoC, a monozinc site is
located 19 A apart from the dicopper site and 32 A apart from
the monocopper site. Since zinc is contained in the
crystallization buffer used and not detected in X-ray absorption
spectroscopy (XAS) measurements,'> this site is considered to
be occupied by a different metal ion such as iron or copper in
vivo. The involvement of nonheme iron for methane
hydroxylation by pMMO has been discussed so far;'® for
example, on the basis of Mdssbauer spectroscopy, Miinck and
co-workers"** reported that pMMO should contain a dinuclear
iron species. Chan and co-workers'* proposed an active site
that is composed of a trinuclear Cu"Cu"Cu" cluster based on
results of X-ray adsorption edge and electron spin resonance
spectroscopic experiments. They suggested that the active site
of the X-ray crystal structure might be incomplete, for example,
missing a copper ion, and the active form of the enzyme can be
significantly different from the X-ray structure that does not
display any enzymatic activity. Recently Chan and co-workers
reported that two trinuclear synthetic complexes can actually
oxidize methane.'*® The identity of the metals in the active site
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has been discussed as being about different metals like Cu'M*

and Fe."? Rosenzweig and co-workers recently reported that the
activity of pMMO is dependent on copper, not on iron, and
that the copper active site is located in the soluble domains of
the pmoB subunit at the site of the crystallographic dicopper
center."

By means of quantum chemical calculations,*'*'” mono-,
di-, and tri-copper models have been analyzed for the active site
of pMMO. Chen and Chan'” predicted that a trinuclear
Cu''Cu""Cu™ complex offers the most facile pathway for
methane hydroxylation with a low activation energy. We have
previously investigated the reaction pathway and its energetics
for the direct methane-methanol conversion by a series of first-
row transition-metal oxide species (from Sc to Cu) using the
density functional theory (DFT) approach.'® The FeO" species
that is formed from the reaction between Fe* and N,O is of
great interest in considering the catalytic mechanism because it
is the simplest oxidation catalyst for the conversion of methane
to methanol in the gas phase. DFT calculations suggest that late
transition-metal oxides especially FeO*, NiO*, and CuO", in
which the metal centers are formally +3 in charge, are highly
reactive to methane, which is fully consistent with the
experimental observations.'® These reactions involve one or
two spin-crossover regions between the high-spin state and the
low-spin state in the reaction energy profiles. On the basis of
the X-ray crystal structure (1YEW),"'* we constructed reaction
models for the monocopper and dicopper sites.'® Our
calculations suggested that the formation of a dicopper active
species is favored from an energetic point of view.

Rosenzweig and co-workers reported that the dicopper site
of pMMO should play an essential role in methane
hydroxylation.""'* Their activity data indicate the pMMO
copper active site to be located within pmoB and rule out the
possibility of the active site being a diiron center located at the
crystallographic zinc site or a trinuclear copper center possibly
located at the intramembrane hydrophilic patch. Although the
real active site of pMMO is quite controversial, the dicopper
site is a most likely candidate. However, there remains an open
question about what kind of [Cu,O,]™ species can activate
methane at the dicopper site. Typical dicopper-oxo species
referred to here are shown in Scheme 1. Although the real
active species for methane hydroxylation has not yet been
experimentally identified, we previously proposed that a bis(u-
ox0)Cu""Cu™ species is a possible candidate for the enzymatic
methane oxidation.**'® Karlin and co-workers® also pointed
out that a mixed-valent Cu"Cu™ bis-oxo (or oxo-hydroxo)
complex would be an important synthetic target for model
study in copper—oxygen chemistry. In a recent spectroscopic/
computational study on methane oxidation catalyzed by Cu-
ZSM-S zeolite, Solomon, Schoonheydt, and co-workers
demonstrated that a (u-oxo)Cu"'Cu" species should be an
oxygenating agent.”’ Inspired by methane oxidation by Cu-
ZSM.-S, they proposed that the (u-oxo)Cu""Cu" species is also a
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key species for the enzymatic methane oxidation by pMMO.
Yumura et al. reported the electronic structures of dioxygen at a
possible dicopper site of Cu-ZSM-5,* suggesting that the
spatial constraint from the ZSM-S framework has a strong
impact on the energy profile of dioxygen activation by Cu-
ZSM-S. A number of structural and spectroscopic data about
model complexes™ >° suggest that dicopper species can be
responsible for the activation of dioxygen and the oxidation of
substrate. To address this question, we would like to revisit the
reactivity of the dicopper active species to methane. In the
present study we consider the reactivity of a dicopper species of
(u-oxo0) (u-hydroxo) Cu""Cu™, which can be derived from H-
atom migration or proton-coupled electron transfer associated
with a tyrosine residue in the second coordination sphere of the
dicopper site of pMMO.

