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Abstract

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
(PMMOj,,), chemically reduced (pMMO,q), and chemically oxidized (pMMO,y) samples. X-ray
absorption near-edge spectra (XANES) indicate that pMMOj,, contains both Cul and Cull 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 pMMOj,. Analysis of Fe EXAFS data combined with electron paramagnetic resonance
(EPR) spectra indicates that Fe, present as Felll, 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.
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Introduction

In the first step of the metabolic pathway of methanotrophic bacteria,! methane
monooxygenase (MMO) enzymes convert methane to methanol at a catalytic metal center.2:
3 As the only known enzymes that can activate the inert (104 kcal/mol) C—H bond in methane,
MMOs and the related ammonia monooxygenase® are relevant to the development of new
industrial catalysts. All strains of methanotrophs express the membrane-bound form,
particulate methane monooxygenase (pMMO),Z and several can also express a soluble form
(sMMO)3 under conditions of Cu starvation.>>° Detailed knowledge of the atomic and
electronic structures of the MMO catalytic metal centers is crucial to understanding the
mechanism of methane oxidation. In sMMO, C—H activation occurs at a carboxylate-bridged
Fe, center’ and several reactive intermediates have been detected and characterized.>:3 By
contrast, knowledge of the pMMO active site structure and mechanism is limited.

The crystal structure of pMMO from Methylococcus capsulatus (Bath), recently determined
to 2.8-A resolution, reveals an ~300 kDa trimer composed of three copies each of the pMMO
polypeptides pmoA (8 subunit), pmoB (a subunit), and pmoC (y subunit).® Each a8y protomer
contains three discrete metal centers. Mononuclear and dinuclear copper centers reside ~25
and ~10 A above the surface of the membrane, respectively, in the soluble regions of pmoB.
The mononuclear Cu center is coordinated by His 48 and His 72 from pmoB with nearly linear
geometry (Figure 1A). The dinuclear Cu center is ligated by the amino terminus and side chain
of His 33, His 137, and His 139 from pmoB (Figure 1B). The third site, occupied by a Zn ion
in the crystal, is located ~13 A below the surface of the membrane and is coordinated by Asp
156, His 160, and His 173 from pmoC and Glu 195 from pmoA (Figure 1C). The presence of
Zn at this site is a crystallization artifact, and the physiological metal ion is not known. The
identity of the catalytic center remains a major question. Although 2.8-A resolution is excellent
for a membrane protein structure, the coordinate error precludes obtaining metrical parameters
and accurate descriptions of coordination geometry. Exogenous 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.

X-ray absorption spectroscopy (XAS) can supply some of this information as well as provide
support and verification of the crystallographic model. Prior to solving the crystal structure,
we initiated XAS studies of purified M. capsulatus (Bath) pMMO containing 2-3 Cu ions and
0.4—1 Fe ions per 100 kDa.!% The X-ray absorption near-edge spectrum (XANES) exhibited a
shoulder at 8984 eV, indicative of Cul in as-isolated pMMO. Extended X-ray absorption fine
structure (EXAFS) data revealed a Cu—metal interaction at 2.57 IOA, which we fit as a Cu—Cu
interaction, although the possibility of a Cu—Fe interaction could not be excluded at that time.
On the basis of these XAS data and electron paramagnetic resonance (EPR) spectroscopic
studies, we proposed that the pMMO Cu centers exist in a mononuclear center and as a Cu-
containing cluster,2-10 the details of which were elucidated by the crystal structure.? In this
report, we present a comprehensive XAS analysis of purified pMMO. We employed four
synthetic Cup model complexes to obtain more accurate EXAFS fitting protocols for the as-
isolated protein. In addition, we expand upon the general understanding of pMMO by analyzing
the different metal centers after treatment with dithionite and hydrogen peroxide. Our results
support the crystallographic data and provide accurate metrical parameters as well as new
insight into the oxidation states of the pMMO metal ions. We also address the nature of the Fe
found in pMMO samples purified by our laboratory!? and others.!!-12
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Experimental Section
pPMMO Sample Preparation

