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The integral membrane enzyme particulate methane monooxygenase (pMMO) converts methane, the most inert
hydrocarbon, to methanol under ambient conditions. The 2.8-A resolution pMMO crystal structure revealed three
metal sites: a mononuclear copper center, a dinuclear copper center, and a nonphysiological mononuclear zinc
center. Although not found in the crystal structure, solution samples of pMMO also contain iron. We have used
X-ray absorption spectroscopy to analyze the oxidation states and coordination environments of the pMMO metal
centers in as-isolated (pMMOjs,), chemically reduced (pMMOieq), and chemically oxidized (pMMO,,) samples. X-ray
absorption near-edge spectra (XANES) indicate that pMMOs, contains both Cu' and Cu" and that the pMMO Cu
centers can undergo redox chemistry. Extended X-ray absorption fine structure (EXAFS) analysis reveals a Cu—Cu
interaction in all redox forms of the enzyme. The Cu—Cu distance increases from 2.51 to 2.65 A upon reduction,
concomitant with an increase in the average Cu—O/N bond lengths. Appropriate Cu, model complexes were used
to refine and validate the EXAFS fitting protocols for pMMO;s,. Analysis of Fe EXAFS data combined with electron
paramagnetic resonance (EPR) spectra indicates that Fe, present as Fe', is consistent with heme impurities.
These findings are complementary to the crystallographic data and provide new insight into the oxidation states
and possible electronic structures of the pMMO Cu ions.

Introduction inert (104 kcal/mol) G-H bond in methane, MMOs and the
In the first step of the metabolic pathway of methan- related ammonia monooxygenésee relevant to the devel-

otrophic bacterid, methane monooxygenase (MMO) en- opment of new industrial catalysts. All strains of methan-
zymes convert methane to methanol at a catalytic metal OfOPhS €xpress the membrane-bound form, particulate
center? As the only known enzymes that can activate the Méthane monooxygenase (pMMO#nd several can also
express a soluble form (sMM®&under conditions of Cu
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Figure 1. Schematic diagrams of the pMMO metal centers-@) and Cy model compounds with short G«Cu distances (D and E).

structures of the MMO catalytic metal centers is crucial to ~ X-ray absorption spectroscopy (XAS) can supply some
understanding the mechanism of methane oxidation. In of this information as well as provide support and verification
sMMO, C—H activation occurs at a carboxylate-bridged Fe of the crystallographic model. Prior to solving the crystal
centef and several reactive intermediates have been detectedstructure, we initiated XAS studies of purifiédl capsulatus
and characterizetf By contrast, knowledge of the pMMO  (Bath) pMMO containing 23 Cu ions and 041 Fe ions
active site structure and mechanism is limited. per 100 kD& The X-ray absorption near-edge spectrum
The crystal structure of pMMO fronMethylococcus (XANES) exhibited a shoulder at 8984 eV, indicative of Cu
capsulatugBath), recently determined to 2.8-A resolution, in as-isolated pMMO. Extended X-ray absorption fine
reveals an~300 kDa trimer composed of three copies each structure (EXAFS) data revealed a -€metal interaction at
of the pMMO polypeptides pmoAS( subunit), pmoB ¢ 2.57 A, which we fit as a CuCu interaction, although the
subunit), and pmoC y( subunit)? Each oSy protomer possibility of a Cu-Fe interaction could not be excluded at
contains three discrete metal centers. Mononuclear andthat time. On the basis of these XAS data and electron
dinuclear copper centers resid®5 and~10 A above the paramagnetic resonance (EPR) spectroscopic studies, we
surface of the membrane, respectively, in the soluble regionsproposed that the pMMO Cu centers exist in a mononuclear
of pmoB. The mononuclear Cu center is coordinated by His center and as a Cu-containing clustétthe details of which
48 and His 72 from pmoB with nearly linear geometry were elucidated by the crystal structdrm this report, we
(Figure 1A). The dinuclear Cu center is ligated by the amino present a comprehensive XAS analysis of purified pMMO.
terminus and side chain of His 33, His 137, and His 139 We employed four synthetic Gunodel complexes to obtain
from pmoB (Figure 1B). The third site, occupied by a Zn more accurate EXAFS fitting protocols for the as-isolated
ion in the crystal, is locates-13 A below the surface of the  protein. In addition, we expand upon the general understand-
membrane and is coordinated by Asp 156, His 160, and His ing of pMMO by analyzing the different metal centers after
173 from pmoC and Glu 195 from pmoA (Figure 1C). The treatment with dithionite and hydrogen peroxide. Our results
presence of Zn at this site is a crystallization artifact, and support the crystallographic data and provide accurate
the physiological metal ion is not known. The identity of metrical parameters as well as new insight into the oxidation
the catalytic center remains a major question. Although 2.8-A states of the pMMO metal ions. We also address the nature
resolution is excellent for a membrane protein structure, the of the Fe found in pMMO samples purified by our labora-
coordinate error precludes obtaining metrical parameters andory'® and othergl12
a_lccurate _descriptions pf coordination geometry. ExogenousExperimental Section
ligands, likely present in both Cu centers, are not observed.
In addition, the crystal structure does not provide any
information regarding the oxidation states of the Cu centers.

pMMO Sample Preparation. M. capsulatus(Bath) cultures
were fermented and membranes were isolated as described previ-
ously0 As-isolated (pMMQ,) and dithionite-reduced (pMM@)

(6) Prior, S. D.; Dalton, H. The effect of copper ions on membrane content (10) Lieberman, R. L.; Shrestha, D. B.; Doan, P. E.; Hoffman, B. M.;

and methane monooxygenase activity in methanol-grown cells of Stemmler, T. L.; Rosenzweig, A. C. Purified particulate methane
Methylococcus capsulat{Bath).J. Gen. Microbiol.1985 131, 155— monooxygenase fromilethylococcus capsulatBath) is a dimer with
163. both mononuclear copper and a copper-containing cludtec. Natl.
(7) Rosenzweig, A. C.; Frederick, C. A.; Lippard, S. J.; Nordlund, P. Acad. Sci. U.S.A2003 100, 3820-3825.
Crystal structure of a bacterial non-haem iron hydroxylase that (11) Choi, D. W.; Kunz, R. C.; Boyd, E. S.; Semrau, J. D.; Antholine, W.
catalyses the biological oxidation of methaNeture1993 366, 537— E.; Han, J. |.; Zahn, J. A.; Boyd, J. M.; de la Mora, A. M.; DiSpirito,
543. A. A. The membrane-associated methane monooxygenase pMMO and
(8) Beauvais, L. G.; Lippard, S. J. Reactions of the peroxo intermediate pMMO—NADH: quinone oxidoreductase complex fromethylo-
of soluble methane monooxygenase hydroxylase with etiessm. coccus capsulatuBath. J. Bacteriol 2003 185 (19), 5755-5764.
Chem. Soc2005 127, 7370-7378. (12) Basu, P.; Katterle, B.; Andersson, K. K.; Dalton, H. The membrane-
(9) Lieberman, R. L.; Rosenzweig, A. C. Crystal structure of a membrane- associated form of methane monooxygenase fidethylococcus
bound metalloenzyme that catalyses the biological oxidation of capsulatus(Bath) is a copper/iron proteirBiochem. J.2003 369
methaneNature 2005 434, 177-182. 417-427.