B COMPUTATIONAL METHOD

The B3LYP method®® has been widely used for the simulation of
various catalytic and enzymatic reactions; however, it tends to
overestimate the spin-state splitting.”” This might be a serious
shortcoming in the present work since the relative energy of
intermediates with different spin states is a crucial question for
discussing transition-metal catalyzed reactions. To avoid this problem,
we used a newly garametrized version of B3LYP developed by Reiher
and co-workers:”’ the B3LYP* functional with 15% Hartree—Fock
exchange instead of 20% in the B3LYP functional. The B3LYP* hybrid
functional was specifically developed for the calculation of accurate
spin-state splitting while keeping the accuracy of the B3LYP method
for other calculated parameters. We used the (16s10p6d) primitive set
of Wachters—Hay supplemented with one polarization f-function (a =
1.44 for Cu)*® for the Cu atoms and the D95** basis set® for the H,
C, and O atoms. The program we used is Gaussian 09.>° We used the
His33, Glu3$, His137, His139, and Tyr374 residues in the dicopper
model and performed restrained optimizations while constraining the
Ca atoms of the Glu3S, His137, His139, and Tyr374 residues to their
positions in the crystal structure. This constraint method is useful to
reproduce the rigidity of the active site that involves some residues at
the second coordination sphere. After geometry optimizations,
vibrational analyses were performed for the estimation of Gibbs free
energies including zero-point vibrational energies and thermal
corrections at 298.15 K.

B RESULTS AND DISCUSSION

Computational Model of the Dicopper Active Site.
The X-ray structure of the dicopper site in the pmoB subunit is
shown in Figure la.'' In the previous studies we proposed a
possible Cu'Cu' peroxo species,'® shown in Figure 1b, as a
model of this active site. The Cu'Cu"' peroxo species is assumed
to be formed from the original reduced Cu'Cu' state after the
addition of an oxygen molecule and the transfer of one
electron. We assumed that Glu3$ should coordinate to one of
the copper ions, as shown in Figure 1b. Acetate is used as a
model of the Glu3S residue, and imidazole molecules as a
model of the three His residues. In the present study we
consider a peroxo species with the Cu""Cu" oxidation state
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Figure 1. (a) X-ray structure of the dicopper site in the pmoB subunit
of pMMO'"® and com;mtational models of the active site: (b) a
Cu'Cu" peroxo species % and (c) a Cu"Cu" peroxo species (this
work). Distances are in angstrom (A). The C-ar atoms indicated by
asterisk in the Glu3S, His137, His139, and Tyr374 residues are
constrained to their positions in the crystal structure. The N-terminus
of His33 is not constrained.

His137
HN

Cu1-Cu2 2,590

Cu1-N(His139) 2.129
Cu1-N{His137) 1.808
Cul-O(Tyr374) 5.368

Cul-N{His139) 2.129
CuR-N{His33) 1.813
Cu2-N{His139) 2.322
Cu1-0(Glu3s) 4.383

containing one Tyr residue, one Glu residue, and three His
residues, as shown in Figure 1c. Here we focus on the role of
the Tyr374 residue outside the first coordination sphere of the
dicopper site. Although the Tyr374 residue in IYEW''® is not
structurally conserved in pMMOs from Methylosinus trichospo-
rium OB3b (3CHX)''® and Methylocystis sp. strain M
(3RFR),"'? the two pMMOs contain tyrosine residues
(Tyr352 and Tyr341) near the dicopper active site,
respectively. The tyrosine residues of 3CHX and 3RFR are
likely to work in the catalysis in a similarly way to Tyr374 of
1YEW. Our discussion about the involvement of Tyr374 in the
reactivity would be also applicable in other pMMOs.

We previously reported that the H-atom transfer from
tyrosine to the side-on peroxo species of tyrosinase, which leads
to the formation of a (u-oxo)(u-hydroxo)Cu"Cu™ species,
plays an imgortant role in the oxidation of tyrosine to
dopaquinone.®® The H-atom transfer effectively initiates the
cleavage of the peroxo O—O bond, which is an essential process
in oxygenation enzymes using O, as an oxidant, and
significantly increases the reactivity of the resultant (u-
ox0) (u-hydroxo) Cu"Cu™ species. On the basis of the proposed
mechanism of tyrosinase, we considered a similar H-atom
transfer to initiate the O—O bond cleavage, which leads to the
formation of the active (u-oxo)(u-hydroxo)Cu"Cu™ species in
pMMO. In the present work we set up a cluster model of the
enzyme active center of 1YEW to look at the reactivity of the
possible dicopper species. Using a cluster model by
constraining C-a atoms to crystallographic coordinates is one
way of looking at the reactivity of enzyme active sites and has
been widely used. The C-a atoms of the Glu35, Hisl37,
His139, and Tyr374 residues are fixed to their positions in the
crystal structure. Although the present DFT calculations do not
explicitly include protein environmental effects, this approach
can reasonably describe the reaction between active site and
substrate. The N-terminus of the His33 residue is not
constrained. The terminal histidine acts as a bidentate ligand
to a copper atom in the dicopper site of pMMO; the Cu—N
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bond remains almost unchanged during the oxidation reaction
in the DFT calculations. Mononuclear copper enzymes>> also
contain this kind of terminal histidine as a ligand at the copper
active site.