M. capsulatus (Bath) cultures were fermented and membranes were isolated as described
previously.!0 As-isolated (pMMOj,) and dithionite-reduced (p)MMO,q) samples were
prepared using a method also described previously.!? This purification protocol differs slightly
from that used to generate samples for crystallography.? Samples contained 2—4 Cu ions per
100 kDa, as determined by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) using a Thermo Jarrell Ash Atomscan model 25 sequential ICP spectrometer. In an
attempt to oxidize pMMO (pMMO,y), a solution of 3% H,0, was added dropwise to a stirring
suspension of crude membranes to a final concentration of 0.02 or 0.05% (v/v) HyO,. The
solution was allowed to stir at room temperature for 3 or 5 h, respectively. The samples turned
from translucent brown to opaque gray. Each sample was diluted 1:1 with a 50 mg/mL n-
dodecyl-f-D-maltoside (12 M, Anatrace) solution in water and centrifuged at 20 800g for 10
min to remove unsolubilized material, and crude pMMO was purified as described previously.
10 This procedure was used because previous attempts to oxidize purified pMMO with
ferricyanide!? and other oxidants? gave no increase in the EPR signal intensity. All XAS
samples were diluted in 50 mM Hepes, pH 7.5, 0.25 M NaCl, and 0.05% 12 M and 50% glycerol
and concentrated to 1 and 10 mM Cu, corresponding to 0.2 and 2 mM Fe. The high-Cu-
concentration samples were used when measuring protein Fe XAS. Samples were loaded into
Kapton-wrapped Lucite cells (pMMO,¢q samples were also loaded into a Coy anaerobic
chamber), flash frozen in liquid N5, and stored at —80 °C prior to data collection. All XAS
measurements were performed on multiple, independently prepared samples to ensure
reproducibility of our results.

Cus Model Complexes

Structurally characterized mixed-valent dinuclear Cu model compounds were used to calibrate
the metal-ligand EXAFS interaction in pMMOj,. Samples of [tris{(N'-tert-butylureaylato)-
N-ethyl} aminatocopper(Il)],BF4 (M1) and [N-fert-butylurealylato-{2-(dimethylamino)
ethyl} aminatocopper(Il)],BF4 (M2), which are blue, were prepared according to a previously
published protocol.!3 Similarly, purple samples of [Cuy(m-xylylene- diaminebis(Kemp’s
triacid imide))(u-OTf)(THF),] (M3) and [Cuy(m-xylylenediaminebis(Kemp’s triacid imide))
(u-O>CCF;3)(THF),] (M4) were prepared according to published protocols.' Samples were
stored as solids, transported to the synchrotron under strict anaerobic conditions, and
immediately placed in an anaerobic chamber. In the anaerobic chamber, all four samples were
diluted with boron nitride (Aldrich), packed into Al transmission cells wrapped in Kapton tape,
flash frozen, and stored in liquid N, until data collection.

