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Abstract: Methane hydroxylation at the mononuclear and dinuclear copper sites of pMMO is discussed
using quantum mechanical and QM/MM calculations. Possible mechanisms are proposed with respect to
the formation of reactive copper—oxo and how they activate methane. Dioxygen is incorporated into the
Cu' species to give a Cu''—superoxo species, followed by an H-atom transfer from a tyrosine residue near
the monocopper active site. A resultant Cu'"—hydroperoxo species is next transformed into a Cu'"'—oxo
species and a water molecule by the abstraction of an H-atom from another tyrosine residue. This process
is accessible in energy under physiological conditions. Dioxygen is also incorporated into the dicopper site
to form a (u-n%n?-peroxo)dicopper species, which is then transformed into a bis(u-oxo)dicopper species.
The formation of this species is more favorable in energy than that of the monocopper—oxo species. The
reactivity of the Cu'"'—oxo species is sufficient for the conversion of methane to methanol if it is formed in
the protein environment. Since the o* orbital localized in the Cu—0O bond region is singly occupied in the
triplet state, this orbital plays a role in the homolytic cleavage of a C—H bond of methane. The reactivity
of the bis(u-oxo)dicopper species is also sufficient for the conversion of methane to methanol. The mixed-
valent bis(u-0x0)Cu"Cu" species is reactive to methane because the amplitude of the ¢* singly occupied
MO localized on the bridging oxo moieties plays an essential role in C—H activation.

Introduction were proposed on the basis of quantum chemical computations.
However, addition of copper to the growth medium significantly
Methanotrophic bacteria oxidize methane using molecular increases the activity of pMMO. Thus, although the role of
dioxygen to form methanol, formaldehyde, formic acid, and copper in the pMMO activity is not fully understood, copper
finally carbon dioxidé: In the initial stages of the methane may play an essential role in the methane oxidation by pMMO.
oxidation pathway, the inert alkane is efficiently converted into  The structure of pMMO, recently determined to a resolution
methanol by methane monooxygenase (MMO) under physi- of 2.8 A (Protein Data Bank code 1YEW), reveals a trimeric
ological conditions. This initial methane oxidation is conducted arrangement and overall folds of the three sublitaere are
by methanotrophs such dethylococcus capsulat§Bath) and three metal centers per protomer in the crystal structure. Two
Methylosinus trichosporiun®B3b. In both species of metha- ~ Of these, which were modeled as mononuclear and dinuclear
notrophs two different forms are known to exist under different
conditions, a cytoplasmic (soluble) MMO and a membrane-
bound (particulate) MMO. Particulate MMO (pMMO) is a
copper-containing membrane protéifiut in contrast to soluble
MMO (sMMO) the structure of the pMMO active site remained
unknown because of the difficulty in handling the purified
pMMO. Methane oxidation is carried out mostly by sMMO
under conditions of copper limitation. Different mechanisms on
the hydroxylation of methane at the diiron active site of SMMO
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copper species, are located within the soluble regions of the monocopper and dicopper sites, respectively. On the basis of this

pmoB subunit, the two copper sites being 21 A apart from each
other. The third metal center, which is occupied by zinc in the
crystal, lies within the membrane with ligands derived from both

pmoC and pmoA. It is 19 A apart from the dicopper site and

32 A apart from the monocopper site. The zinc is derived from
crystallization buffer, and its site is probably occupied by another
metal ion in vivo such as copper or iron.

Earlier proposals for the structure of the pMMO active site
include mixed-valent trinuclear ¢ mononuclear Cj10-14
dinuclear mixed-valent CCu" clusterst® and mixed-metal
CuFe clusterd® The diu-oxo dicopper structure has been
proposed from model-complex studies to be responsible for
dioxygen activation and hydrocarbon oxidatign!® A recent
DFT study demonstrated that a his(oxo)trinuclear CUCu'-

Cu" model can best mediate methane hydroxylation via a
concerted oxo-insertion mann@r.However, since such a
trinuclear copper site is not found in the crystal structure of
pMMO, we restrict our discussion to the reactivity of the
observed monocopper and dicopper species.
density functional theory (DFT) stuéywe proposed a mech-
anism for the G-H cleavage and the recombination between
CHz and OH ligands using a simple mixed-valent dinuclear
Cu'Cu" cluster with ammonia and hydroxo ligands. On the
basis of the recent crystal structure of pMM@@,is possible to
derive much better results using more realistic copper-active
species. In this manuscript we report a new study on the

mechanism of methane hydroxylation at the mononuclear and
dinuclear copper sites on the basis of the crystal structure of
pMMO and consider how reactive copper species are formed