Electronic Structures of Possible Intermediates. We
show in Figure 2 optimized structures and free enthalpies of the
Cu'Cu' (RED), u-n*:n*-peroxoCu’'Cu’ (PO), u-n':n*-hydro-
peroxoCu'Cu" (HPO), bis(u-oxo)Cu™Cu™ (BMO), and (u-
ox0) (u-hydroxo)Cu"Cu™ (OHO) intermediates in a proposed
reaction mechanism. The reduced form of the enzyme model is
RED, which is a diamagnetic Cu'Cu' species corresponding to a
pair of d'® (closed-shell) ions. Although the X-ray crystal
structure and EXAFS analyses demonstrated the Cu—Cu
distance to be 2.6 A in 1YEW,'" the present DFT results are
not in good agreement with the experimental observations. A
computed Cu—Cu distance in the possible starting Cu'Cu’ state
is 3.632 A. A possible reason for this long Cu—Cu distance in
the Cu'Cu' state would be a Coulomb repulsion between the
two Cu' ions. However, experimental observations are not fully
consistent about the Cu—Cu distance of the dicopper site. For
example, it is 3.127 A in 3CHX, 2.709 A in 3RFR, and 2.666 A
in 3RGB."'*! By inserting a dioxygen molecule, PO is formed
in either a triplet or an open-shell singlet spin state
corresponding to ferromagnetically and antiferromagnetically
coupled Cu" (d”) ions, respectively. Calculated energies of PO
in the triplet state and the singlet state are 3.3 and 2.9 kcal/mol,
respectively, relative to the dissociation limit of RED and O,.
Thus, the oxygen insertion can easily occur in RED. The four
Cu—O bond distances range from 1.96 to 2.09 in the Cu,O,
core. The Cu—Cu distance of 3.385 A in PO is shorter than the
Cu—Cu of 3.632 A in RED. The short Cu—Or,, distance, 2.217
A, indicates that the tyrosine residue is a part of the first
coordination sphere of the copper atom in PO. In synthetic
model studies the Cu—Cu distance of u-1*:1*-peroxoCu’'Cu"
complexes is 3.5 A in general and the Cu,O, core is planar in
structure.®® In contrast, the short Cu—Cu distance in
intermediate PO can lead to the formation of a bent-butterfly
structure in the Cu,O, core. We could not obtain a planar
structure for the peroxo species in the DFT calculations at the
B3LYP* level of theory; the bent-butterfly structure is
energeticallzr more favorable in this peroxo species. Karlin and
co-workers*>* demonstrated from X-ray absorption and Raman
spectroscopy that a peroxide-bridged dicopper core [Cu,(u-
*:1*(0,))]*" shows a bent-butterfly structure. According to
the orbital interaction analysis,”** the next highest occupied
molecular orbital (HOMO) of the planar structure involves a
nonbonding interaction between the two Cu d,>_; orbitals and
the out-of-plane peroxide (z*,) orbital; this orbital is
significantly stabilized in energy in the butterfly structure
because of the increased interaction between the two Cu d2_p
orbitals and the peroxide z#*, orbital. Thus, our DFT result
about the butterfly structure is in good agreement with their
spectroscopic and orbital interaction studies on the [Cu,(u-
n*n*(0,))]** core. The calculated O—O bond distance of
1424 A is in reasonable agreement with the available
experimental values for peroxo-metal complexes, and it is, of
course, longer than the 1.207 A of the O—O double bond in the
dioxygen molecule. The cleavage of the O—O bond in PO leads
to the formation of BMO. As a result, the O—O distance
increases from 1.424 A in PO to 2.317 A and the Cu—Cu
distance decreases to 2.752 A in BMO. The Cu—Op,, distance
increases from 2.217 A in PO to 2.639 A in BMO, indicating
the lack of a strong coordination bond to the Tyr residue.

dx.doi.org/10.1021/ic400417d | Inorg. Chem. 2013, 52, 7907—7917



Inorganic Chemistry

1.880 .
T 1.801
y\}(
¥

]