Inorganic Chemistry, Vol. 45, No. 20, 2006 8373



Lieberman et al.

samples were prepared using a method also described previBusly. compounds using ionization detectors, filled with ¢&s, placed
This purification protocol differs slightly from that used to generate before and after the cryostat. XAS spectra were measured using
samples for crystallograpfySamples contained-24 Cu ions per  5.eV steps in the preedge regions (690094 eV for Fe and 8750

100 kDa, as determined by inductively coupled plasma atomic 890 eV for Cu), 0.25-eV steps in the edge regions (ZORE35
emission spectroscopy (ICP-AES) using a Thermo Jarrell Ash gy for Fe and 89869050 eV for Cu), and 0.05-& increments in
Atomscan model 25 sequential ICP spectrometer. In an attempt t0y,o EXAES region (tk = 13.5 AL for Fe and Cu), integrating
oxidize pMMO (pMMGy), a solution of 3% HO, was added 1 1 19 20 s in a3-weighted manner for a total scan length of

dropwise to a stirring suspension of crude membranes to a final approximately 40 min. X-ray energies were calibrated by collecting

concentration of 0.02 or 0.05% (v/v).8,. The solution was ; . . ) .
. . Fe or Cu foil absorption spectra simultaneously with protein and
allowed to stir at room temperature for 3 or 5 h, respectively. The . o . ’
odel data and assigning the first inflection point as 7111 eV for

samples turned from translucent brown to opaque gray. Each samplén i )
was diluted 1:1 with a 50 mg/mh-dodecyl-p-maltoside (12 M, the Fe foil and 8980.3 eV for the Cu foil. Each fluorescence channel

Anatrace) solution in water and centrifuged at 20$68 10 min of each scan was examined for spectral anomalies prior to averaging,
to remove unsolubilized material, and crude pMMO was purified a@nd spectra were closely monitored for photoreduction. SSRL data
as described previoust§ This procedure was used because previous represent the average of-8 scans, while NSLS data represent
attempts to oxidize purified pMMO with ferricyanitfeand other the average of 910 scans.

oxidant$ gave no increase in the EPR signal intensity. All XAS XAS data were processed using the Macintosh OS X version of

samples were diluted in 50 mM Hepes, pH 7.5, 0.25 M NaCl, and o ExaAFSPAK program suité integrated with the Feff v7
0.05% 12 M and 50% glycerol and concentrated to 1 and 10 MM o414 for theoretical model generation. Data reduction utilized

Cu, corresponding t0 0.2 and 2 mM Fe. Th_e high-Cu-concentration a Gaussian function in the preedge region and a three-region cubic
samples were used when measuring protein Fe XAS. Samples were

loaded into Kapton-wrapped Lucite cells (pMM@samples were spline through the EXAFS region. Data were convertekl $pace
also loaded into a Coy anaerobic chamber), flash frozen in liquid u3|_ngEo values of 7130 eV for Fe and 9000 eV for Cu. Tkie
N,, and stored at-80 °C prior to data collection. All XAS weighted EXAFS was truncated at 1.0 and 13.33 Aor Fe) and

measurements were performed on multiple, independently prepared!-0 and 12.85 At (for Cu) for filtering purposes and Fourier-
samples to ensure reproducibility of our results. transformed. These spectiatanges correspond to spectral resolu-
Cu, Model Complexes.Structurally characterized mixed-valent  tions of ca. 0.13 A for both the Feand Cu-ligand interactions;
dinuclear Cu model compounds were used to calibrate the etal therefore, only independent scattering environments outside 0.13
ligand EXAFS interaction in pMM@,. Samples of [tri§(N'-tert- A were considered resolvable in the EXAFS fitting analy3is.

butylureaylato)N-ethyl aminatocopper(I1}BF4 (M1) and N-tert- The fitting analyses of our EXAFS data were performed on both
b,\L/JltzyIureﬁ_lyLato{2-t()<|j|methylam|no)ethé}lamlna(tjqcopper(lI)ZBF_4 , Fourier-filtered and raw/unfitered data. Each method gave equiva-
( ) which are bIue, Were prepared accorcing to a previously lent structural results. Model and protein EXAFS data were fit using
published protocol® Similarly, purple samples of [G(m-xylylene- . . . . .
o e both single- and multiple-scattering amplitude and phase functions
diaminebis(Kemp’s triacid imidep¢OTf)(THF),] (M3) and [Cu(m+ lculated using Feff v7. Singl tterina Feff v7 model
xylylenediaminebis(Kemp's triacid imide){O,CCR)(THF);] (M4) calculated using meft v7. singie-scatlering =elt v/ models were
calculated for C, O, S, and Cu coordination to simulate-Ggand