XAS Data Collection and Analysis

XAS data were collected at Stanford Synchrotron Radiation Laboratory (SSRL) beamlines 7-3
and 10-2 and at National Synchrotron Light Source (NSLS) beamline X9-b. Both SSRL
beamlines were equipped with Si(220) double-crystal monochromators detuned 50% for
harmonic rejection, whereas NSLS beamline X9-b was equipped with a Si(111)
monochromator equipped with a harmonic rejection mirror. Samples were maintained at 10 K
using Oxford Instruments continuous-flow liquid-He cryostats at SSRL and at 24 K using a
He Displex Cryostat at NSLS. Protein fluorescence excitation spectra were collected using 30-
element Ge solid-state array detectors at SSRL and a 13-element Ge solid-state detector at
NSLS. Mn and Ni filters (0.6 mM in width) were placed between the cryostat and detector to
filter scattering fluorescence not associated with the Fe and Cu signals, respectively.
Transmission data were recorded on model compounds using ionization detectors, filled with
N, gas, placed before and after the cryostat. XAS spectra were measured using 5-eV steps in
the preedge regions (6900-7094 eV for Fe and 8750-8960 eV for Cu), 0.25-eV steps in the
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edge regions (7095-7135 eV for Fe and 89869050 eV for Cu), and 0.05-A! increments in
the EXAFS region (to k= 13.5 A~ for Fe and Cu), integrating from 1 to 20 s in a k>-weighted
manner for a total scan length of approximately 40 min. X-ray energies were calibrated by
collecting Fe or Cu foil absorption spectra simultaneously with protein and model data and
assigning the first inflection point as 7111 eV for the Fe foil and 8980.3 eV for the Cu foil.
Each fluorescence channel of each scan was examined for spectral anomalies prior to
averaging, and spectra were closely monitored for photoreduction. SSRL data represent the
average of 67 scans, while NSLS data represent the average of 9-10 scans.

XAS data were processed using the Macintosh OS X version of the EXAFSPAK program
suite!? integrated with the Feff v7 software!® for theoretical model generation. Data reduction
utilized a Gaussian function in the preedge region and a three-region cubic spline through the
EXAFS region. Data were converted to k space using Eq values of 7130 eV for Fe and 9000
eV for Cu. The k3-weighted EXAFS was truncated at 1.0 and 13.35 A~! (for Fe) and 1.0 and
12.85 A~! (for Cu) for filtering purposes and Fourier-transformed. These spectral k ranges
correspond to spectral resolutions of ca. 0.13 A for both the Fe—and Cu-ligand interactions;
therefore, only independent scattering environments outside 0.13 A were considered resolvable
in the EXAFS fitting analysis.!”

The fitting analyses of our EXAFS data were performed on both Fourier-filtered and raw/
unfiltered data. Each method gave equivalent structural results. Model and protein EXAFS
data were fit using both single- and multiple-scattering amplitude and phase functions
calculated using Feff v7. Single-scattering Feff v7 models were calculated for C, O, S, and Cu
coordination to simulate Cu-ligand environments and for C, O, S, and Fe coordination to
simulate Fe—ligand environments. Multiple-scattering Feff v7 models were generated for Fe—
and Cu—imidazole and Fe—porphyrin interactions utilizing crystallographic coordinates for Zn—
and Mn—-imidazole and Fe—porphyrin systems.!8:19 Appropriate scale factors (Sc) and E
values used when fitting Cu and Fe data were calibrated by fitting crystallographically
characterized Cu (italics in Table 1) and Fe2? model compounds. Strategies for calibrating Sc
and E are outlined in the Supporting Information. Criteria for judging best-fit EXAFS
simulations, utilizing the lowest mean-square deviation between data and fit corrected for the
number of degrees of freedom (F”),2! are outlined in the Supporting Information.

EPR Spectroscopy

EPR spectra were recorded on a modified Varian E-4 spectrometer equipped with a N»-flow
cryostat. The acquisition temperature was 120 K, as determined by a thermocouple placed in
the sample area. An aqueous solution of copper ethylenediaminetetraacetic acid (1.0 mM) was
used as the standard, and EPR spectra of pMMO samples were recorded under conditions (9.20-
GHz microwave frequency, 6-mW microwave power, 5-G field modulation amplitude, 125-
ms time constant, and 4-min scan time) identical to those for the standard. The spectra were
corrected for background by subtraction of a spectrum for buffer recorded under identical
conditions. Double integration of background-corrected spectra was done digitally using
LabCalc software. The same field integration range was used for all samples, and the spectra
were baseline-corrected (linear) after the first digital integration. Q-band (35-GHz) EPR
spectra were recorded at 2 K on a modified Varian E-9 spectrometer, described elsewhere.
Under the experimental conditions employed, the spectra appear as the absorption envelope,
rather than as the first-derivative presentation, enhancing the detection of weak, broad signals.
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Results