in the protein environment.
Method of Calculation

In this study we assumed that two kinds of coppexo species

formed at the mononuclear and dinuclear copper sites play an essentia

role in the conversion of methane to methanol. It is found from the
X-ray structural analysfsthat Glu75 and Glu35 are located near the
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observation, we set up a ®woxo (or Cd'—0) model in which the
copper ion is coordinated by His48, His72, and Glu75 and a mixed-
valent bisf-oxo)CU'Cu" model in which the two copper ions are
coordinated by His33, His137, His139, and Glu35. Although it is
difficult to set up their charge states, we adopted this assumption
because one glutamate ligand is located in the neighborhood of both
the mononuclear and dinuclear copper sites. Each model is neutral in
its charge owing to a negatively charged glutamate ligand. The three-
dimensional models for the monomeric structure of pMMO (about 6000
atoms) were optimized with the two-layer ONIOM (IMOMM) meth&d,
implemented in the Gaussian 03 progr&m these quantum mechan-
ical/molecular mechanical (QM/MM) calculations, a specified region
around the active center was calculated with a QM method, while the
rest of the protein was treated at an MM level. The QM region can
describe the essential bond-cleaving and bond-forming processes in
the enzyme, while the MM region can promote interactions with the
QM region through partial charges and van der Waals forces of atoms
in the MM region. At the QM/MM border, atoms in the MM region
bound to an atom in the QM region were replaced by hydrogen atoms

In a previousin the QM-level part of the QM/MM calculation. The QM region

includes the mononuclear and dinuclear copper sites and their sur-
rounding amino acid residues. QM calculations were performed with
the B3LYP* method?* which consists of the Slater exchange, the
Hartree-Fock exchange, the exchange functional of Be€kéhe
correlation functional of Lee, Yang, and Parr (LY®)and the
correlation functional of Vosko, Wilk, and Nus&fThis DFT method

is an improved version of B3LYP and able to reasonably evaluate
relative energies between high-spin and low-spin states of transition-
metal complexes in general. We used the Wachtkisy basis sét

for the copper atoms and the D95** basis?8dor the surrounding
amino acid residues. The method of choice for MM calculations is the
Amber force field (Amber963°

We looked at the energy profiles for the-E& bond cleavage and
oxygen rebound process in the hydroxylation of methane using small
[nodels extracted from the QM region of the QM/MM optimized
structures. All the geometries for the reaction species and transition
states were fully optimized without symmetry constraint at the same
level of theory. The spin-unrestricted version of the B3LYP* (UB3LYP*)
method was applied to all calculations including spin-singlet states when
the reaction species are reasonably considered to have an open-shell-
singlet electronic configuration. We performed vibrational analyses for
all transition states to confirm whether an optimized geometry corre-
sponds to a transition state that has only one imaginary frequency.
Kinetic isotope effect (KIE) values in the H-atom abstraction were
calculated in a wide range of temperature from transition state tfleory
with Wigner's tunneling correctiof?.

(22) (a) Maseras, F.; Morokuma, K. Comput. Chem1995 16, 1170. (b)
Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.; Sieber, S.;
Morokuma, K.J. Phys. Cheni996 100, 19357. (c) Vreven, T.; Morokuma,
K. J. Comput. Chen200Q 21, 1419.

(23) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Wallingford, CT, 2004.

(24) (a) Reiher, M.; Salomon, O.; Hess, B. Bheor. Chem. Ac2001, 107,
48. (b) Relher M.; Salomon O.; Hess B. A.Chem. Phys2002 117,
4729.

(25) (a) Becke A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ. Chem.
Phys.1993 98, 5648.

(26) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(27) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(28) (a) Wachters, A. J. Hl. Chem. Phys197Q 52, 1033. (b) Hay, P. JJ.
Chem. Phys1977, 66, 4377.

(29) Dunning, T. H.; Hay, P. J. IModern Theoretical Chemistrchaefer, H.
F., lll, Ed.; Plenum: New York, 1976; Vol. 3, p 1

(30) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M., Jr.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P
A. J. Am. Chem. S0d.995 117, 5179.

(31) Frost, A. A.; Pearson, R. &inetics and MechanispWiley: New York,
1961.

(32) Wigner, EJ. Chem. Physl937 5, 720.



Methane Hydroxylation at Copper Sites of pMMO ARTICLES

Top view

T

2 ‘@

Figure 1. X-ray structure of the pMMO trimer (left) and QM/MM-optimized structure of the protomer (right).