RED

BMO

L Cu-Cu27s2
0-02317 Cu—-Cu 2.862
Cu-Ory, 2.639 0-0 2412

OHO Cu-Ory, 2.697

PO

Figure 2. Optimized structures and computed energies of Cu'Cu' (RED), u-1*:n>-peroxoCu"Cu" (PO), u-n":17*-hydroperoxoCu'Cu" (HPO), bis(u-
ox0)Cu'Cu™ (BMO), and (pt-oxo0)(u-hydroxo) Cu''Cu™ (OHO) in the triplet state. The values are corrected by zero-point vibrational energies and
Gibbs free energies. The values in parentheses are energies in the singlet state. Units are in kcal/mol and A.

In the singlet state the energy difference between BMO and
PO, the O—O bond dissociation step, is 8.3 kcal/mol. In our
previous calculations on a different model of (Cu,O,)-
(acetate),(imid);, the energy difference was 14.7 kcal/mol.
Cramer et al.** reported the bis(u-ox0)CuCu™ species to be
8.3 kcal/mol at the BLYP/TZP level and 27.3 kcal/mol at the
B3LYP/TZP level above the peroxoCu"Cu" species using a
small model of (Cu,0,)(imid)4 in the singlet state. Although
the corresponding energy difference strongly depends on DFT
functionals used and ligands in dicopper models, these DFT
analyses clearly indicate that the bis(u-oxo)Cu™Cu™ species
tends to have higher free enthalpy than the corresponding p-
n*:n*-peroxoCu”"Cu' species. According to the CASPT2
calculation of Flock and Pierloot,® the bis(u-oxo)Cu™Cu™
species is 12.7 kcal/mol more stable than the p-n#n’-
peroxoCu''Cu" species using a simple model of (Cu,0,)-
(NH;)g in contrast to the DFT results. Gherman and
Cramer®* suggested that the latter calculations are not correct,
because of an error in the second-order perturbation (PT2)
correction.

Other DFT analyses as well as our B3LYP* results
demonstrate that the bis(u-oxo)Cu™Cu™ species tends to
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have higher free enthalpy than the corresponding u-n*n*
peroxoCu''Cu'! species. Liakos and Neese®® reported that only
at a high level of theory involving complete basis set
extrapolation, triple excitation contributions, relativistic effects,
and solvent effects, the bis(u-oxo)Cu™Cu™ structure is found
to be slightly more stable than the peroxo structure. In
summary, the reasonable estimation of the energy difference
between the bis(u-oxo)Cu™Cu'™ species and the p-n*n*
peroxoCu"Cu" species has been a challenging target of
theoretical chemistry for a long time. The energy difference is
not readily assessed by DFT calculations. In a previous study,>”
we showed that the p-n*:n*-peroxoCu”"Cu" species is able to
abstract an H atom from tyrosine to form a hydro-
peroxoCu'Cu" species with a very low activation barrier. On
the basis of this result, we propose here that the possible H-
atom transfer from Tyr374 to the u-n*:n*-peroxoCu"Cu"
species can lead to the formation of the (u-oxo)(u-hydroxo)-
Cu"Cu™ intermediate, the reactivity of which is our main
interest in this work.

The cleavage of the Or,-H bond in PO leads to the
formation of HPO, a p-i7*:5>-hydroperoxo Cu'Cu" species with
a phenoxyl radical and a protonated peroxo ligand. One of the

dx.doi.org/10.1021/ic400417d | Inorg. Chem. 2013, 52, 7907—7917
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Table 1. Calculated Mulliken Spin Populations (Atomic Charges) in the Cu,O, Core

Cu(f)
spin state (8%)° Cu(1)
RED singlet” 0.000 0.00 (0.51)
PO triplet 2.000 0.40 (0.32)
PO singlet? 0.040 0.40 (0.32)
BMO singlet” 0.000 0.00 (0.28)
HPO triplet 2,000 0.03 (0.14)
HPO singlet” 0.196 0.03 (0.14)
OHO triplet 2.003 0.53 (0.33)
OHO singlet? 0.446 0.53(0.33)

o(1),

0(2)

Cu(2)
Cu(2) 0o(1) 0(2)

0.00 (0.48)
0.47 (0.39) 0.45 (—0.23) 0.42 (—0.25)
—0.47 (0.39) 0.06 (—0.24) 0.07 (=0.26)
0.00 (0.39) 0.00 (—0.43) 0.00 (—0.51)
0.41 (0.30) 0.24 (—0.38) 0.23 (=0.36)
0.40 (0.30) 0.23 (—0.38) 0.22 (—0.36)
—0.07 (0.34) 0.13(-0.17)¢ 0.32 (—0.54)
—0.07(0.34) 0.13(-0.17)¢ 0.32 (—0.54)

“Closed-shell singlet. “Open-shell singlet. °(S?) after annihilation. “Hydroxo oxygen.