were prepared according to published protoébliSamples were ' e ]
stored as solids, transported to the synchrotron under strict anaerobi@nvironments and for C, O, S, and Fe coordination to simulate Fe
conditions, and immediately placed in an anaerobic chamber. In ligand environments. Multiple-scattering Feff v7 models were
the anaerobic chamber, all four samples were diluted with boron generated for Fe and Cu-imidazole and Feporphyrin interac-
nitride (Aldrich), packed into Al transmission cells wrapped in tions utilizing crystallographic coordinates for Znand Mn-
Kapton tape, flash frozen, and stored in liquig Nntil data imidazole and Feporphyrin system&1° Appropriate scale factors
collection. (Sc) andg values used when fitting Cu and Fe data were calibrated
XAS Data Collection and Analysis.XAS data were collected by fitting crystallographically characterized Cu (italics in Table 1)
at Stanford Synchrotron Radiation Laboratory (SSRL) beamlines and F& model compounds. Strategies for calibrating Sc &gd
7-3 and 10-2 and at National Synchrotron Light Source (NSLS) are outlined in the Supporting Information. Criteria for judging best-
beamline X9-b. Both SSRL beamlines were equipped with Si(220) fit ExAFS simulations, utilizing the lowest mean-square deviation
double-crystal monochromators detuned 50% for harmonic rejec-
tion, whereas NSLS beamline X9-b was equipped with a Si(111) —
monochromator equipped with a harmonic rejection mirror. Samples (15) George, G. N.; George, S. J.; Pickering, EXAFSPAK http://www-
S . - ssrl.slac.stanford.edufjeorge/exafspak/exafs.htm, 2001.
were_me_untalned at 10 K using Oxford Instrum_ents Contlr_luous- (16) Ankudinov, A. L.; Rehr, J. J. Relativistic calculations of spin-dependent
flow liquid-He cryostats at SSRL and at 24 K using a He Displex X-ray absorption spectr&hys. Re. B 1997, 56, R1712-R1715.
Cryostat at NSLS. Protein fluorescence excitation spectra were (17) ;ergypét)ég I’Stlitgl'?’ fiFrJ1é H&fﬁgﬁ:ﬂ%g%fén%{h?gﬁ;dfin‘?{t a’\t/:brEthggdaEd
collected using 30-elem¢_ent Ge solid-state array detectors aF _SSRL structural tool Rev. Mod. Phys1981 53 (4), 769-806.
and a 13-element Ge solid-state detector at NSLS. Mn and Ni filters (18) Garrett, T. P. J.; Guss, J. M.; Freeman, H. C. Hexakis(imidazole)-
(0.6 mM in width) were placed between the cryostat and detector manganese(ll) dichloride tetrahydrate, [MBKGN2)6]Cl24Hz0. and
to filter scattering fluorescence not associated with the Fe and Cu ~ exakis(imidazole)zinc(ll) dichioride tetrahydrate, [Z8kGN2)s|Cl-

. A - 4H,0. Acta Crystallogr.1983 C39, 1027-1031.
signals, respectively. Transmission data were recorded on model(lg) D'Angelo, P.; Lucarelli, D.; della Longa, S.; Benfatto, M.; Hazemann,

J. L.; Feis, A.; Smulevich, G.; llari, A.; Bonamore, A.; Boffi, A.

(13) Gupta, R.; Zhang, Z. H.; Powell, D.; Hendrich, M. P.; Borovik, A. S. Unusual heme ironlipid acyl chain coordination ifEscherichia coli
Synthesis and characterization of completely delocalized mixed-valent flavohemoglobinBiophys. J.2004 86 (6), 3882-3892.
dicopper complexednorg. Chem.2002 41, 5100-5106. (20) Riggs-Gelasco, P. J.; Shu, L.; Chen, S.; Burdi, D.; Huynh, B. H.; Que,
(14) LeCloux, D. D.; Davydov, R.; Lippard, S. J. Mixed-Valence Cu(l) L., Jr.; Stubbe, J. EXAFS characterization of the intermediate X
Cu(ll) and Heterodimetallic Cu(f)M(ll) Bis(carboxylate-bridged) generated during the assembly of scherichia coliribonucleotide
Complexes: Structural, Electrochemical, and Spectroscopic Investiga- reductase R2 diferric tyrosyl radical cofactér Am. Chem. So¢998
tions. Inorg Chem1998 37 (26), 6814-6826. 120, 849-860.
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Table 1. Summary of EXAFS Fitting Analysis for GuModel Compounds

ligand environmerit ligand environmerit ligand environmerit

sample fit atont! R(A)  CNf 029 atonf! R(A)e CNf 029 atont! R(A)e CNf 029 F'h

M1 1.1 OIN 1.94 1.5 4.68 1.32
1.2 O/N 1.90 2 2.93 O/N 2.04 1.5 2.33 0.969
1.3 O/N 1.917 2 4.80 O/N 2.04 0.75 4.10 Cu 2.39 0.5 3.62 0.327
x-tal O/N 1.86 2 N 2.08 1 Cu 2.38 1

M2 2.1 OIN 1.88 2 5.53 2.83
2.2 O/N 1.88 2 1.36 O/N 2.06 1.5 0.69 2.119
2.3 O/N 1.89 2 3.54 O/N 2.09 1 2.40 Cu 2.37 0.75 3.43 0.813
x-tal OIN 1.88 2 N 2.12 Cu 2.39 1

M3 3.1 O/N 1.89 1.5 2.80 2.817
3.2 O/N 1.88 2 1.65 O/N 2.06 2 3.68 2.21
3.3 O/N 1.89 2 3.70 O/N 2.10 1 3.81 Cu 2.40 1 4.63 0.797
3.4 OIN 1.87 2 1.64 OIN 2.02 2 1.76 Cu 241 1 3.37 0.687

O/N 2.20 1.5 2.04
x-tal (0] 1.88 2 (@] 2.06 1 Cu 2.41 1
(0] 2.28 1

M4 4.1 O/N 1.90 1.5 3.08 3.60
4.2 O/N 1.89 2 1.38 O/N 2.07 2 2.81 2.84
4.3 O/N 1.91 2 4 O/N 2.11 1 4.07 Cu 2.41 1 3.72 0.957
x-tal (0] 1.90 2 (0] 2.11 2 Cu 2.43 1

aData were fit over & range of +13.1 AL, Best-fit parameters are indicated in bold, and crystallographic values are indicated in‘itaditspendent
metat-ligand scattering environmerftThe initial number corresponds to the model type while the extension number corresponds to the number of shells
included in the fit.d Scattering atoms: O (oxygen), N (nitrogen), Cu (coppeAverage metatligand bond length from two independent samplesverage
metal-ligand coordination number from two independent samglésierage Debye Waller factor in & x 103 from two independent samplesNumber
of degrees of freedom weighted mean-square deviation between data and fit.
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Figure 2. Cu XANES spectra for mixed-valent model complexes (A) and pMMO samples (B). The spectra are offset vertically for clarity. The solid
vertical line at 8984 eV identifies spectral features corresponding to th&<Cu 4p transition, and the insets show an expanded view of tHelGt 3d
transition.
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between data and fit corrected for the number of degrees of freedomspectra were baseline-corrected (linear) after the first digital
(F"),?* are outlined in the Supporting Information. integration. Q-band (35-GHz) EPR spectra were recorded at 2 K
EPR Spectroscopy EPR spectra were recorded on a modified ©on a modified Varian E-9 spectrometer, described elsewfiere.
Varian E-4 spectrometer equipped with a-flow cryostat. The Under the experimental conditions employed, the spectra appear
acquisition temperature was 120 K, as determined by a thermo-as the absorption envelope, rather than as the first-derivative
couple placed in the sample area. An aqueous solution of copperPresentation, enhancing the detection of weak, broad signals.
ethylenediaminetetraacetic acid (1.0 mM) was used as the standard,
and EPR spectra of pMMO samples were recorded under conditionsResults

