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Abstract: The binding of several exogenous molecules at the active site of the soluble methane monooxygenase
hydroxylase (MMOH) fromMethylococcus capsulatyBath) is described. The interaction of methanol, the
product of methane hydroxylation, with the mixed-valentf&!' form of the enzyme induces a change in the

EPR spectrum of the unmodified protein fragr= 1.940, 1.865, and 1.740 to one wigh= 1.963 andy, =

1.862. This spectral change arises from the coordination of methanol to the diiron center, as demonstrated by
electron nuclear double resonance (ENDOR) spectroscopic studies of mixed-valent MMOH prepared with
CD3OH added to a DMSO-treated sample, which displayéd iteraction with an isotropic hyperfine splitting

of ~0.5 MHz. A detailed analysis indicates that methanol binds to the ferrous iron without displacing a
terminally bound water molecule identified previously. Acetate labeled iEhat the carboxylate carbon

atom also gives rise to ENDOR signals, whereas no such signals are seen when the label is at the methyl
carbon atom or when the methyl group is deuterated. These results suggest that acetate is oriented in the
active site with its carboxylate group pointing toward the iron center, confirming a previous interpretation of
X-ray crystallographic experiments. At the MMOH diiron core, four coordination positions that are not usually
occupied by endogenous protein ligands are identified which can simultaneously accommodate DMSO, methanol,

and water. The implications of these results for the

Introduction

An understanding of the intimate mechanism of alkane
oxidation by the soluble methane monooxygenase (sMMO)
system of proteirls3 requires knowledge of coordination sites
at the carboxylate-bridged diiron catalytic center in the hy-
droxylase enzyme (MMOH) that can be occupied by substrate
or product molecules during turnover. X-ray crystal structure
studies of MMOH fromMethylococcus capsulatBath)->have
revealed four such positions (Figure 1), identified by the fact
that they are not usually occupied by protein residues but
accommodate ligands contributed by solvent or buffer
component$. Electron nuclear double resonance (ENDOR)
spectroscopy offers a powerful, selective, and sensitive ally to
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catalytic mechanism of the enzyme are discussed.

His 147

Glu 144

&

Figure 1. A model of the hydroxylase active site with anchor positions
occupied by amino acids and potential catalytic positions numbered
1-4. Fel has been modeled as the ferrous iron and Fe2 as the ferric
iron”8 (adapted from ref 6).

X-ray crystallography for addressing the question of exogenous
ligand binding sites and interrogating metastable intermediates
in the reaction cycle. This technique requires a paramagnetic
center which, in the case of MMOH, can be obtained by
preparing the active site in the mixed-valent "Fe"

or Fé'FeV states,%10 or by analyzing the even-spin diiron-

(I 1+12form of the protein.

(8) The opposite assignment was incorrectly given in°fk@ ENDOR
results section of ref 7. The remainder of the paper, however, is consistent
and describes Fel as the ferrous iron and Fe2 as the ferric iron. This
assignment is only a working model, and the reverse may be true.
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Previously we applied ENDOR spectroscopy to identify a ~ ENDOR Spectroscopy. The continuous wave (CW) ENDOR
bridging hydroxide at site 2, a terminal DMSO bound to the spectrometer and the procedures employed in this study have been

ferric iron, and protein-derived ligands in mixed-valent sMMO briefly reported® A description of the 35 GHz pulse ENDOR
from M. capsulatugBath)7-%1112 |n the present work, we have spectrometer employed in this study has been published reéemtie

; ; ; . proton CW ENDOR spectra were recorded by using “Packet-Shifting”
extended these studies to provide evidence that the acetate ioff 0 2" " = studF))/ing metalloproteins, uging s typ of ENDOR

binds with its (_:arboxylate group .dlrected tov;ard the dllron pectroscopy has many advantages including excellent signal-to-noise
center, supporting a previous assignment as the acetate 10n Oftips at low sample temperature where relaxation rates are slow. A