Results and Discussion study, considering the sizes of the QM/MM and cluster models

. . adopted.
QM/MM Structures of the Copper Sites of pMMO. Figure We assumed that two kinds of copp@mxo species are

1 (left) shows the_ top and side views pf the trimeric strut_:ture formed at the mononuclear and dinuclear copper sites for
of pMMO determined at 2.8 A resolutihEach protomer in methane activation. QM/MM calculations tell us that the
the trimeric structure is composed of three subunits; pmes7( mononuclear copperoxo species is coordinated by His48,
kDa), pmoA (-24 kDa), and pmoC~22 kDa). In the present  His72, and Glu75, as demonstrated in Figure 2c. The negatively
study we turned our attention to a pmoB unit that includes the charged Glu75 residue directly coordinates to the copper ion,
mononuclear and dinuclear copper sites and optimized its the formal charge of which is-3, whereas the neutral GIn404
geometry using QM/MM calculations. Figure 1 (right) isa QM/  residue has no direct interaction with the copper ion. This
MM optimized structure of the pmoB. Detailed geometrical coordination environment is reasonable from the point of view
information can be seen in Supporting Information. of electrostatic interactions. The interacting-6D(Glu75) bond

Let us now look at the copper active sites in pmoB in detail. is optimized to be 2.197 A. The dinuclear copper site is
The mononuclear copper center is directly coordinated by His48 coordinated by His33, His137, His139, and Glu35, as shown
and His72, as shown in Figure 2a. Although GIn404 and Glu75 in Figure 2d. Although both the N-terminal amino nitrogen and
are located in the vicinity of this site, the copper ion takes a the side-chaind nitrogen of His33 are within coordinating
two-coordination structure. The formal charge of the mono- distance to the right-side copper ion in the resting state, as
nuclear species is reasonably counted toHie and therefore indicated in Figure 2b, the negatively charged Glu35 residue
the ground state of this species is a spin singlet. The dinucleardirectly coordinates to this copper ion in the dicoppexo
copper site, which is coordinated by His33, His137, His139, species. The C4O(Glu35) distance is optimized to be 1.972
and Glu35 has a short GCu bond of 2.474 A, as shown in A. This geometrical change in the coordination environment
Figure 2b. Since the Glu35 residue is located near this dinuclearcan also be derived from electrostatic interactions. The formal
site and as a result the formal charge of the dinuclear species ischarge of the left-side copper ion is reasonably counted to be
also counted to be-1, its ground state is a spin doublet. The +2 and that of the right-side copper id8, and therefore this
QM/MM optimized Cu-Cu distance is in good agreement with 1S & mixed-valent big(-oxo)Cu'Cu" structure, in which the
2.6 A determined by EXAFS and X-ray structural analy&es. Cu—Cu distance is optimized to be 2.757 A. Thus, the glutamate
Thus, the optimized structures of the resting mononuclear and€Sidues play an important role in the compensation of electric
dinuclear copper sites are consistent with the X-ray structure charges after the formation of the coppexo species.

with respect to their coordination spheres. The intermolecular Meéthane Hydroxylation Mechanism. By looking at the
d0—d10 interaction detected in a large number of crystal coordination environments of the QM/MM-optimized mono-

structures is a recent interest for computational quantum COPPeF and dicopperoxo species, we set up two kinds of
chemistry. This dispersion interaction is correctly treated by model complexes for DF_T calculations to search the react_lon
second-order perturbation computations whereas the shape anaatrway for thel conversion of methane_ tc_; methanol. One is a
stability of the d°—d0 interaction curves derived from perturba- CU'-0 (or CU'-0) quel W".[h two |m|dagoles alnd ,?ne
tion computations are roughly reproduced by B3LYP computa- acetate, and the other is a mixed-valent jisgo)Cu'Cu
tions 33 We thus used the B3LYP method throughout the present (33) Carvajal, M. A.; Alvarez, S.; Novoa, J. Ghem. Eur. J2004 10, 2117.
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(a) (b)
GIn404 Gl u35

His139

Glu75

His137

4

0-0=2405

Figure 2. QM/MM-optimized structures for (a) the monocopper site, (b) the dicopper site, (c) the monoeogpeapecies, and (d) the hispxo)Cu'Cu'"
species of pMMO.