(9.20-GHz microwave frequency, 6-mW microwave power, 5-G . .
field modulation amplitude, 125-ms time constant, and 4-min scan XANES Analysis. In compoundv1—M4 (Figure 1D,E),

time) identical to those for the standard. The spectra were corrected@? Unpaired electron is fully delocalized between the two

for background by subtraction of a spectrum for buffer recorded CU ions. All four model XANES spectra show preedge
under identical conditions. Double integration of background- features at 8980 eV (areas of 1.4, 1.1, 1.6, and 1.8/fb+

corrected spectra was done digitally using LabCalc software. The M4, respectively), characteristic of the *s 3d transition
same field integration range was used for all samples, and thefor centrosymmetric Cl (Figure 2 inset), and features at

(21) Riggs-Gelasco, P. J.; Stemmler, T. L.; Penner-Hahn, J. E. XAFS of (22) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Ligand spin densities
dinuclear metal sites in proteins and model compou@dserd. Chem. in blue copper proteins by Q-bafH and'*N ENDOR spectroscopy.
Rev. 1995 144, 245-286. J. Am. Chem. S0d.991 113 1533-1538.
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8984 eV, attributable to the Ctis— 4p transition (Figure
2A).23 The XANES spectrum for pMMg closely resembles
spectra reported for three- to four-coordinaté €mpounds,
based on the intensity of the s 4p transition, the overall
edge structure, and the lack of any discernible—1s3d
feature (Figure 2, inseff. The XANES spectrum for
pPMMO;s, (Figure 2B) has a reduced, but observable;4s
4p transition and a weak s 3d feature similar to those
seen in the spectra fdn2—M4, consistent with Cu in this
sample being a mixture of Cand CU. The 1s— 4p spectral
feature is further diminished, although present, in the
PMMO,x spectrum (Figure 2B), and this spectrum also
displays an apparent s 3d signal. These data would be
consistent with incomplete Cu oxidation or possibly a loss
of Cu—ligand symmetry for metal in the cupric st&feEPR
guantitation indicated that both pMM® and pMMQy
contain ~40% EPR-active Cu, but oxidation need not be

accompanied by an increase in the EPR signal intensity if

an EPR-silent Cysite is oxidized to a strongly coupled Gu
site. In addition, it is possible that the persisting 8984-eV
feature in the pMMQ@, sample results from instantaneous

photoreduction upon exposure to X-rays. The intensity of

Lieberman et al.

this feature is equivalent in subsequent scans for each sample.

Although CU" has been invoked in some models of the
pMMO Cu centerg® a shift of the 1s— 3d feature suggestive
of Cu" 26 is not observed in the XANES spectra.

Figure 3. Model complex Cu EXAFS fitting analysis. Panel A shows the
raw unfiltered EXAFS data and fits, and panel B shows the Fourier

Cu XANES spectra were extended past the energy of 9659transforms and simulated fits. Empirical data are in black, and simulated

eV to identify the extent of Zn fluorescence in our data and,

fits are in gray. Spectra were fit overkarange of +13.1 A1,

hence, to directly measure the population in the mononuclear3). Spectral features at 1.6 A are consistent with average

Zn site observed in the crystal structdréhe Zn fluorescence

Cu—O/N coordination environments at approximately 2.0 A.

edge was less than 3% of the Cu edge in each sample thaFeatures at 2.0 A are consistent with the-@u interactions
we tested. These data therefore indicate that the mononucleaat approximately 2.4 A. In addition, all four models exhibit
Zn site seen in the crystal structure was not populated by along-range scattering=3.0 A) consistent with the semirigid

Zn ion. It is therefore possible that this mononuclear site

could be populated by Cu or other additional metals.
Model Compound EXAFS. Crystallographically charac-

terized mixed-valence dinuclear Cu model complexids-

M4 were used to refine protocols for fitting pMMQ

environments imposed by the synthetic ligand scaffolds.
EXAFS fits for M1—M4 helped us refine our strategies
for fitting authentic Cu-Cu interactions in mixed-valent Gu
Cu' metalloproteins. In addition, these fits helped us define
the correct scale factor (Sc) and energy shift functiis) (

EXAFS. The Cu ions in these compounds are separated byneeded to calibrate Feff v7 generated theoretical models for
2.38-2.43 A and are coordinated by either mixed N and O fitting empirical data. To obtain Sc ar values, model

(M1 and M2) or all O (M3 and M4) ligands. Fourier
transforms of the EXAFS spectra ftl —M4 show intense
features at phase-shifted bond lengths of less & (Figure

(23) Kau, L.-S.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K.
0O.; Solomon, E. I. X-ray absorption edge determination of the
oxidation state and coordination number of copper. Application to the
type 3 site inRhusverniciferalaccase and its reaction with oxygen.
J. Am. Chem. S0d.987, 109, 6433-6442.

(24) Fann, Y. C.; Ahmed, I.; Blackburn, N. J.; Boswell, J. S.; Verkhovskaya,
M. L.; Hoffman, B. M.; Wikstrom, M. Structure of CuB in the
binuclear hemecopper center of the cytochrome aa3-type quinol
oxidase fromBacillus subtilis an ENDOR and EXAFS study.
Biochemistry1995 34 (32), 10245-10255.

(25) Chen, K. H.-C.; Chen, C.-L.; Tseng, C.-F.; Yu, S. S.-F.; Ke, S.-C;
Lee, J.-F.; Nguyen, H. T.; Elliott, S. J.; Alben, J. O.; Chan, S. I. The

copper clusters in the particulate methane monooxygenase (pMMO)

from Methylococcus capsulatBath).J. Chin. Chem. So2004 51,
1081-1098.