electron density of uncertain origin in X-ray crystal structure 13c ENDOR signal consists of a doublet centered at*#Larmor
maps*S We also offer the first direct proof that methanol, the = frequency {c) and split by the nuclear hyperfine couplingdj; a 2H
product of methane oxidation by the enzyme, coordinates signal consists of a doublet centeredvgtand split byAp, with an
directly to the diiron center, in contrast to the conclusion of a additional splitting caused by the nuclear quadrupole interaction.
previous ENDOR study of MMOH fronMethylosinus tricho- ’H and *C ENDOR spectra were collected by using the Mims
sporiumOB3b13 Finally, we demonstrate that the coordination ~Stimulated-echo ENDOR pulse sequefit€. In this protocol, the
positions for exogenous ligands denoted in Figure 1 can ENDOR re;ponsR depends Jomtly.on the nuclear hypz_arﬂne coupling
simultaneously accommodate DMSO, methanol, and water. ThisA and 'the interval between th(_a first and second microwave pulses
information should facilitate both theoretical and experimental according to eq 1. This equation shows that the ENDOR response
investigations of details of the catalytic mechanism of MMOH. RO[1 — cos(2eAD)] )

Materials and Methods will fall to zero for integer values of\r and will reach a maximum for

Protein Purification. Growth of nativeM. capsulatugBath) was half-integer Az values. Such “hyperfine selectivity” is normally
carried out as described elsewhé&rePurification of MMOH was considered to be one of the key benefits of pulsed ENDOR techniques.
performed by using a modification of a published procedér&he Orientation-selective ENDOR analysis of frozen solutions relies on

crude protein obtained from a DEAE Sepharose anion exchangeaCCUrate line Shapes and intensities, however. Our eXperience with
columri® was pooled and concentrated to approximately 0.2 mM. A Mims ENDOR of powder or frozen-solution samples shows that one
5-mL portion of this crude preparation was loaded onto a Superdex obtains ENDOR pattems essentia”y undistorted by the blind Spots Only
200 column (2.6x 80 cm) and eluted with 25 mM MOPS (pH 7.0)  for couplings in the rangé < 1/(2r).>* Thus, in practice, in the study
containing 120 mM NaCl, 5% glycerol, and 1 mM dithiothreitol. ~ Of frozen solutions, the maximum hyperfine valug., that should
Specific activities and iron content were in the ranges previously be studied by a Mims ENDOR sequence is restricted by the minimum
described’:18 usable value of, denoted as the deadtintg, with the result thaf\max
Sample Preparation. Solutions of MMOH (1 mM) were prepared ~ 1/(2ty). The deadtime is defined as the minimum ti_me after the last
by concentrating purified protein with centrifugal concentrators (Cen- PUlSeé that the ENDOR effect can be detected against the resonator
triprep and Centricon, Amicon) having a molecular weight cutoff of ingdown, and it depends not only on the spectrometer performance
30 000. An electron-transfer mediator solution containing 10 mm Putalso on the strength of the ENDOR signal. The vaiue,480 ns,
phenazine methosulfate, 10 mM methylene blue, and 10 mM potassium“se‘j in all reported spectra maximizes the sensitivity for a hyperfine
indigotetrasulfonate was added to a final concentration of 0.5 mM. The value of 1.05 MHz.
samples were reduced to the'Fe" mixed-valent state, MMOH,, as
reported elsewhere.In studies with exogenous ligands, the reagents

were added prior to reduction; in all of the cases, their final EPR Spectroscopy. Both native and dimethyl sulfoxide
concentratiqn was 0.1 M Samples in 2_3% water were prepared (DMSO)-treated MMOH, display an anisotropig tensor which
by exchanging the purified hydroxylase into 50 mM MOPS, pH 7.0, ormaily would produce excellent orientation selection at 35

twice diluting the sample with an equal volume of!HD, and g - -

concentrating it to 1 mM MMOH by using a Microcon centrifugal GHz (Figure 2). Nat!ve ,MM,OHV’ g = 1.94(0), 1'3565257)’
concentrator (Amicon) with a molecular weight cutoff of 50000, 1-74(0), shows a distribution in the values @fand g,
Isotopically enriched methanol (GDH, 99.5%, or*CH;OH, 99%), however, which hinders the analysis of the ENDOR data. The

sodium acetaté{CH;CO:Na, 99%, or CHCO,Na, 99%), and DMSO EPR spectrum of the DMSO-treated mixed-valent hydroxylase,
[(CD3),S0, 99.9%] were obtained from Cambridge Isotope Labg-CD  MMOH,,[DMSO], g = 1.95(0), 1.87(0), 1.80(5), does not show
CO:Na (99%) was purchased from Aldrich, and*f® (30.4%) was this distribution ing values, and as a result, gives better
supplied by Isotec. orientation-selective ENDOR specfraAs first reported by
others!3 addition of methanol to native MMOH, (Figure 2a)