model with three imidazoles and one acetate. We characterizedrole in the first half of the reaction, whereas the singlet state is
reaction intermediates and transition states involved in the dominant in the second half of the reaction. Therefore, we expect
reaction pathway from methane to methanol using these that the spin inversion from triplet to singlet should take place
relatively small models at the B3LYP* level of theory. in the course of this reaction (near the H-atom abstraction step).
Figure 3 shows computed energy diagrams for methane This is a typical example of the two-state-reactivity conéépt.
hydroxylation by the monocoppenxo species, in which both  Spin—orbit coupling is an important factor in determining spin
the singlet and triplet potential energy surfaces are close-lying inversion electronic processes in transition-metal-mediated
in energy.The copperoxo species@xo(m)) optimized using reactions and spin-crossover phenom®&rikhe general features
a small model in the gas phase is in good agreement with theof this reaction are similar to those of methane hydroxylation
one optimized in the protein environment (shown in Figure 2) by the bare Cu® complexX® and of dopamine hydroxylation
with respect to the coordination bonds around the central copperby a possible copperoxo species of dopamingmonooxyge-
atom. In the initial stages of the reaction, methane is weakly nase?’
bound to the monocopper active centB(r(1)), and after that, The high reactivity of the mononuclear €toxo species to
one of the C-H bonds of methane is cleaved by the oxo species methane especially in the triplet state is rationalized from the
via the first transition stateTS1(m)). The activation energy in  singly occupied molecular orbitals (SOMOs) shown in Figure
this process is computed to be 16.6 kcal/mol relative to the 4. Since theo* orbital partially localized in the C&O bond
dissociation limit on the triplet potential energy surface. The region (orbital #71) is half occupied in the triplet state, this
resultant radical speciesR@d(m)) leads to a nonradical  orbital plays a crucial role in the homolytic cleavage of atC
intermediate Ifit(m) ), which is extremely stable in energy in  bond of methane. On the other hand, in the singlet-state orbital
the singlet state. Since the formal charge of the copper ion is #71 is vacant while orbital #70 is occupied by two electrons.
changed fromt3 to +1 after the H-atom abstraction, this result
is reasonable. The second transition sta®2(m)), which has (34) (a) Fiedler, A.; Sclinter, D.; Shaik, S.; Schwarz, H. Am. Chem. Soc.
R . ) . 1994 116, 10734. (b) Shaik, S.; Danovich, D.; Fiedler, A.; Saieq, D.;
a typical triangular structure for the recombination between the Schwarz, HHelv. Chim. Actal995 78, 1393. (c) Schider, D.; Shaik, S.;
OH and CH ligands, is low in reactivity in comparison with (35) ?5“%”&55%?55?&3?w;eﬁogﬁeff_’ 333.9003 118 5872. (6) Kondo,
that of the first one. Therefore the rate-determining step of the M.; Yoshizawa, K.Chem. Phys. Let2003 372, 519.

i i i _ i (36) (a) Yoshizawa, K.; Shiota, Y.; Yamabe, CThem. Eur. J1997 3, 1160.
reaction pathway is clearly in the H-atom abstraction step. The (65 Yoshizawa K. Shiota. Y.. Yamabe, J. Am. Ghem. S0d998 120

formation of the productR(m)) is computed to be 52.9 kcal/ 564. (c) Shiota, Y.; Yoshizawa, K. Am. Chem. So200Q 122, 12317.

B ; ; (37) (a) Kamachi, T.; Kihara, N.; Shiota, Y.; Yoshizawa,lKorg. Chem2005
mol eXOth_ermIC relative tO_ the formation of the mon_ocopper 44, 4226. (b) Yoshizawa, K.; Kihara, N.; Kamachi, T.; Shiota,INorg.
oxo speciest CH,. The triplet state plays a more important Chem.2006 45, 3034.
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Figure 3. Energy diagram for the conversion of methane to methanol by the monoeepgespecies of pMMO. Units in kcal/mol.

_oxo species

Spin-up orbitals in the triplet state of the Cu

SOMO-1 (69) SOMO (70) SOMO (71) LUMO (72) LUMO+1 (73)

Spin-up orbitals in the triplet state of the transition state for the H-atom abstarction

by the Cu"-oxo species

TS1SOMO-1 (74) TS1SOMO (75) TS1SOMO (76)  TS1LUMO (77) TS1 LUMO+1 (78)
Figure 4. Frontier molecular orbitals for the monocoppeixo species and the transition state for the H-atom abstraction.