Cu—O bond distances increases from 2.018 A to 3.109 A,
whereas the O—O bond distance and the three other Cu—O
bond distances remain unchanged. The Oc,-H and Og,-H
bond distances are 1.375 and 1.099 A, respectively. Although
the H atom derived from the tyrosine residue is shared by the
Cu,0, and glutamate moieties, HPO can be viewed as a y-
n':-peroxoCu'Cu” form rather than a u-n':7*-hydroperox-
oCu'Cu" form because of the long OH distance (1.375 A). The
H radical species generated by the homolytic cleavage of the
H—Ox,, bond gives rise to a simultaneous electron and proton
transfer. As a result, the Cu,O, core and the Glu moiety work
as an electron acceptor and a proton acceptor, respectively. The
energy difference between PO and HPO is only 1.4 kcal/mol in
the triplet state and 1.1 kcal/mol in the open-shell single state,
while the calculated energy of BMO is 8.3 kcal/mol higher than
PO in the singlet state. Thus, the formation of HPO species is
energetically favored.

In addition to the homolytic Or,-H bond dissociation, the
O—0 bond dissociation easily occurs in HPO concomitant
with the formation of oxo and hydroxo bridges, resulting in the
formation of the (u-oxo)(u-hydroxo)Cu"Cu™ species, OHO.
After dioxygen insertion, the Cu—Ory, distance is decreased to
2217 A in PO and 2.352 A in HPO, as shown in Figure 2. The
tyrosine residue in the peroxo species can interact with the
Cu, O, core as an H-atom donor. This mechanism is possible in
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PMMO because Tyr374 is located in the second coordination
sphere of the dicopper site. In fact, the Cu—Opr,, distance in the
X-ray structural analysis before dioxygen insertion (RED in our
notation) is about 5 A in 1YEW, 3RFR, and 3RGB and 8 A in
3CHX."" From this computational result we suggest that this
highly reactive dicopper species can be formed if the phenol
moiety of the Tyr374 residue accesses the dicopper site in the
coordination environment. The longest Cu—O distance in the
diamond core is remarkably decreased to 1.967 A in OHO
from 3.109 A in HPO, and the O—O and Cu—Cu distances are
2.412 and 2.862 A, respectively. In OHO, the bridging hydroxo
ligand forms two Cu—O bonds of 1.967 and 1.835 A. The
bridging oxo ion, which can abstract a hydrogen atom from
methane, has two Cu—O bonds of 1.885 and 1.803 A. The Oc,-
H and Og,-H distances change from 1.375 and 1.099 A in
HPO to 1.041 and 1.497 in OHO, respectively, which indicates
the migration of the H atom to the oxygen atom of the Cu,0,
moiety. A calculated energy of OHO is —6.9 kcal/mol, which
makes it the most stable copper species among the calculated
species, PO, BMO, HPO, and OHO. The electron transfer to
the Cu,O, moiety in PO induces the O—O bond activation to
form the stable y-oxo complex via HPO because BMO lies 11.2
kcal/mol above HPO. Computed energies of BMO and OHO
at the B3LYP* level suggest that electron transfer and
protonation induce the O—O bond dissociation. Scheme 2

dx.doi.org/10.1021/ic400417d | Inorg. Chem. 2013, 52, 7907-7917
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Figure 3. Molecular orbitals from a-173 to 177 in (a) BMO of the singlet state and (b) OHO of the triplet state.

indicates possible O—O bond activation pathways of pMMO The spin density distribution clearly reflects the electronic
and cytochrome P450.%” These pathways involve a dissociative features and bonding along the reaction pathway from PO to
activation initiated by protonation, which is widely believed to OHO. Calculated spin densities of PO at the Cu(1), Cu(2),
occur in metalloenzymes in general. Considering the changes in O(1), and O(2) atoms are 0.40, 0.47, 0.45, and 0.42,

the electronic structures of the Cu,O, moiety of pMMO, a respectively, in the triplet state, and 0.40, —0.47, 0.06, and
plausible pathway for the formation of OHO proceeds in the 0.07, respectively, in the open-shell singlet state. The triplet and
order of dioxygen insertion and one-electron transfer followed singlet states correspond to the ferromagnetically and
by protonation. Without electron transfer and protonation, the antiferromagnetically coupled d° electronic configurations,
O—-0 bond dissociation would be an energetically unfavorable respectively. The closed-shell singlet state is the ground state
process. in BMO with no spin density in the Cu,O, moiety. This