Results
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Addition of Methanol and Acetate to MMOH r,,. Figure
3a presents 8H Mims ENDOR spectrum of native MMOK,
to which deuterated methanol adé(,]-acetate, hereafter £C-
acetate, have been added. The ENDOR spectrum clearly shows
a resolvedH signal comprising a pair of featureless peaks split
by the hyperfine couplingA(®H) ~ 0.5 MHz; the quadrupole
splitting is smaller than the line width of the peaks and is
therefore indistinguishable. Th#l signal is the same as that
in the absence of acetate. The small change in the EPR
spectrum seen upon methanol addition is therefore not a
consequence of nonspecific, solvent-induced protein perturba-
] o tions; the observation of this ENDOR signal establishes that
2 e T s S S Sy B e s B methanol is incorporated into the active site of the enzyme. The
1250 1350 1450 1250 1350 1450 existence of substantial hyperfine splitting, which corresponds
Magnetic Field (mT) Magnetic Field (mT) to A(*H) ~ 3.3 MHz, strongly suggests that methanol binds
Figure 2. Series of 35 GHz CW EPR spectra of MMQ#Left, EPR  djrectly to iron. The small change in the EPR spectra further
absorptlon envelop_es obtalned_ from 1_00 I_<Hz detection under Cond't'onsindicates that this binding is not accompanied by a major
of rapid passage right, numerical derivatives of these speajrgolid structural perturbation, although a carboxylate shift or displace-

line: native MMOH,,, microwave frequency 34.955 GHz, modulation . . . I
amplitude 2.5 G. Dashed line: methanol added to the native protein ment of the water/hydroxide ligand coordinated to' Fes

microwave frequency 34.988 GHz, modulation amplitude 2 G. (b) Solid_identified by ENDOR spectroscopy may have occurfed.
line: MMOH,, treated with DMSO, microwave frequency 35.008 GHz, The sample includes BC-acetate in the solution, and its
modulation amplitude 2 G. Dashed line: methanol added to the previous ENDOR spectra show a |0W_intensi:t% peak centered at the
sample, microwave frequency 35.013 GHz, modulation amplitude 2 13c | grmor frequency (Figure 3a). This peak is present in
G. mixed-valent enzyme prepared witht3G-acetate both without
v (data not shown) and with methanol present, indicating that
Cl acetate can be accommodated at the diiron center in a site where
it is not displaced by methanol. AC signal could not be
a detected when 23C-acetate was employed (Figure 3b), nor
could a?H signal be seen when deuterated acetate was used
- (data not shown). These observations indicate that the acetate
is positioned with its carboxyl group pointirigwardthe diiron

center.
vcl Addition of DMSO and Acetate to MMOH ,,. Figure 3b
presents an ENDOR spectrum of MMQ@Hwith 2H-DMSO
mb prepared in the presence8€-labeled acetate. This spectrum
- shows &H signal from theH-DMSO and a3C ENDOR signal
B3c \,/‘//\’W'MM from acetate. Thus, binding of DMSO to the''Fén’ does
D not preclude incorporation of acetate into the active site. An
l v attempt was made to obtain a full 2-D data set of ENDOR

C
spectra in order to determine thel3G hyperfine tensor of
labeled acetate incorporated into MM@HDMSO]. The

m c presence or absence of an isotropiC hyperfine component
"7 would show whether acetate actually is coordinated to the diiron

l_|—|jI|!||ll1"[/1/]!|ll]¥lllllll"l_]_| . . .
center. Unfortunately, aj values higher thag, the intensity
8 9 10 13 14 15 16 1 :
Fre of the 13C ENDOR signals dropped below a detectable level,
quency (MHz)
Fi 3. Series of 35 GHz pulsed Mims ENDOR ira of MMAQH and the ENDOR pattern éfC-labeled acetate could be recorded
1gure S. Series o Z puised Vims spectra o ) only for g values betweeig, andgs. Although the shape of

at a field position corresponding tgs. The 2H and '3C Larmor 1 . SNl . . .
frequencies are indicated by black arrows. (a) MM@With deuterated the 13C ENDOR signal in Figure 3b is slightly different from

methanol in the presence of3c-acetate, microwave frequency 34.741  that in Figure 3a, the differences are too small and the signal-