As a consequence, the reactivity of the mononucledl-€u Figure 2) about the coordination bonds around the two copper
0X0 species in the singlet state is lower than that in the triplet atoms. Methane is weakly bound to the right-side copper center
state. This qualitative observation of the frontier orbitals well of the dicopper specie®(d)), and after that H-atom abstraction
explains the computational result shown in Figure 3 on the from the methane takes place Wi&1(d). The activation energy
general features on the reactivity of the''Cuoxo species to in this process is computed to be 17.6 kcal/mol relative to the
methane. dissociation limit on the doublet potential energy surface. The
A computed energy diagram for methane hydroxylation by resultant methyl radicalRad(d)) is also trapped at the right-
the mixed-valent big(-oxo)CU'Cu" species is shown in Figure  side copper center to form a nonradical intermedi&tgd) ).
5, in which the doublet potential energy surface plays an Since methyl radical is very unstable compared to other alkyl
essential role, whereas the quartet potential energy surface inradicals, the formation of this nonradical species is reasonable
the dicopper species is high-lying in energy. The mechanism is from the viewpoint of energy. The final step is a recombination
similar to the one by the Cli-oxo species. The dicopper between the OH ligand located at the left-side copper center
oxo species@xo(d)) optimized using a small model agrees well and the CH ligand located at the right-side copper center via
with the one optimized in the protein environment (shown in TS2(d), which is computed to be 21.5 kcal/mol relative to the

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9877
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Oxo complex + CH,

Doublet

N 2|"l(¢’)
Figure 5. Energy diagram for the conversion of methane to methanol by the-bigf)CU'Cu'" species of pMMO. Units in kcal/mol.

W species activation of C-H bonds. Although the reactivity of the bis-

(u-oxo)CU"Cu" species has been well characterized using
synthetic model compoundg;!® their oxygenation ability to
inert alkanes is not significant in general. Thus, we think that
the mixed-valent big(-oxo)CU'CuU" species is a possible
mediator for the conversion of methane to methanol if methane
hydroxylation takes place in the dicopper site of pMMO.
Although we assumed here that the mixed-valentbe{0)-

Spin-up orbitals in the doublet state of the bis(u-oxo)Cu''Cu

SOMO-1 (108) SOMO (107) LUMO (108) CuU'Cu" species is formed from an initial dicoppetate, it is
also possible to consider that it can derive from electron transfer
Spin-up orbitals in the doublet state of the transition state for the H-atom abstarction to a bisg-oxo)CU"Cu" species. Chan and co-workets

by the bis(u-oxe)Cu''Cu" species

reported that the reactivity of bjs(oxo)CU"'Cu" can be
enhanced upon a one-electron reduction to form a mixed-valent
bis(u-ox0)CU'Cu'" state. This report is fully consistent with our
proposal based on the orbital interaction analysis. Injection of
an additional electron into bigfoxo)CU"Cu" produces a*
SOMO just like orbital #107 (in Figure 6), which plays a crucial
role in the homolytic cleavage of a-€4 bond of alkanes.

Kinetic Isotope Effects. Having described the reaction

TS1S0OMO-1 (111) TS1SOMO (112) TS1LUMO (113) ) ] )
Figure 6. Frontier molecular orbitals for bigfoxo)CU'Cu" species of pathways and thel_r en_er_getlcs for methane hydroxylation, we
PMMO and the transition state for the H-atom abstraction. next address the kinetic isotope effedts/ko) for the H-atom

abstraction from methar®€, which can be calculated from

dissociation limit. Therefore the rate-determining step of the “-~"" . . . .
vibrational analyses with transition state theédmyith Wigner's

reaction pathway is the recombination step. The formation of 1 {8 Thek/ lue i .
the product P(d)) is computed to be 49.2 kcal/mol exothermic quantum tunneling correctiori.Theki/ko value is an important

relative to the formation of the dicoppeoxo speciest CH. measure in discussing how H-atom abstraction from a hydro-
The high reactivity of the mixed-valent hispxo)Cu'Cu" carbon substrate takes place in catalytic and enzymatic reactions.

species is reasonable in view of the SOMO (orbital #107) shown 1 he values okx/ko were obtained from the following equation:

in Figure 6. Since the amplitude of thi¥ SOMO is localized

well on the bridging oxo moieties, this orbital works as a good Ky [ NARE ThS o 15 VA, I 1% 1/2qu qu
mediator in the homolytic EH cleavage of methane. On the k. | | | | | |

other hand, in the bigfoxo)CU'Cu'" species orbital #107 is i b, o] % o

vacant while orbital #106 is fully occupied with two electrons. exd — Eﬁ - E’,; 1)
Therefore, the reactivity of the mixed-valent his§xo)Cu'- RT