XANES Analysis

In compounds M1-M4 (Figure 1D,E), an unpaired electron is fully delocalized between the
two Cu ions. All four model XANES spectra show preedge features at 8980 eV (areas of 1.4,
1.1, 1.6, and 1.8 for M1-M4, respectively), characteristic of the 1s — 3d transition for
centrosymmetric Cull (Figure 2 inset), and features at 8984 eV, attributable to the Culls -
4p transition (Figure 2A).23 The XANES spectrum for pMMO,4 closely resembles spectra
reported for three- to four-coordinate Cul compounds, based on the intensity of the 1s — 4p
transition, the overall edge structure, and the lack of any discernible 1s — 3d feature (Figure
2, inset).23 The XANES spectrum for pMMOjg,, (Figure 2B) has a reduced, but observable, 1s
— 4p transition and a weak 1s — 3d feature similar to those seen in the spectra for M2-M4,
consistent with Cu in this sample being a mixture of Cul and Cull. The 1s — 4p spectral feature
is further diminished, although present, in the pMMO,,, spectrum (Figure 2B), and this
spectrum also displays an apparent 1s — 3d signal. These data would be consistent with
incomplete Cu oxidation or possibly a loss of Cu-ligand symmetry for metal in the cupric state.
24 EPR quantitation indicated that both pMMOj, and pMMO,, contain ~40% EPR-active Cu,
but oxidation need not be accompanied by an increase in the EPR signal intensity if an EPR-
silent Cul; site is oxidized to a strongly coupled Cull, site. In addition, it is possible that the
persisting 8984-eV feature in the pMMO,, sample results from instantaneous photoreduction
upon exposure to X-rays. The intensity of this feature is equivalent in subsequent scans for
each sample. Although Cu'll has been invoked in some models of the pMMO Cu centers,? a
shift of the 1s — 3d feature suggestive of Cu!™26 is not observed in the XANES spectra.

Cu XANES spectra were extended past the energy of 9659 eV to identify the extent of Zn
fluorescence in our data and, hence, to directly measure the population in the mononuclear Zn
site observed in the crystal structure.” The Zn fluorescence edge was less than 3% of the Cu
edge in each sample that we tested. These data therefore indicate that the mononuclear Zn site
seen in the crystal structure was not populated by a Zn ion. It is therefore possible that this
mononuclear site could be populated by Cu or other additional metals.

Model Compound EXAFS

Crystallographically characterized mixed-valence dinuclear Cu model complexes M1-M4
were used to refine protocols for fitting pMMOjs, EXAFS. The Cu ions in these compounds
are separated by 2.38-2.43 A and are coordinated by either mixed N and O (M1 and M2) or
all O (M3 and M4) ligands. Fourier transforms of the EXAFS spectra for M1-M4 show intense
features at phase-shifted bond lengths of less than 3 A (Figure 3). Spectral features at 1.6 A
are consistent with average Cu—O/N coordination environments at approximately 2.0 A.
Features at 2.0 A are consistent with the Cu—Cu interactions at approximately 2.4 A. In addition,
all four models exhibit long-range scattering (>3.0 A) consistent with the semirigid
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 Cul/Cu!! metalloproteins. In addition, these fits helped us define the correct
scale factor (Sc) and energy shift function (E() needed to calibrate Feff v7 generated theoretical
models for fitting empirical data. To obtain Sc and E( values, model EXAFS data were initially
fit using the average Cu-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 the M1-M4 fits, we utilized data over a k range of 1-13.1 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-
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environment fits consisted of Cu—O/N fits that were fairly disordered, as denoted by high
Debye—Waller factors (Table 1, x.1 fits, where x is the model number identifier). The inclusion
of an additional Cu—O/N shell was justified in each model, based on decreasing F” values with
acceptable Debye—Waller factors for all environments (Table 1, x.2 fits). Including a Cu—Cu
interaction significantly improved the simulations for all models, as shown by the dramatic
decrease in F” values (Table 1, x.3 fits). The addition of a third Cu—O/N ligand system was
only justified for M3. The Cu—Cu interactions match well (+0.02 A)tothe average parameters
determined from the published crystal structures,!3-14 but fits to the Cu—O/N nearest-neighbor
interactions were less successful (between +0.02 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).