GHz, 7 = 480 ns. The field position correspondsgo (b) MMOH- to-noise ratio of the'3C spectra is too low to allow any
[DMSO(ds)] with 1-13C-acetate, microwave frequency 34.657 Gz,  meaningful interpretation.
= 480 ns. The field corresponds to a value betwegerand gs. A DMSO and Methanol Binding to MMOH . DMSO binds

spectrum of a sample prepared with*&-acetate was recorded in the

5C frequency range (£315.5 MHz) and is depicted under that of the to the Fd' site of the valence-localized mixed-valent diiron

center, changing its EPR signal (Figure 2) and giving rise to
labeled sample. (¢fC-labeled methanol added to MMQHDMSO- ' :
(de)], microwave frequency 34.734 GHz= 480 ns. This spectrumis - ENDOR and ESEEM spectra when deuterated DMSO is

recorded at @,. In all of the spectra, the rf pulse width was 66, the utilized.” A spectrum of MMOH,,[?H-DMSQ] prepared with
microwave pulse width was 48 ns, afic= 2 K. 13C-methanol shows both#d signal from?H-DMSO, as well

as a'3C ENDOR signal from the labeled methanol (Figure 3c).
various reagents. Each spectrum is taken at the magnetic fieldThus, the diiron site casimultaneouslyaccommodate DMSO
which gives the best signal-to-noise ratio for the specific sample. and methanol, which do not compete for the same coordination
These spectra are composites of subspectra taken in the vicinityposition. The changes in the EPR signal upon treatment of
of the2H Larmor frequency as well as tA& Larmor frequency, native MMOH,,, with DMSO and methanol separately show
which are denoted by arrows. that each by itself binds to the iron cluster with complete site
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Figure 4. Series of 35 GHz Mims ENDOR spectra across the EPR
envelope of MMOH,[DMSQ] with deuterated methanol, rf pulse width
60us, microwave pulse width 40 ns= 480 ns, microwave frequency
34.68 GHz, temperature 2 K. The spectra are centered arourftithe
Larmor frequency.

occupancy. The fact that théH spectra from?H-DMSO
(Figures 3b and 3c) antH-MeOH (Figure 3a) have a better
signal-to-noise ratio than tHéC spectrum ot3C-MeOH (Figure
3b) shows that the intensities of tR&C signals in different

protein states cannot be used reliably to deduce site occupancies1iganol or the water molecule bound to

Although the addition of methanol to MMQI[DMSO]

J. Am. Chem. Soc., Vol. 120, No. 37, 19983

Frequency V-V (MHz)

Figure 5. Series of 35 GHz CWH ENDOR spectra of MMOH, at

g All of the spectra have been centered around ‘tHeLarmor
frequency. (a) MMOHR, in H;O, microwave frequency 35.1 GHz,
modulation amplitude 0.17 G, modulation frequency 100 kHz, rf scan
speed 0.5 MHz/s. rf frequency sweep from low frequency to high. (b)
MMOH,, in D2O as in (a). (¢) MMOH, treated with deuterated
methanol in HO, microwave frequency 34.9 GHz, modulation ampli-
tude 4 G, modulation frequency 100 kHz, rf scan speed 1 MHz/s. rf
frequency sweep from low frequency to high.

Our earlier work revealed that there is an aqua ligand
attached to the Mdon of MMOH,[DMSQ]. This study further
indicated that each iron atom has six ligands bound to it. If
methanol binds to the diiron site of MMQK[DMSO], either
a carboxylate group must shift to accommodate the incoming
'Feust be displaced
by methanol. As a first attempt to evaluate these possibilities,

causes no appreciable changes in its EPR spectrum, whemcyw 'H ENDOR spectra were recorded to see whether the

deuterated methanol is used, one obtZHsENDOR spectra
(Figure 4). With the aim of determining the details of methanol
binding, we collected a full 2-D field-dependetti ENDOR
pattern from MMOH,,[DMSO] prepared in the presencei-

exchangeable proton signals assigned to the aqua ligand
disappear when methanol binds. In accord with previous
observation$, MMOH ,,, shows'H ENDOR signals withA ~