Cu" species is considered to be higher than that of the:bis(
oxo)CU'"'Cu'" species, and the former is more favorable for the (38) Yoshizawa, K.; Yumura, TChem. Eur. J2003 9, 2347.
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Table 1. Computed KIE (ku/kp) Values? in the C—H (C—D) Bond decreases because the vibrational frequencies significantly
Dissociation of Methane by the Mononuclear Model decrease when the number of deuterium atoms involved is large.
TK) CHY/CD, CHy/CDH CH/CDAH, CH,/CDH Computed KIE values vidS1(d) in the dicopper species

ggg gié 828 %-3 ggé; ig? 82-8 ig-g 82% are sim@lar to those vidS1(m)in the monocopper species, as
250 19:1(29:3) 15.6 (24:3) 134 (20:4) 114 (17:2) s_ho_vvn in Table 2, because the trar_13|F|on-state structures are
275 15.5 (23.1) 13.0 (19.3) 11.0 (16.2) 9.4 (13.8) similar with respect to the €H—0O moieties. These values are
300 12.9 (18.7) 10.9 (15.8) 9.3(13.4) 8.0 (11.4) fully consistent with computed KIE values by a bis§xo)-
ggg 191)-2 83‘25)) g-f ((ifg)) 573-8 (%17)2) g-f ((3'1)) FeV, model of intermediat€ of sSMMO 38 At 300 K, the KIE
375 8.3 (11:3) 7:2(9_7') 6.3 (8:4) 55 (7:4) for H-/D-atom abstraction from C}HCD, is computed to be
400 7.4(9.9) 6.5 (8.5) 5.7 (7.5) 5.0 (6.5) 12.5 (17.0), while the one from GFCDH;z is 6.8 (9.0). KIE
measurements using PH,2H;] and [1H1,2H;, 2H3] ethanes
The values in parentheses are KIE values with inclusion of quantum g5 supstrates gave values of 52 0.4 and 55+ 0.7,

tunneling effects. . .
¢ respectively?® Agreement between these experimental values

Table 2. Computed KIE (ku/ko) Values? in the C—H (C—D) Bond and the calculated values from @BDHjs is fairly good, but
Dissociation of Methane by the Binuclear Model the experimental ones are small compared to the calculated ones
T(K) CH,/CD, CH,/CD;H CH,/CDH; CH,/CDH;§ in general. Although this difference cannot clearly be explained

200 31.0 (46.9) 24.1 (36.2) 18.7 (27.9) 15.0 (22.1)  from the theoretical point of view at present, we should note
225 23.3(34.2) 18.2(26.5) 14.3(20.7) 11.5(16.5)  that the calculated KIE values listed in Tables 1 and 2 depend
250 18.3(26.2) 14.5(20.5) 11.5(16.1) 93(13.0) on the number of deuterium atoms. For example, the KIE values

275 15.0 (20.8) 11.9 (16.5) 9.5(13.1) 7.8 (10.7) ,
300 12.5 (17.0) 10.1 (13.6) 8.2 (10.9) 6.8 (9.0) for CH4/CD,4 and those for CHHCDHj; are very different, as
325 10.7 (14.2) 8.7 (11.5) 7.1(9.4) 6.0 (7.8) mentioned above. This is because KIE values strongly depend
g?g g-g 833 Z-; Eg-gg g-;‘ g%g 451'3 Eg-% on the leading exponential term of eq 1, in which the vibrational
400 7.3(9.1) 6.1(7.6) 5.1 (6.4) 45 (5.5) structures of molecules as a whole are important rather than

the local C-H(D) stretching motion.
aThe values in parentheses are KIE values with inclusion of quantum Formation of the Copper—Oxo SpeciesHaving described
li ff . . .
tunnefing effects the reactivity of the copperoxo species, let us next look at

where superscripts R and # specify the reactant methane anc}he formatpn of t,he highly reqctlve MONOCOPPEXO SPECIES
the transition state, respectively, for the molecular nmasthe In the protein environment. This species is unstable with respect
moment of inertial, the vibrational partition functior, and to dissociation energ§ and how it is formed under physi-

the activation energf. The last exponential term is dominant ologipal cont_jitions_ Is a current iqterest. The_ participation Of a
in this equation because the other terms can be almost allyrosine residue in the catalytic mechanism of dopamine

canceled between the denominators and numerators. TheB-monooxygenase has been proposed by Klinman and co-

2 ) : o )
numerator in the last exponential term comes from the fact that Workefs- In .th's. mechanism, tyrosine is a mediator for the
C—H dissociation has a lower activation energy than ~ 'eductive activation of Ci-OOH to generate a coppeoxo

dissociation on account of the former's greater zero-point species, which is responsible for the H-atom abstraction from
vibrational energy the benzylic position of dopamine. On the basis of this proposal,