pMMO Cu EXAFS

Fourier transforms of the Cu EXAFS data for pMMOjo, pPMMO,4, and pMMO,,x show two
scattering interactions, corresponding to ligands at approximately 2 and 2.5 A (Figure 4). In
addition, long-range ligand interactions (>3 A) are evident. The camelback beat pattern in the
EXAFS at k=4 A~!, which is characteristic of imidazole ligation, is directly detectable in the
pPMMO);,,, sample but less pronounced or absent in the pMMO,, and pMMO, 4 samples.2”s
28 For all pMMO samples, the EXAFS data were best fit using a mixture of Cu—O/N and Cu—
Cu ligand environments. Fits with a single set of O/N ligands gave dramatically better F’ values
than fits with a single Cu—S or Cu—Cu environment, as previously observed.!? The average
single-environment fits gave Cu—O/N bond lengths that are lower in pMMO, (1.95 A) and
PMMO;, (1.97 A) than in pMMO,4 (2.11 A) (Table 2, fits 5.1, 6.1, and 7.1, respectively).
All fits were improved with the addition of a second Cu—O/N ligand environment. For
PMMO,q and pMMO,,, the bond distances are distributed between 1.93 and 2.11 A, whereas
in pMMO;j,,, the second Cu—O/N environment in pMMO,,, is best fit with a longer bond length
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 at
>2.5 A were included. Inclusion of a Cu—Cu interaction in the pMMO EXAFS simulations
was justified for all samples (Table 2). The Cu—Cu bond length of 2.65 A for pMMO,¢q is
substantially longer than the 2.51-A length observed for pMMOjs, and pMMO,y. In our initial
EXAFS analysis of pMMO,,, the Cu—metal interaction was best fit with a 2.57-A distance,
10yt 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 Cu—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
PMMOj,, and pMMO,,, these fits are reminiscent of fitting imidazole interactions.28 In the
case of pPMMOj, and pMMO,y, the inclusion of C scattering at >3 A and a second long-range
environment at >3.8 A was justified. Although the pMMO,4 data could also be fit with both
interactions, only the inclusion of the >3-A fit was justified, based on the improvement in F'.
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 Cu—imidazole 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 Cu—imidazole
interactions at each of the pMMO Cu centers (Figure 1) and their EXAFS most likely interfere
destructively.

Inorg Chem. Author manuscript; available in PMC 2010 May 5.
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PMMO Fe XANES/EXAFS