(26) DuBaois, J. L.; Mukherjee, P.; Stack, T. D. P.; Hedman, B.; Solomon,
E. I.; Hodgson, K. O. A systematic K-edge X-ray absorption
spectroscopic study of Cu(lll) site§. Am. Chem. So@00Q 122,
5775-5787.
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EXAFS data were initially fit using the average €ligand
bond length and coordination parameters obtained from the
crystal structures (listed in italics in Table 1). The best overall
fit for each model type is listed in bold. In thé1—M4 fits,

we utilized data over & range of +13.1 AL,

Using our simulation strategy outlined in the Supporting
Information, we simulated the Cu EXAFS for all four
dinuclear model compounds (Figure 3). In each case, the
best single-environment fits consisted of-G0/N fits that
were fairly disordered, as denoted by high Deby¢aller
factors (Table 1x.1 fits, wherex is the model number
identifier). The inclusion of an additional CtD/N shell was
justified in each model, based on decreadtigralues with
acceptable DebyeWaller factors for all environments (Table
1, x.2 fits). Including a CuCu interaction significantly
improved the simulations for all models, as shown by the
dramatic decrease ifr' values (Table 1x.3 fits). The
addition of a third Ct-O/N ligand system was only justified
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Figure 4. pMMO Cu EXAFS fitting analysis. Panel A shows the raw
unfiltered EXAFS data and fits for pMM@ (top), pMMQs, (middle), and
PMMO,y (bottom). Panel B shows the Fourier transforms and simulated
fits. Empirical data are in black, and simulated fits are in gray. Spectra
were fit over ak range of +-12.85 AL,

for M3. The Cu-Cu interactions match welk{0.02 A) to

the average parameters determined from the published crystaf

structures3'* but fits to the Cu-O/N nearest-neighbor
interactions were less successful (betwa#&n02 and 0.06).

In fits to M1, M2, and M4, all ligand environment
parameters match crystallographic values reasonably well
(£0.08 A of the crystal value).

pPMMO Cu EXAFS. Fourier transforms of the Cu EXAFS
data for pMMQs, PMMOrs and pMMQy show two
scattering interactions, corresponding to ligands at ap-
proximately 2 and 2.5 A (Figure 4). In addition, long-range
ligand interactions* 3 A) are evident. The camelback beat
pattern in the EXAFS &t = 4 A~%, which is characteristic
of imidazole ligation, is directly detectable in the pMMO
sample but less pronounced or absent in the pMMiEDd
PMMO,eq sSampleg’-28 For all pMMO samples, the EXAFS
data were best fit using a mixture of E@/N and Cu-Cu
ligand environments. Fits with a single set of O/N ligands
gave dramatically betteff ' values than fits with a single
Cu—S or Cu-Cu environment, as previously obsen/édhe
average single-environment fits gave-G0/N bond lengths
that are lower in pMMG (1.95 A) and pMMQ, (1.97 A)
than in pMMQeq (2.11 A) (Table 2, fits 5.1, 6.1, and 7.1,
respectively). All fits were improved with the addition of a
second CuO/N ligand environment. For pMM@y and
pMMO,,, the bond distances are distributed between 1.93
and 2.11 A, whereas in pMMQ, the second CuO/N
environment in pMMQ, is best fit with a longer bond length

(27) Loeffen, P. W.; Pettifer, R. F. An EXAFS calculation using known
four-body correlationsPhys. Re. Lett. 1995 76 (4), 636-639.

(28) Stemmler, T. L.; Sossong, T. M., Jr.; Goldstein, J. |.; Ash, D. E;
Elgren, T. E.; Kurtz, D. M., Jr.; Penner-Hahn, J. E. EXAFS comparison
of the dimanganese core structures of manganese catalase, arginas
and manganese-substituted ribonucleotide reductase and hemerythrin
Biochemistryl997, 36 (32), 9847-9858.

of 2.22 A, suggesting a redistribution or rearrangement of
O/N-based ligands concurrent with changes in the Cu redox
states.

There was a significant improvement in the fits to all
samples when scattering interactions a2.5 A were
included. Inclusion of a CuCu interaction in the pMMO
EXAFS simulations was justified for all samples (Table 2).
The Cu-Cu bond length of 2.65 A for pMM@y is
substantially longer than the 2.51-A length observed for
PMMOis, and pMMQ,. In our initial EXAFS analysis of
pPMMOj,, the Cu-metal interaction was best fit with a
2.57-A distancé? but this distance has been adjusted by 0.06
A as a result of better calibrated fitting parameters. The
2.65-A Cu—Cu interaction in the reduced sample is different
from the 2.58-A distance expected for-€metal, suggesting
that the integrity of the metal centers is maintained upon
reduction (Figure S1 in the Supporting Information). In all
samples, we were able to fit the data with long-range C
scattering using single-scattering models, and in the case of
pMMO;s, and pMMQy, these fits are reminiscent of fitting
imidazole interactiong In the case of pMM@, and
PMMO,,, the inclusion of C scattering at3 A and a second
long-range environment at3.8 A was justified. Although
the pMMQ.q data could also be fit with both interactions,
nly the inclusion of the>3-A fit was justified, based on
the improvement ir'. We were not able to fit long-range
(>3-A) scattering with a Cu-Cu interaction, eliminating
the possibility that our sample contains any appreciable Cu
metal. Attempts were made to fit the data using a multiple-
scattering Cwimidazole model, and the data could be fit
with reasonable success (Table 2, “*".N fits), but in no case
were these fits an improvement over the single-scattering
model fits. The inability to simulate the pMMO data with
multiple-scattering imidazole models may result from the fact
that there are multiple Ctimidazole interactions at each of
the pMMO Cu centers (Figure 1) and their EXAFS most
likely interfere destructively.

pMMO Fe XANES/EXAFS. To address the identity of
the interacting metal in the 2.51-A Cumetal interaction,
we collected Fe XAS data on pMM&Q Although many
researchers detect low levels of Fe in purified pMMO
samples? 1?2 a physiological role for Fe has not been
experimentally determined. The pMM©@Fe XANES spec-
trum (Figure 5) closely resembles the spectrum observed for
ferric ammonium sulfate, indicating that Fe copurified with
PMMO;g, is predominantly P& and that the ligand environ-
ment most likely contains O/N-based ligands. The first
inflection point for pMMQ, is 7124.34+ 0.6 eV. Using a
linear equation obtained from the first inflection point of the
XANES spectrum for ferrous ammonium sulfate (7124.9
0.2 eV) and for ferric ammonium sulfate (712550.5 eV)
as our Fe redox state limits, the pMM@OFe edge is
estimated to be 75 19% ferric. Interestingly, the XANES
spectrum resembles that of metmyoglobin.