Tables 1 and 2 summarize calculated valuek @ for the we can develop a discyssion on the formation of the mono-
H-atom abstraction vi@S1(m) of the monocopper species and nuclear Ct —oxo species of pMMO. Actually.TyrSO and
TS1(d) of the dicopper species, respectively, as a function of 1Y/330 are located 7.6 and 8.0 A apart, respectively, from the
temperature. Here we adopted £BDsH, CD,H,, and CDH monocopper site of pMM®.We assume that dioxygen is
as deuterium-substituted forms of methane. The coefficient of incorporated into the Cispecies in the initial stages of dioxygen
guantum tunneling correction is written in the form«of 1 — activation to give a Cli-superoxo species, followed by an

1/24 (W#IRT)2, wheres* is the imaginary frequency with respect H-atom transfer from a tyrosine residue near the monocopper

to the transition state for the H-atom abstraction. When the aCt'V(]f sﬂea A reSlélﬁjant C'whyc_iropergxo SPecies IIS Te)g
imaginary frequency is large, the potential barrier is thin, and transformed into a Ci—oxo species and a water molecule by

as a result the quantum tunneling effect is significant. The KIE fAhIeh abs;raﬁpo_n of an H-a_llt)c:m fror;: a_nothfer t)gosflne re_ydue}.

values with Wigner’s tunneling correction can be calculated t ou% this s One possible mechanism or the formation o

from the expression ofuke/koko. the CUd'—oxo species from the available crystal structure of
We list in Table 1 computed KIE values for the H/D-atom pMMO, it is useful to consider the energetics for the formation

. S . i
abstraction viar S1(m) in the monocopper species. The values of the unstable Cli—oxo species n the prote_ln environment.
in parentheses include Wigners tunneling correction. As We calculated the energetics for the formation of the mono-

expected from the form of eq 1, the KIE values decrease as copper-0xo species along the line that the two tyrosine residues

temperature increases, and at the same time they depend orqla¥ a role as providers of H atoms. ) )
how many atoms are substituted by deuterium. At 300 K, the ~ Figure 7 shows a computed energy diagram for the formation

KIE for H/D-atom abstraction from CH#CD; is computed to  ©f the monocopperoxo species starting from the Cspecies.
be 12.9 (18.7) on the basis of transition state theory (with

Wigner's tunneling correction) while the one from @EDH; (39) m”s\’/‘iﬁioa%fﬁng% "C"Haﬁ”e‘SSt'F}’vF{\c‘)é E-?HN%Wiﬂ% Hc-'h"é-mT-?S'(‘)/'ggg“é’to'
is 8.0 (11.4). The values are about 1.5 times larger when we 118 921. T o '

take the tunneling effect into account. The KIE values decrease (40) (@) Tian, G.; Berry, J. A.; Klinman, J. Biochemistryl994 33, 226. (b)

. . R Francois, W. A.; Blackburn, N. J.; Klinman, J. Biochemistry2003 42,
as the number of deuterium atoms involved in substrate methane  1813.
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Cu=0 +H;0 the reaction intermediate (f!u-oxo + H,O + *CHs) that is
formed after the €H cleavage is automatically converted to
(Cu"—ox0 + HO* + CHy). This result is fully consistent with
previous reports on the poor reactivity of 'Cthydroperoxo
species to dopamifé*! and of Fd—hydroperoxo species to

olefins42:43

—24.4

Conclusions

b . . .
® We have considered the mechanism of methane hydroxylation

at the mononuclear and dinuclear copper sites of pMMO using

C:E,%+ © quantl_Jm mechanical and QM/MM calculations._ If mononuclear
and dinuclear coppetoxo species are formed in the enzyme,
\/ these species are active enough for converting methane to
7 o methanol under physiological conditions. We propose possible
\Cu <(|3>Cu Cu<o>Cu mechanisms with respect to how these reactive species are
0 formed. Dioxygen is incorporated into the 'Gspecies in the