To address the identity of the interacting metal in the 2.51-A Cu—metal interaction, we collected
Fe XAS data on pMMO;,. Although many researchers detect low levels of Fe in purified
pMMO samples, %12 a physiological role for Fe has not been experimentally determined. The
pPMMO;, Fe XANES spectrum (Figure 5) closely resembles the spectrum observed for ferric
ammonium sulfate, indicating that Fe copurified with pMMOjg, is predominantly Fe!ll and that
the ligand environment most likely contains O/N-based ligands. The first inflection point for
PMMO;j,, is 7124.3 £ 0.6 eV. Using a linear equation obtained from the first inflection point
of the XANES spectrum for ferrous ammonium sulfate (7120.9 £ 0.2 eV) and for ferric
ammonium sulfate (7125.5 £ 0.5 eV) as our Fe redox state limits, the pMMOj,, Fe 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 proteins!® and suggests
a partially symmetric Fe nearest-neighbor environment with bond lengths <2.5 A and long-
range scattering at >2.5 A (Figure 6). EXAFS fitting results indicate a mixed Fe—O/N nearest-
neighbor environment 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 Fe—metal scattering in the range of 2.5-2.65 A, establishing
that the Cu—metal scattering observed in the Cu EXAFS is not due to a Cu—Fe interaction. The
best overall EXAFS fit (Table 3, fit 8.6) was obtained by simulating the long-range scattering
with four separate Fe—C interactions that were all simulated with single-scattering Feff v7
models. The bond lengths resemble the principal ligand interactions seen in Fe—porphyrin
systems (Fe—N interactions at 1.95 A, Fe—C interactions at 3.01 A, Fe—C interactions at 3.37
A, and Fe—C interactions at 4.26 A).2% Attempts to fit the Fe data with Fe—porphyrin or Fe—
imidazole models were moderately successful, but these fits were worse than the single-
scattering fits. Nevertheless, these results strongly suggest that the Fe in the pMMOj,, samples
is due to heme Fe, which was detected previously in the optical spectrum of purified pMMO.
10 In addition, Q-band EPR spectra acquired at 2 K confirm the presence of high-spin heme
(g1 =6.00; g| at 2.00 is not observable because of overlap by the much more intense Cull
signal from pMMOj,,, (Figure S2 in the Supporting Information)). Because heme was not
observed in the crystal structure,” the Fe likely derives from a cytochrome contaminant.

Discussion

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 well defined at
2.8-A resolution, exogenous ligands are not visible, and the oxidation states of the metal ions
cannot be determined. In biology, mononuclear and dinuclear Cu sites can each perform
hydroxylation and electron-transfer functions, of which both must occur in the conversion of
methane to methanol. The functions of the individual Cu centers therefore cannot be inferred
from the crystal structure and the active site of pMMO remains unknown. On the basis of
reported metal ion compositions,? the physiological metal ion at the crystallographic Zn site
is likely Cu or Fe. XAS is a complementary technique to study coordination environment and
redox changes in pMMO. In this study, we have determined ligand bond distances to Cu by
using appropriate models for improved EXAFS fitting, we have established the identity of the
interacting metal in the dinuclear Cu-containing cluster, characterized the Fe in pMMO
solution samples, and gained information regarding the oxidation state(s) of the Cu ions.

Numerous groups have used XAS to study systems containing multinuclear Cu clusters with
short Cu—Cu distances, and standard fitting protocols are well documented.3%—32 We refined
these strategies for mixed-valent Cu/Cul!! systems using model compounds M1-M4, which
resemble pMMO in average nearest-neighbor coordination environments and average
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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 indicate nonsymmetric Cu nearest-
neighbor environments constructed of Cu—O/N and Cu-metal interactions. In addition, long-
range interactions show characteristic features of imidazole scattering, consistent with the
prevalence of coordinated histidines. The presence of multiple independent Cu centers from
the crystal structure populated with different Cu stoichiometries explains why single-
environment fits were disordered, and the coordination number of 0.5 for the Cu—Cu interaction
is consistent with only a fraction of the total Cu existing in a Cu—Cu cluster. In the crystal
structure, 2 out of 3 Cu ions are in the cluster, whereas the coordination number of 0.25 suggests
that only a portion of the bound Cu is in the cluster and this cluster is partially disordered. One
way to reconcile these findings is if the mononuclear metal binding site, occupied by Zn in the
crystal structure, contains Cu in the XAS samples. If Cu is, in fact, occupying this Zn site in
the XAS samples, one would expect an average Cu—Cu coordination number for these fits to
be less than or at best equal to 0.5, which, in fact, we see in all samples. The presence of a Cu—
Cu center, rather than a Cu—Fe center, is confirmed by the absence of Fe—Cu scattering at ~2.5
A in the Fe EXAFS. The fact that the Fe EXAFS resembles a porphyrin system, combined
with the EPR spectrum and the lack of Fe or heme in the crystal structure, suggests that Fe
found in purified pMMO!0~12 is not intrinsic to the enzyme but due to impurities.