To monitor the electronic structure of the dioxygen molecule Mulliken population analysis indicates that the formal charges
along the reaction, we calculated the Mulliken populations (Mulliken atomic charges) of the Cu(1) and Cu(2) atoms are
(spin and charge) for all the steps, as summarized in Table 1. +2 (0.32) and +2 (0.39) in PO and +3 (0.28) and +3 (0.39) in
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Figure 4. Energy diagram for methane hydroxylation with relative energies (triplet state) calculated from the dissociation limit of OHO + CH,,. The
values are corrected by zero-point vibrational energies and Gibbs free energies. The values in parentheses are energies in the singlet state. Units are in

kecal/mol and A.

BMO, respectively. The Mulliken atomic charges are less
effective in assigning the oxidation state of Cu in the Cu,0O,
species compared to the Mulliken atomic spin densities in
general. In the triplet state calculated spin densities of HPO at
the Cu(1), Cu(2), O(1), and O(2) atoms are 0.03, 0.41, 0.24,
and 0.23, respectively. The spin density of 0.24 at the O(1)
atom, instead of 0.0, indicates that the bonding between the
O(1) atom and the shared H atom is weak, which is consistent
with the long H—O(1) distance of 1.375 A. Considering that
the total amount of spin densities in the Cu,O, moiety is
decreased to 0.91 in HPO from 1.74 in PO, the formal charges
of the Cu(1) and Cu(2) atoms are +1 and +2 in HPO. In the
open-shell singlet state, the Mulliken spin densities are identical
to the corresponding values of the triplet state, with the
exception of the phenoxyl radical. These results show that the
electronic configurations of HPO in the triplet and singlet
states correspond to the ferromagnetically and antiferromag-
netically coupled pairs of the u-n'ip*-peroxo Cu'Cu" species
and the phenoxyl radical, respectively. The O—O bond
dissociation increases the formal charges of Cu(1) and Cu(2)
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atoms because of the oxidation process. Since calculated spin
densities of the Cu(1) and Cu(2) atoms are 0.53 and —0.07,
respectively, the formal charges of the Cu(1) and Cu(2) atoms
can be assigned to be +2 and +3 in OHO. The H-atom
migration to the O(1) atom decreases the spin density to form
a closed-shell configuration. The (u-oxo)(u-hydroxo)Cu"'Cu™
species is essentially viewed as a doublet species because the
tyrosyl radical is only weakly coupled. Since the total spin
density remains unchanged in OHO, the O(2) atom spin
density increases to 0.32 in OHO from 023 in HPO.
Intermediate OHO has a large spin density in the oxo-bridge
compared to HPO. At the same time, the H-atom migration
occurring in the PO species is responsible for the formation of
OHO, which is 10.2 kcal/mol below the energy of PO.
Therefore we expect that OHO, which involves a tyrosine
residue at the second coordination sphere, is a good initiator for
the active species for methane hydroxylation.

The different reactivity of BMO and OHO can be
understood if we take a look at the molecular orbitals from
173 to 177 in (a) BMO of the singlet state and (b) OHO of the
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Table 2. Relative Energies for Methane Oxidation by Dicopper Species at the B3LYP* Level

species AG(Ox0)*
bis(u-oxo) Cu™'Cu™ 7.9
bis(u-oxo)Cu'Cu'™ 2.5
(u-o0x0) (-hydroxo) Cu''Cu™ -10.2

AGH(TS1)® AGH(TS2)° AG(3-1)7
9.5 24.0 —54.0
142 25.0 —453
16.1 10.6 -29.7

“AG(Ox0) = G(Peroxo) — G(Oxo). “The activation free energy (AG¥) of TS1. “The activation free energy (AG*) of TS2. 9Relative energies of 3

measured from reaction species.