7 MHz (Figure 5a) that arise from an exchangeable aqua ligand.

methanol (Figure 4). The observed ENDOR signals are a The signals disappear when MM@His exchanged in BD

statistical average over the contributions of thfék atoms

having different orientations with respect to the diiron site and,

buffer (Figure 5b). 2H-MeOH was added to MMOHR,, with
the deuteration acting to suppress any possible proton signals

hence, different dipolar hyperfine tensors. As a result, it was from bound methanol. The resultingd ENDOR spectrum

not possible to determine precisely the individgtdlhyperfine

(Figure 5c¢) also shows a signal from exchangeable proton(s)

tensors. Numerous simulations of the 2-D data, in which we with A ~ 7 MHz but with slightly different line shapes. Similar
assumed hyperfine tensors that ranged from purely dipolar toresults are found for MMOK,DMSO]. These CWH
nearly isotropic, indicated that the experimental pattern does ENDOR data indicate either that water/hydroxide and methanol
not exhibit the strong dependence on the field expected for aare simultaneously bound to 'Fer that a methanol replaces

purely dipole-coupled nucleus and that fiie couplings have
a substantial isotropic compone#so(°H) ~ 0.5 MHz. This

result implies that the methanol molecule is coordinated to the

the aqua ligand and the OH-proton of methanol gives compa-
rablelH CW ENDOR spectra.
To distinguish between these two possibilities, we performed

diiron cluster rather than merely being held nearby. The 170 ENDOR studies on MMOR,[DMSO] in H,"O buffer, both
simulations further suggest that the largest component of thein the presence and absence of methanol. Figure 6 shows three

dipolar contribution can be no greater tHEAH)max~ 0.4 MHz
(T(*H)max~ 2.6 MHz). Calculations of the dipolar interaction
for a proton on a ligand bound to a diiron ced#ef indicate
that this value is too small for methanol to be bound tt lee

CW ENDOR spectra taken at a field position corresponding to
01. The dotted spectrum represents the ENDOR signal of a
sample which had not been labeled with and can therefore

be used as a reference. This reference spectrum displays sharp

to be an alkoxo bridge. We therefore conclude that the methanolintense peaks at 8.7 and 12.2 MHz as well as some less intense,

molecule is bound to the Ee The intensity of thé3C ENDOR
signals is too low to allow a reliable analysis of #i€ hyperfine
tensor as corroboration.

(28) Willems, J.-P.; Lee, H.-l.; Burdi, D.; Doan, P. E.; Stubbe, J.;
Hoffman, B. M.J. Am. Chem. S0d.997, 98166-9824.

(29) Randall, D. W.; Gelasco, A.; Caudle, M. T.; Pecoraro, V. L.; Biritt,
R. D.J. Am. Chem. S0d.997, 119 4481-4491.

broader signals at 10 and 14 MHz. The signal at 8.7 MHz is
located at the Larmor frequency #f and can be attributed to
the 2H nuclei of labeled methanol. All other signals can be
assigned to the transitions of'*N. The spectrum displayed
using a dashed line shows the ENDOR signal of MMQH
[2H-DMSQ] in Hx'’O buffer. The presence of an additional,
rather broad, featureled€O signal with a maximum intensity
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Figure 6. Series of 35 GHz CW ENDOR spectra of MMQHat g;.
Dotted line: MMOH,,[DMSO] with deuterated methanol, microwave
frequency 34.991 GHz. Dashed line: MM@¥#fH-DMSO] exchanged

in H,10O, microwave frequency 35.054 GHz. Solid line: MMQH
[DMSO] with deuterated methanol and exchanged iHH®l, microwave
frequency 35.119 GHz. In all of the spectra, the modulation amplitude
was 8 G, modulation frequency 100 kHz, rf scan speed 1 MHz/s, rf
frequency sweep from low frequency to high, and temperature 2 K.

at 18.2 MHz is obvious. The ENDOR spectrum of MM@J
[DMSO] in H,70 buffer in the presence of deuterated methanol
(solid line) is almost identical to that of MMOK[DMSO] in
H,1’O buffer without methanol. It shows th@H signal of
methanol as well as the oxygen signal of water. The simplest
interpretation of this result is that the obsen/é® ENDOR
signal from MMOH;,[DMSO] in H,'7O buffer arises from the
labeled aqua ligand and that it is not displaced by methanol.
An alternative interpretation might be thO exchanges into
the bridge as well as into the terminal aqua site and that
methanol displaces only tHéO aqua ligand. In such a model,
the 170 signal from MMOH,,[DMSO] in H,'7O buffer would

display both signals, whereas added methanol, by replacing the!