16 0 initial stages of dioxygen activation to give a 'Ctsuperoxo
species, followed by an H-atom transfer from a tyrosine residue
near the monocopper active site. A resultant €nydroperoxo
species is next transformed into a'Cuoxo species and a water
We roughly estimated the formation energy from the reactions, molecule by the abstraction of an H-atom from another tyrosine
Cu—00 + CgHsOH — Cu—OOH + CgHsO" and Cu-OOH residue. Since this process was computed to be 17.8 kcal/mol
+ CeHsOH — Cu=0 + Hy0 + CgHsO. The formed phenoxy  endothermic, the formation of the tt-oxo species is possible
radicals should be stabilized in energy in the protein environ- under physiological conditions. Dioxygen is also incorporated
ment, whereas the bare phenoxy radicals are not stabilized ininto the dicopper site to form a{;2%peroxo)dicopper species,
the model calculations. As a result, this energetics should bewhich is then transformed into a hispxo)Cu'Cu'" species.
reduced in the protein environment. The formation of the The formation of this species was computed to be 59.3 kcal/
monocopperoxo species is computed to be 17.8 kcal/mol mol exothermic; therefore, this process is more favorable than
endothermic. Although the GtO bond is weak and this species the formation of the monocoppeoxo species in energy.

is unstable in energy, this computed activation energy tells us Detailed DFT calculations demonstrated that the reactivity of
that this process is accessible under physiological conditions.the Cl'—oxo species is sufficient for the conversion of methane
We next consider the energetics for the formation of the to methanol, which is 52.9 kcal/mol exothermic relative to the
dicopper-oxo species, assuming that dioxygen is initially Cu'—oxo speciest methane and 35.1 kcal/mol exothermic

Figure 7. Computed energetics for the formation of the (a) monocopper
and (b) dicopperoxo species. Unites in kcal/mol.

incorporated into the dicopper site to forman?2-peroxo)-
dicopper species, which is then transformed into aubes(0)-

measured from the initial state of Cir O,. The o* orbital
localized in the CtO bond region is singly occupied in the

Cu'Cu'" species. Figure 7 also shows a computed energy triplet state; therefore, this orbital plays a crucial role in the

diagram for the formation of the bjs{oxo)CU'Cu'"" species,

homolytic cleavage of a €H bond of methane. The reactivity

which is computed to be 59.3 kcal/mol exothermic. The of the bisgi-oxo)CU'Cu'" species is also sufficient for the
reactivity of the bis¢-oxo)Cu'Cu" species to methane is similar  conversion of methane to methanol. This process is 49.2 kcal/
to that of the monocoppetoxo species because the reactivity mol exothermic relative to that of the hispxo)CU'Cu'" species
of these species derives from the antibondifigorbitals with -+ methane and 110.1 kcal/mol measured from the initial state
respect to the CtO bonds of both the monocopper and of the dicopper species O,. The reactivity of the mixed-valent
dicopper reactive species. However, in contrast to the mono- bisu-oxo)Cu'Cu" species is higher than that of the pisgxo)-
copper-oxo species, the formation of the his¢xo)Cu'Cu" Cu''Cu'" species in general because in the former species the
species is downhill in energy, and therefore this process is amplitude of thec* SOMO localized on the bridging oxo
energetically more favorable than the formation of the mono- moieties plays an essential role in the homolytiekCcleavage.
COpper-0xo Sspecies. Methyl radical is trapped to the mononuclear and dinuclear
To look at the reactivity of the mononuclear 'Ctsuperoxo copper sites to form intermediates that involve OH and; CH
and Cl —hydroperoxo species (shown in Figure 7) to methane, ligands. Recombination of the resultant OH andsGigands
we performed additional DFT calculations at the BSLYP* level takes place in a nonradical manner at a metal active center to
of theory. A computed activation energy for the H-atom form a final methanol complex. These mechanistic proposals
abstraction from methane by the 'Ctsuperoxo species is 37.0  are consistent with a nonradical mechanism for the hydrox-
kcal/mol. Although this species is reported to abstract a benzylic ylation of methane by the diiron active species of sMKO.
H atom of dopaminé! we conclude that it is unable to activate We finally calculated using transition state theory the kinetic
methane under physiological conditions. Thd' €hydroperoxo isotope effects for the H-atom abstraction by thé'€wxo and
species also has no reactivity to methane. Since the reactivity
of the Cf —hydroperoxo species is so weak and at the same (42) () Kanach 7 Sioa, Y2 O, T, Yoshizaus, B chern, See
time the C-H bonds of methane are so strong that thé/-€u Am. Chem. SoQ004 126, 3672.

i (43) (a) QOgliaro, F.; de Visser, S. P.; Cohen, S.; Sharma, P. K.; Shalk A®n.
hydroperoxo species cannot abstract an H atom from methane Chem, S0002 124 2806. (b) Sharma. P K.: Kevorkiants. R.. de Visser,
S. P.; Kumar, D.; Shaik, SAngew. Chem., Int E®004 43, 1129
(44) Yoshlzawa, KAcc. Chem. Re006 39, 375-382.

(41) Chen, P.; Solomon, E. J. Am. Chem. So2004 126, 4991.
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