triplet state, as shown in Figure 3. In BMO the LUMO(176)
and LUMO+1(177) correspond to the mixture of the de_y
orbitals in the two Cu atoms and the p orbitals in the two
bridging O atoms. The electronic structure of the Cu,O, core
explains that the bis(u-oxo)Cu™Cu™ species has high affinity
for an electron and low reactivity toward methane as it is
generally known. Both unoccupied orbitals are Cu—O
antibonding orbitals. When an electron in BMO transfers
from the HOMO(175) to the LUMO(176) resulting in the
SOMO(175) of OHO, this orbital would play a role in the C—
H bond dissociation of methane. The resultant electronic
structure is expected to have large spin density on the bridging
oxygen atom so as to promote the C—H bond dissociation of
methane. The HOMO-1(174) and HOMO(175) mainly come
from the benzene ring of the tyrosine residue, and thus tyrosine
residue is spatially a reactive species compared to the Cu,O,
core. The HOMO-2(173) is localized on the Glu moiety. In
OHO the SOMO(175), SOMO(176), and LUMO(177) are
localized in the d,>_ orbital of the Cu(2) atom, the phenoxyl
radical of tyrosine moiety, and d,>_;* orbital of the Cu(1) atom,
respectively. This is fully consistent with the picture that the
spin carriers are the Cu(1) atom and the phenoxyl radical. In
contrast, the Cu(2) atom corresponding to the valence of +3 in
the d® system has no spin density. The doubly occupied orbitals
of the SOMO-1(174) and SOMO-2(173) are found in the
glutamate ligand and the bridging oxygen atoms. The SOMO-
2(173) involves the nonbonding p, orbital of the oxygen bridge
atoms. Since the o¢* orbital of the Cu—O bond in the
SOMO(175) plays an important role in the H-atom abstraction
from methane compared to the nonbonding p, orbital, the
equatorial position of the Cu,O, core is more reactive
compared to the axial position.

Hydroxylation of Methane by (u-oxo)(u-hydroxo)-
Cu"Cu™. In previous studies,**' we concluded that the peroxo
species and the bis(u-oxo)Cu™Cu™ species have no direct
ability to activate methane, while the bis(u-oxo)Cu"Cu™
species can react with methane to activate the inert C—H
bond methane. The reactions of the bis(u-oxo)Cu"Cu™ species
and the bis(u-oxo)Cu™Cu™ species with methane were
discussed in detail in previous papers.se’16 Here, let us take a
look at the reactivity of the (u-oxo)(u-hydroxo)Cu"Cu™
species with respect to the hydroxylation of methane. Figure
4 shows computed energy diagrams along the reaction pathway
starting from the dissociation limit (OHO and methane) to the
methanol complex 3 that involves a tyrosine radical, a methanol
ligand, and a (u-hydroxo)Cu'Cu" species in the triplet and
singlet states. Since the reaction system retains a stable
phenoxyl radical and an unpaired electron in the Cu,0, moiety
during the methane oxidation, we have considered the two spin
states corresponding to the ferromagnetically and the
antiferromagnetically coupled unpaired spins. The energy
difference between the two spin states is small during the
reaction pathway; therefore the energy profiles based on the
two spin states are essentially identical. To avoid duplication of

description, we refer to only the energies of the triplet state.
The hydroxylation of methane by OHO starts with the
formation of a methane complex (1). The first transition state
(TS1) leads to the C—H bond dissociation of methane. A
calculated activation energy of TS1 is 16.1 kcal/mol relative to
1. Compared with the bond dissociation energy of methane of
about 104 kcal/mol, this activation is small enough for an
enzymatic reaction that occurs under physiological conditions.
The C—H bond dissociation of methane changes the O(—2)
ligand and the neutral methane into the OH(—1) ligand and
the CH;(—1) ligand. Thus, the oxidation state of the dicopper
site remains unchanged. The H-atom abstraction forms a
methyl intermediate; no radical species is formed in this
mechanism. This mechanistic proposal would be consistent
with the experimental observation®® that chiral ethane
hydroxylation by pMMO from Methylococcus capsulatus
(Bath) exhibits negligible racemization.

The energy diagram connects the methyl intermediate (2)
and the methanol complex (3) via the second transition state
(TS2) in the C—O bond formation step. A calculated activation
energy for TS2 is 10.6 kcal/mol relative to 2. Since the
calculated activation energy of TS2 is lower than that of TS1,
the rate-determining step is the C—H bond dissociation in the
methane hydroxylation. These calculated activation barriers are
consistent with experimental KIE (ky/kp) values of 5.2—5.5 at
30 °C in ethane hydroxylation by pMMO.*®