The Cu EXAFS further suggests that exogenous ligands are probably present because the 2—
4 O/N ligands simulated for each pMMO sample is higher than the two N ligands coordinated
to each Cu ion in the structure (Figure 1A,B). This notion is supported by the similarity of the
pMMO EXAFS to that of the model compounds, which contain four (M1 and M2) or five
ligands (M3 and M4). Finally, our data give no indication of Cu-S ligation, which is consistent
with the absence of cysteine ligands in the crystal structure and suggests that inorganic sulfide,
which bridges the nitrous oxide reductase tetranuclear Cuy cluster,33-3% is not a likely
exogenous ligand.

A comparison of the pMMO XANES to that of the model compounds indicates that
PMMO;, is a mixture of Cul and Cu'l, as suggested previously.!? Changes in the XANES
upon treatment with dithionite or hydrogen peroxide indicate that the pMMO Cu centers can
undergo redox chemistry. Although the EXAFS data for all three samples were best fit with
2—4 O/N ligands, the average coordination distance increases as the sample is reduced, and the
populations of the independent ligand environments redistribute. The relationship of the 2.22
A Cu-O/N distance in pMMO;, to the oxidation state is not clear. One possibility is that this
distance corresponds to a flexible interaction between the amino terminal N atom of His 33
and the dinuclear center (Figure 1B). The Cu—Cu distance of 2.51 A for pPMMO;,, and
PMMO,, increases to 2.65 A for pMMO,q, suggesting that the dinuclear site can be reduced.
The Cu—Cu bond distances for the cytochrome ¢ oxidase Cuy site increase by ~0.1 A upon
conversion from the mixed-valence Cu!-3Cu!-3 form to the CulCu! form.33 Similar trends are
observed for model complexes as well.3¢ The identical Cu—Cu distances obtained for
pPMMOjs, and pMMO,, suggest that any H>O,-mediated oxidation does not occur at the
dinuclear site.

These data provide new insight into the possible oxidation states of the pMMO Cu ions.
Although Cu in the EXAFS samples could occupy the crystallographic Zn site, as suggested
by the coordination number of 0.25 for the Cu—Cu interaction (vide supra), no experimental
evidence for Cu in this site is yet available. Therefore, we will primarily consider only
mononuclear and dinuclear Cu sites in the following discussion of possible redox scenarios.
According to the XAS data, pMMOj, contains both Cu! and Cull, and the Cu—Cu distance is
affected by reduction. EPR data indicate the presence of a mononuclear type 2 site, and ~40%
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of the pMMOj,, Cu is EPR-active. One possibility (scenario 1) is that all three Cu ions in
PMMO;, are Cull. In this case, the type 2 EPR signal would be attributable to the mono-nuclear
site, and the dinuclear center must be strongly antiferromagnetically coupled Cu'Cu! and
EPR-silent. Upon reduction, the dinuclear site becomes fully Cu!Cul, explaining the change
in the Cu—Cu distance. This scenario is not consistent with the presence of Cul in pMMOj;,,
however, unless we invoke Cul in the crystallographic Zn site or instantaneous photoreduction.
Another option (scenario 2) is that the mononuclear site is Cull and the dinuclear site is
CulCul. Again, the type 2 EPR spectrum would be due to the mononuclear site, but the increase
in the Cu—Cu distance would have to be attributed to an effect other than aredox change because
the dinuclear center is already reduced.