The Fourier transform of the Fe EXAFS is also reminiscent
of heme protein$ and suggests a partially symmetric Fe
Rearest-neighbor environment with bond lengtt#s5 A and

long-range scattering at2.5 A (Figure 6). EXAFS fitting
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Table 2. Summary of Cu EXAFS Fitting Analysis for pMM@, pMMOise, and pMMQy

Lieberman et al.

ligand environmert

ligand environmenit

ligand environmerit

sample fit atonf R(A)  CNf 029 atonf  R(A)e CNf 029 atont! R(A)e CNf 029 Frh
PMMOyeqd 5.1 OIN 2.11 15 2.28 0.80
5.2 O/N 1.97 0.5 2.36 OIN 2.13 2 4.06 0.64
5.3 O/N 1.98 0.75 3.52 O/N 2.14 2 4.23 Cu 2.65 0.5 5.00 0.36
5.4 O/N 1.98 0.75 3.55 O/N 2.14 2 4.23 Cu 2.65 0.5 5.01 0.35
C 3.82 0.75 3.90
5.5 O/N 1.98 0.75 5.01 O/N 2.14 2 5.03 Cu 2.65 0.5 5.02 0.39
C 3.19 0.5 5.40 C 3.82 0.5 5.01
5.N Nim 2.15 2 3.26 OIN 1.98 0.75 3.21 Cu 2.65 0.5 5.00 0.60
PMMOiso 6.1 O/N 1.97 2.5 4.21 0.70
6.2 O/N 1.97 2.5 3.87 O/N 2.18 0.5 2.06 0.66
6.3 O/N 1.97 2.5 4.07 O/N 2.22 0.5 4.37 Cu 2.51 0.25 4.59 0.50
6.4 O/N 1.97 2.5 3.94 O/N 2.21 0.5 4.09 Cu 2.51 0.25 5.00 0.48
C 3.36 1 2.95
6.5 O/N 1.97 2.5 4.00 O/N 2.22 0.5 4.53 Cu 2.51 0.25 4.65 0.39
C 3.36 1.0 3.39 C 3.95 2.5 4.56
6.N Nim 2.0 3.0 3.70 Cu 2.51 0.5 4.56 0.63
PMMOgy 7.1 O/N 1.95 1.25 4.36 0.85
7.2 O/N 1.93 1.5 3.38 O/N 2.09 0.75 3.74 0.64
7.3 O/N 1.93 15 3.29 O/N 2.08 0.75 2.54 Cu 2.51 0.25 4.38 0.49
7.4 O/N 1.93 1.5 3.28 OIN 2.08 0.75 2.72 Cu 251 0.25 4.63 0.44
C 3.38 1.5 3.63
7.5 OIN 1.93 15 3.31 OIN 2.08 0.75 2.73 Cu 2.51 0.25 452 0.41
C 3.38 1.5 4.01 C 3.96 1.5 2.68
7.N Nim 1.95 2 4.53 Cu 2.51 0.25 4.94 0.43

aData fit over ak range of +12.85 AL Best-fit parameters are indicated in boldndependent metalligand scattering environmerftThe initial
number corresponds to the sample type, while the extension number corresponds to the number of shells included Bctitgefilng atoms: O (oxygen),
N (nitrogen), Cu (copper)f Average metatligand bond length from two independent samplesverage metatligand coordination number from two
independent sample$Average Debye Waller factor in & x 10 from two independent samplesNumber of degrees of freedom weighted mean-square
deviation between data and fitFit using only single-scattering Feff v7 theoretical modéfst using both single-scattering Feff v7 model and an additional
multiple-scattering Ct&N(imidazole) model, generated based on crystallographic coordinates listed in ref 20, and lahdletabNle atom designation.

Normalized Absorption (cm’g™)

Figure 5. Fe XANES spectra. Individual spectra correspond to ferrous
ammonium sulfate (dashed line), ferric ammonium sulfate (solid line), and

2
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PMMOis, (bold solid line).
results indicate a mixed FeO/N nearest-neighbor environ-

ment of four Fe-O/N interactions at 1.97 A and a second
Fe—O/N environment at 2.12 A. In addition, we observe that
the long-range scattering can only be fit with C-based ligands.
Importantly, there is no Femetal scattering in the range of
2.5-2.65 A, establishing that the Cumetal scattering
observed in the Cu EXAFS is not due to a-€ke interaction.
The best overall EXAFS fit (Table 3, fit 8.6) was obtained
by siml_JIating 'Fhe long-range scatte_ring with fo_ur se_parate PMMOis, (Figure S2
Fe—C interactions that were all simulated with single-
scattering Feff v7 models. The bond lengths resemble the

7130

7150

Energy (eV)

principal ligand interactions seen in +porphyrin systems

(Fe—N interactions at 1.95 A, FeC interactions at 3.01 A,
Fe—C interactions at 3.37 A, and F<« interactions at 4.26
A).2° Attempts to fit the Fe data with Feporphyrin or Fe-

Figure 6. pMMO Fe EXAFS fitting analysis. Empirical data are in black,

and simulated fits are in gray. Spectra were fit overkhange of +-13.35
AL

were worse than the single-scattering fits. Nevertheless, these
results strongly suggest that the Fe in the pMM&amples
is due to heme Fe, which was detected previously in the
optical spectrum of purified pMM® In addition, Q-band
EPR spectra acquired 2 K confirm the presence of high-
spin heme @z = 6.00; g, at 2.00 is not observable because
of overlap by the much more intense 'Csignal from

in the Supporting Information)).
Because heme was not observed in the crystal strugture,
the Fe likely derives from a cytochrome contaminant.