Finally, we would like to look at the energy profiles for the
methane hydroxylation by possible dicopper species. Table 2
lists computed formation energies of the active oxo species
from the corresponding peroxo species and hydroperoxo
species, activation free energies for the C—H cleavage (TS1)
and rebound (TS2) steps, and total reaction energies of the
methane hydroxylation. Calculated relative energies of the
methanol complex 3 measured from the methane complex
(AG(3-1)) are —54.0, —45.3, and —29.7 kcal/mol for the bis(u-
ox0)Cu™Cu"™, bis(u-ox0)Cu''Cu', and (u-oxo)(u-hydroxo)-
Cu"Cu™ species, respectively. Therefore the methane hydrox-
ylation catalyzed by the three dicopper species is all exothermic.
However, the p-n:n*-peroxoCu”Cu” species and the bis(u-
ox0)Cu"Cu™ species have no reactivity to the C—H activation
of methane, as mentioned earlier. We previously suggested that
two active species are able to carry out methane hydroxylation;
one is the bis(u-oxo)CuCu™ speciesse’16 derived from the p-
n*:n*-peroxoCu'Cu species and another is the single-bridged
(u-0x0)Cu"Cu™ species'® derived from the dissociation of
one Cu—O bond in the bis(u-oxo) Cu™Cu™ species. The Cu—
O moiety is a highly reactive species and considered as a good
oxygen donor.**~* However, since the dissociation of one
Cu—O bond in the bis(u-oxo)Cu™Cu™ species requires more
than 21 kcal/mol relative to the y-n*n*-peroxoCu"Cu" species,
the single-bridged (u-oxo)Cu"Cu™ species would be thermally
not accessible under physiological conditions. In contrast, the
formations of the bis(u-oxo)Cu"Cu™ species and the (u-
oxo) (u-hydroxo)Cu"Cu™ species require lower AG(Oxo)
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values of 2.5 and —10.2 kcal/mol, respectively. Calculated
activation energies for the C—H bond activation, AG*(TS1),
are 9.5 kcal/mol, 14.2 kcal/mol, and 16.1 kcal/mol for the (u-
ox0)Cu""Cu", bis(u-oxo)Cu'"Cu', and (u-oxo)(u-hydroxo)-
Cu"Cu' species, respectively. Thus, these dicopper centers can
activate the strong C—H bond of methane. However, the
single-bridged (u-oxo)Cu"Cu™ species should not be formed
under physiological conditions, as mentioned above. Calculated
AG*(TS2) values, which correspond to the rebound step, for
the bis(u-oxo)Cu''Cu™ species and the (u-oxo)(u-hydroxo)-
Cu""Cu™ species are 25.0 and 10.6 kcal/mol, respectively. The
AG*(TS2) value of 10.6 kcal/mol for the (y-oxo)(u-hydroxo)-
Cu"Cu™ species is lower than the AG*(TS1) value of 16.1
kcal/mol, which is fully consistent with the observed KIE values
suggesting that the C—H cleavage of methane is the rate-
determining step. As a result, only the calculated reaction
profile with (u-oxo)(u-hydroxo)Cu"Cu™ species as an
intermediate (Figure 4) is likely to be consistent with the
experimental findings. In this mechanism, the tyrosine residue
in the second coordination sphere of the dicopper site should
play an essential role in the formation of the active species to
react with methane in the pMMO enzyme.

B CONCLUSIONS

We have investigated the reactivity of the (y-oxo0)(p-hydroxo)-
Cu""Cu"-type active species of pMMO by turning our attention
to the role of the tyrosine residue in the second coordination
sphere of the dicopper site in the oxygen activation process on
the basis of the H-atom migration from tyrosine substrate
proposed for the oxidation of tyrosine to dopaquinone.®” In our
previous studies,*'® we reported that based on DFT
calculations the bis(u-oxo)Cu"Cu'™ species can activate
methane in contrast to the bis(u-oxo)Cu™Cu™ species. We
concluded that the acceptance of one electron by the Cu,0,
core is important to the methane activation by pMMO. The H-
atom transfer discussed in the present work is equivalent of the
transfer of electron and proton to the bis(u-oxo)Cu'Cu™
species; the (u-ox0)(u-hydroxo)Cu"Cu™ species as well as the
bis(u-ox0)Cu""Cu'™ species shows high reactivity to methane.
We propose that the H-atom transfer is responsible for the O—
O bond activation and the formation of the (u-oxo)(u-
hydroxo)Cu"Cu' species in pMMO. Since the energy of the
(u-ox0) (u-hydroxo) Cu"Cu™ species is —10.2 kcal/mol relative
to the corresponding hydroperoxo species, the occurrence of
the oxo-hydroxo form is energetically favored. DFT calculations
demonstrated that the conversion of methane to methanol
takes place in a two-step manner. The first transition state that
leads to the C—H bond dissociation of methane requires an
activation energy of 16.1 kcal/mol relative to the reactant
complex. This H-atom abstraction results in the formation of a
methyl intermediate without a radical species. The second
transition state leads to the C—O bond formation, which is the
so-called oxygen-rebound step in bioinorganic chemistry. The
energy of the second transition state is 10.6 kcal/mol measured
from the methyl intermediate. Since the second activation
barrier is lower than the first one, the rate-determining step is
likely to be the C—H bond dissociation step in the methane
hydroxylation. Finally we propose that the enzymatic function
will be lost if the tyrosine residue is mutated. More detailed
studies on how the protein environment may shift the stability
of the various Cu—Cu species and how it may influence the
availability of different reaction pathways are in progress.
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