A third possibility is that the mononuclear site is Cul and the dinuclear site is mixed-valence
Cu!Cu!! (scenario 3). Mixed-valence sites are classified as completely delocalized, partially
delocalized, and completely localized.3” Because pMMO;g, does not exhibit spectroscopic
features characteristic of fully delocalized Cu!->Cu!-3, as observed for model compounds
M1-M4!3:14 and biological Cup centers,® a Cul-Cull site must be completely localized or
trapped valence. The type 2 EPR spectrum could then derive from the dinuclear site, and
reduction would result in a loss of the EPR signal intensity as well as an increase in the Cu—
Cu distance consistent with a reduction from CulCu!! to CulCul. The extent of delocalization
can be very sensitive to the environment, and in some cases, reversible transitions between
valence states have been observed. For example, lowering the pH from 7 to 4 and protonating
a coordinated histidine converts a delocalized Cuy center to a trapped valence center.® In
another example, halide binding to the hemocyanin Cu, center modulates the extent of
delocalization.*0 Therefore, if we assume that the pMMO dinuclear site is in a trapped valence
state, this scenario is compatible with all of the available data.

The results for pMMO,, also need to be considered in the context of the oxidation state
scenarios. The amount of EPR-active Cu did not change upon hydrogen peroxide treatment,
suggesting that either oxidation was not successful or oxidation cannot be detected by EPR. It
may be that oxidation requires the presence of a substrate. In support of this idea, recent studies
by Chan and co-workers suggest that hydrogen peroxide oxidation is effective only in the
presence of the suicide substrate acetylene.?> Those experiments, however, were conducted
using dithionite-treated pMMO membranes rather than as-isolated membranes.

If we assume that oxidation by hydrogen peroxide does occur, as suggested by the XAS data,
then scenario 3 could explain the ~40% EPR-active Cu in both pMMOjy, and pMMO,y.
Oxidation of the mononuclear Cu! to Cu!' would result in a type 2 signal, and oxidation of
CulCu!! to Cu''Cu! would result in a loss of the EPR type 2 signal, yielding no net change in
the intensity. Some effect on the Cu—Cu distance would be expected though because both
pPMMOjs, and pMMO,,, have the same Cu—Cu distance. Scenario 1 could also be consistent
with no change in the EPR signal intensity if the dinuclear Cu'Cu! site were fully oxidized to
a coupled, EPR-silent Cu'!Cu!! center. Again, in this case a change in the Cu—Cu distance might
be expected. Finally, scenario 2, in which all three Cu ions are Cull, would explain the lack of
effect of HyO,, but this still is not consistent with the presence of Cu! in the XANES.

Conclusions

XANES analysis of pMMO indicates the presence of Cul and Cul! and demonstrates that the
Cu centers can undergo redox chemistry. EXAFS fitting analysis using appropriate model
compounds provides metrical parameters and suggests the presence of exogenous, non-S
ligands. Fe EXAFS experiments reveal that pMMO contains a Cu—Cu, rather than a Cu—Fe,
cluster and strongly suggest that the Fe is attributable to heme impurities. The Cu—Cu
interaction is present in all samples, and the Cu—Cu distance increases upon reduction, as do
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the average Cu—O/N bond lengths. Taken together with EPR parameters and quantitation, these
data suggest several possible scenarios for the oxidation states of the pMMO Cu ions. Studies
to distinguish between these models and to understand the electronic structure of the pMMO
Cu centers are underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagrams of the pMMO metal centers (A—C) and Cu, model compounds with short
Cu—Cu distances (D and E).
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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 the Cu! 1s — 4p transition, and the insets show an expanded view

of the Cul! 1s — 3d transition.
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Model complex Cu EXAFS fitting analysis. Panel A shows the raw unfiltered EXAFS data
and fits, and panel B shows the Fourier transforms and simulated fits. Empirical data are in
black, and simulated fits are in gray. Spectra were fit over a k range of 1-13.1 A1,
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pMMO Cu EXAFS fitting analysis. Panel A shows the raw unfiltered EXAFS data and fits for
PMMO,q (top), pMMOjs, (middle), and pMMO, (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 a k range of 1-12.85 AL
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