imidazole models were moderately successful, but these fits
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(29) Martinez, S. E.; Huang, D.; Szczepaniak, A.; Cramer, W. A.; Smith,
J. L. Crystal structure of chloroplast cytochrorheeveals a novel
cytochrome fold and unexpected heme ligati®tructure1994 2 (2),
95—-105.
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Table 3. Summary of EXAFS Fitting Analysis for the Fe Site in As-Isolated pMMO

ligand environmenit ligand environmert ligand environmerit
sample fit atonf! R(A)  CNf 029 atont! R(A)  CNf 029 atont! R(A)e  CNf 029 F'h
PMMOiso 8.1 OIN 1.99 4 5.46 2.37
8.2 O/N 1.97 4 4.13 O/N 2.12 1 4.00 1.95
83 O/N 1.97 4 4.28 O/N 2.12 1 3.84 C 3.07 3.5 3.38 1.50
8.4 O/N 1.97 4 419 OIN 2.12 1 4.02 C 3.07 35 252 1.25
C 3.50 2 1.67
8.5 O/N 1.97 4 4.23 O/N 2.12 1 4.18 C 3.07 3.5 252 1.22
C 3.50 2 192 C 4.04 2 4.52
8.6 OIN 1.97 4 4.16 OIN 2.12 1 3.71 C 3.07 35 147 1.17
C 3.50 2 1.53 C 4.04 2 4.50 C 4.63 2 2.44
8.P Npor 1.94 1 405 OIN 2.05 2 2.87 (0] 3.37 35 1.76 1.88
8.NK O/N 1.98 4 4.02 Nim 2.05 1.5 1.15 C 3.10 3.5 1.12 1.40
C 3.56 2.5 3.8 C 4.07 2.5 2.98 C 4.71 2.5 2.98

a Data were fit over & range of -13.35 A-L. Best-fit parameters are indicated in bdtdndependent metalligand scattering environmerftThe initial
number corresponds to the sample type while the extension number corresponds to the number of shells included Bdhikeeliing atoms: O (oxygen),
N (nitrogen), C (carbon), Fe (ironj.Average metatligand bond length from three independent samgléserage metatligand coordination number
from three independent samplésiverage Debye Waller factor in & x 10® from three independent sampléNumber of degrees of freedom weighted
mean-square deviation between data and Fitt using only single-scattering Feff v7 theoretical modéFit using both single-scattering Feff v7 model and
an additional multiple-scattering F€(porphyrin) ring model, generated based on crystallographic coordinates listed in ref 21, and lahéfethble atom
designationk Fit using both single-scattering Feff v7 model and an additional multiple-scatterinly fimidazole) model, generated based on crystallographic
coordinates listed in ref 20, and labele@,Nh table atom designation.

Discussion environments and average oxidation state. The utility of our
approach is demonstrated by the excellent agreement between
the overall best-fit parameters and the crystal structures

| (Table 1). The pMMO Cu EXAFS data fit with our refined

protocol corroborate the presence of both Cu centers in the

crystal structure (Figure 1A,B). The average Cu EXAFS data

Although the crystal structure of pMMO has been valuable
in locating the pMMO metal centers within the polypeptide
fold, the metrical and geometrical parameters are not wel
defined at 2.8-A resolution, exogenous ligands are not visible,
and the oxidation states of the metal ions cannot be 7 ) ) !
determined. In biology, mononuclear and dinuclear Cu sites Indicate nonsymmetric Cu nearest-neighbor environments
can each perform hydroxylation and electron-transfer func- constructed of C«#O/N and Cu-metal interactions. In
tions, of which both must occur in the conversion of methane addition, long-range interactions show characteristic features
to methanol. The functions of the individual Cu centers Of imidazole scattering, consistent with the prevalence of
therefore cannot be inferred from the crystal structure and coordinated histidines. The presence of multiple independent
the active site of pMMO remains unknown. On the basis of CU Centers from the crystal structure populated with different
reported metal ion compositioRghe physiological metal C_u stoichiometries explam; wr_]y single-environment fits were
ion at the crystallographic Zn site is likely Cu or Fe. XAS disordered, and the coordination number of 0.5 for the-Cu
is a complementary technique to study coordination environ- Cu mtgrgcﬂqn is consistent with only a fraction of the total
ment and redox changes in pMMO. In this study, we have CU existing in a CtCu cluster. In the crystal structure, 2
determined ligand bond distances to Cu by using appropriateQut of 3 Cu ions are in the cluster, whereas the coordination
models for improved EXAFS fitting, we have established number of 0.25 suggests that only a portion of the bound
the identity of the interacting metal in the dinuclear Cu- Cu is in the cluster and this cluster is partially disordered.
containing cluster, characterized the Fe in pMMO solution One way to reconcile these findings is if the mononuclear
samples, and gained information regarding the oxidation Mmetal binding site, occupied by Zn in the crystal structure,

state(s) of the Cu ions. contains Cu in the XAS samples. If Cu is, in fact, occupying
Numerous groups have used XAS to study systems this Zn site in the XAS samples, one would expect an average
containing multinuclear Cu clusters with short ©0u Cu—Cu coordination number for these fits to be less than or

distances, and standard fitting protocols are well docu- at best equal to 0.5, which, in fact, we see in all samples.
mented®®-32\We refined these strategies for mixed-valenyCu The presence of a GtCu center, rather than a €&e center,
Cu' systems using model compoundsl—M4, which is confirmed by the absence of FE€u scattering at-2.5 A
resemble pMMO in average nearest-neighbor coordinationin the Fe EXAFS. The fact that the Fe EXAFS resembles a
porphyrin system, combined with the EPR spectrum and the
(30) Zippel, F.; Anlers, F.; Werner, R.; Haase, W.; Nolting, H. F.; Krebs, - |ack of Fe or heme in the crystal structure, suggests that Fe
B. Structural and functional models for the dinuclear copper active . . G012 S
site in catechol oxidases: syntheses, X-ray crystal structures, magneticfound in purified pMM is not intrinsic to the enzyme

and spectral Properties, and X-ray absorption spectroscopic studiesbut due to impurities.
in solid state and in solutionorg. Chem.1996 35 (11), 3409~

3419.

(31) Blackburn, N. J.; Barr, M. E.; Woodruff, W. H.; van der Oost, J.; de (32) Blackburn, N. J.; Ralle, M.; Gomez, E.; Hill, M. G.; Pastuszyn, A,;
Vries, S. Metal-metal bonding in biology: EXAFS evidence for a Sanders, D.; Fee, J. A. Selenomethionine-substitliteetrmus ther-
2.5 A copper-copper bond in the Gucenter of cytochrome oxidase. mophiluscytochromeba3 characterization of the Gusite by Se and
Biochemistry1994 33 (34), 10401-10407. Cu K-EXAFS. Biochemistry1999 38 (22), 7075-7084.
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The Cu EXAFS further suggests that exogenous ligandsthe type 2 EPR signal would be attributable to the mono-
are probably present because thed20/N ligands simulated  nuclear site, and the dinuclear center must be strongly
for each pMMO sample is higher than the two N ligands antiferromagnetically coupled ¢Gu' and EPR-silent. Upon
coordinated to each Cu ion in the structure (Figure 1A,B). reduction, the dinuclear site becomes fullyCu, explaining
This notion is supported by the similarity of the pMMO the change in the CuCu distance. This scenario is not
EXAFS to that of the model compounds, which contain four consistent with the presence of 'Go pMMO;s,, however,
(M1 and M2) or five ligands M3 and M4). Finally, our unless we invoke Cuin the crystallographic Zn site or
data give no indication of CuS ligation, which is consistent  instantaneous photoreduction. Another option (scenario 2)
with the absence of cysteine ligands in the crystal structure is that the mononuclear site is €and the dinuclear site is
and suggests that inorganic sulfide, which bridges the nitrousCuCu. Again, the type 2 EPR spectrum would be due to
oxide reductase tetranuclear Celuster3334is not a likely the mononuclear site, but the increase in the-Cu distance

exogenous ligand. would have to be attributed to an effect other than a redox
A comparison of the pMMO XANES to that of the model change because the dinuclear center is already reduced.
compounds indicates that pMM®@is a mixture of Cliand A third possibility is that the mononuclear site is'Gund

Cu', as suggested previousRChanges in the XANES upon the dinuclear site is mixed-valence 'Cu' (scenario 3).
treatment with dithionite or hydrogen peroxide indicate that Mixed-valence sites are classified as completely delocalized,
the pMMO Cu centers can undergo redox chemistry. partially delocalized, and completely localizEdBecause
Although the EXAFS data for all three samples were best pMMO;s, does not exhibit spectroscopic features character-
fit with 2—4 O/N ligands, the average coordination distance istic of fully delocalized C&°Cu'5, as observed for model
increases as the sample is reduced, and the populations ofompounddvi1—M41314and biological Cw centers® a Cu-
the independent ligand environments redistribute. The rela-Cu' site must be completely localized or trapped valence.
tionship of the 2.22 A CtO/N distance in pMM@, to the The type 2 EPR spectrum could then derive from the
oxidation state is not clear. One possibility is that this dinuclear site, and reduction would result in a loss of the
distance corresponds to a flexible interaction between the EPR signal intensity as well as an increase in the-Cu
amino terminal N atom of His 33 and the dinuclear center distance consistent with a reduction from'Cu' to CUCU.
(Figure 1B). The CuCu distance of 2.51 A for pMM@ The extent of delocalization can be very sensitive to the
and pMMQ increases to 2.65 A for pMM@, suggesting ~ environment, and in some cases, reversible transitions
that the dinuclear site can be reduced. The-Cu bond between valence states have been observed. For example,
distances for the cytochronmeoxidase Cy site increase by  lowering the pH from 7 to 4 and protonating a coordinated
~0.1 A upon conversion from the mixed-valence' 6> histidine converts a delocalized £wenter to a trapped
form to the CIUCU form3® Similar trends are observed for valence centef In another example, halide binding to the
model complexes as welt. The identical Cu-Cu distances ~ hemocyanin Cpicenter modulates the extent of delocaliza-
obtained for pMMQ@, and pMMQ,, suggest that any D.- tion.*® Therefore, if we assume that the pMMO dinuclear
mediated oxidation does not occur at the dinuclear site.  site is in a trapped valence state, this scenario is compatible
These data provide new insight into the possible oxidation with all of the available data.
states of the pMMO Cu ions. Although Cu in the EXAFS  The results for pMM@ also need to be considered in the
samples could occupy the crystallographic Zn site, as context of the oxidation state scenarios. The amount of EPR-
suggested by the coordination number of 0.25 for the-Cu active Cu did not change upon hydrogen peroxide treatment,
Cu interaction (vide supra), no experimental evidence for suggesting that either oxidation was not successful or
Cu in this site is yet available. Therefore, we will primarily ~oxidation cannot be detected by EPR. It may be that
consider only mononuclear and dinuclear Cu sites in the oxidation requires the presence of a substrate. In support of
following discussion of possible redox scenarios. According this idea, recent studies by Chan and co-workers suggest that
to the XAS data, pMM@, contains both Cuand Clf, and hydrogen peroxide oxidation is effective only in the presence
the Cu-Cu distance is affected by reduction. EPR data of the suicide substrate acetylefieThose experiments,

indicate the presence of a mononuclear type 2 site;a@%  however, were conducted using dithionite-treated pMMO
of the pMMQs, Cu is EPR-active. One possibility (scenario membranes rather than as-isolated membranes.
1) is that all three Cu ions in pMM@ are CU. In this case, If we assume that oxidation by hydrogen peroxide does

occur, as suggested by the XAS data, then scenario 3 could

(33) Rasmussen, T.; Berks, B. C.; Sanders-Loehr, J.; Dooley, D. M.; Zumft,
W. G.; Thomson, A. J. The Catalytic Center in Nitrous Oxide (37) Robin, M. B.; Day, P. Mixed valence chemistrg survey and

Reductase, Gy Is a Copper Sulfide ClusteBiochemistry200Q 39, classification.Adv. Inorg. Chem. Radiochem 967, 10, 247—423.

12753-12756. (38) Beinert, H. Copper A of cytochroneeoxidase, a novel, long-embattled
(34) Brown, K. R.; Djinovic-Carugo, K.; Haltia, T.; Cabrito, I.; Saraste, biological electron-transfer sitéur. J. Biochem1997, 245 521—

M.; Moura, J. J. G.; Moura, |.; Tegoni, M.; Cambillau, C. Revisiting 532.

the catalytic Cu cluster of nitrous oxide (PD) reductase. Evidence (39) Hwang, H. J.; Lu, Y. pH-dependent transition between delocalized

of a bridging inorganic sulfur. Biol. Chem200Q 275 41133-41136. and trapped valence states of anQienter and its possible role in
(35) Blackburn, N. J.; de Vries, S.; Barr, M. E.; Houser, R. P.; Tolman, proton-coupled electron transfé?roc. Natl. Acad. Sci. U.S.£2004

W. B.; Sanders, D.; Fee, J. A. X-ray absorption studies on the mixed- 101, 12842-12847.

valence and fully reduced forms of the soluble \Cdomains of (40) Westmoreland, T. D.; Wilcox, D. E.; Baldwin, M. J.; Mims, W. B.;

cytochromec oxidase.J. Am. Chem. S0d.997 119, 6135-6143. Solomon, E. I. Detailed spectroscopic analysis of half-met hemocya-
(36) Kim, E. J.; Chufa, E. E.; Kamaraj, K.; Karlin, K. D. Synthetic models nins: mixed-valent contributions to electronic properties and structure.

for heme-copper oxidase€hem. Re. 2004 104, 1077-1133. J. Am. Chem. S0d.989 111, 6106-6123.
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