aqua ligand, would leave arfO signal from the bridge. We

do not favor this alternative because we would expect some

change in thé’O contribution to the spectrum upon the addition
of methanol. If a full'’O ENDOR pattern across the EPR

envelope could be acquired and analyzed, we might be able to

confirm the assignment of the oxygen ENDOR signal. Such a
determination is not possible because @ signal broadens
and decreases in intensity at higher magnetic field values until
it is no longer visible at a field value corresponding to g

The ENDOR pattern arising from a diiron center containing
both a bridging oxygen atom and an oxygen atom terminally
attached to P& has been well characterized for an'fFeV
cluster’® For both oxygen atoms, the hyperfine tensor is almost
axial although thed; component of the bridging oxygen atom

is much smaller than the other two tensor components, whereadN€0

the A; component of the terminally bound oxygen atom is

(30) Burdi, D.; Sturgeon, B. E.; Tong, W. H.; Stubbe, J.; Hoffman, B.
M. J. Am. Chem. S0d.996 118 281-282.

(31) Liu, K. E.; Wang, D.; Huynh, B. H.; Edmondson, D. E.; Salifoglou,
A.; Lippard, S. JJ. Am. Chem. S0d.994 116, 7465-7466.

(32) Liu, K. E.; Valentine, A. M.; Qiu, D.; Edmondson, D. E.; Appelman,
E. H.; Spiro, T. G.; Lippard, S. I. Am. Chem. Sod995 117, 4997,
1997 119 11134.
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significantly larger thar®; andAs. In the case of MMOH,,

we are not able to determine the full hyperfine tensor'f@,

but thel’0O ENDOR pattern shows th#, is larger than both
A, andAs. This observation supports our conclusion that the
oxygen atom from water binds terminally to the'Fen in
MMOH .

Discussion

The observation of ENDOR signals from acetate shows this
ion to be located in the vicinity of the diiron cluster of
MMOH,, confirming the assignment of electron density in the
X-ray structure as acetate and its orientation with respect to the
iron atoms*> Given the impossibility of collecting a full field
dependence of thEC ENDOR data from labeled acetate, it is
not possible to prove the presence of isotropic coupling and,
hence, that acetate acts as an iron ligand. Combined with the
electron density in the crystal structure determination, however,
the data confirm our confidence in such an assignment.

Figure 1 shows four positions at the active site of MMOH
which can be occupied by exogenous ligands and thus are
available for methanol binding. Our previous ENDOR stldy
revealed that position 2 contains a solvent exchangeable hydroxo
ion; DMSO was modeled at position 4. The study also revealed
that a water molecule resides either at site 1 or 3. In the current
work, and within the context of the previous model, the
remaining site, either 3 or 1, can be occupied by coordinated
methanol. Simulations of the ENDOR data suggest that
methanol is bound to Me These conclusions further support
the idea that acetate does not bind to the diiron center when a
sufficient number of exogenous molecules is present to occupy
all the available sites (A.M.V., unpublished results). The
relative inability of acetate to compete for binding sites is
supported by its inability to inhibit catalytic activity. That
acetate can be contained in the active site but not ligated to
iron is in agreement with previous X-ray crystallographic
studies. This work indicated that the bidentate bridging ligand
assigned as acetate in the structure of MMQHt 4 °C is
replaced by a monatomic water bridge in the structure deter-
mined at—160°C.5

Combining the results of the current investigation with those
of previous X-ray and ENDOR studies, we can speculate on
aspects of the MMOH mechanism of methane oxidation (Figure
7), while recognizing as important caveats that the diiron center
has an oxidation level in the ENDOR experiment not yet
observed in the catalytic cycle and that the coupling protein
MMOB is not present. The structure of the reduced, diferrous
MMOH (Heg) in the absence of MMOB is known from X-ray
crystallography. It has a bridging carboxylate ligand, Glu243,
which is carboxylate-shifted relative to the resting oxidized
configuration. The first isolable intermediate in the reaction
of dioxygen with diferrous MMOH is a putative peroxodiiron-
(I11) species designated geloxo Previously we suggested that
O, coordinates at the site where DMSO binds to the cluster,
site 4 in Figure T. In Figure 7, we depict the peroxo moiety
bound in sites (3,4) and 2. This formulation agrees with the
previous suggestion, as well as with spectroscopic Ha#,
retical calculation¥}%® and results from model com-
pounds®®38 but it is not a unique interpretation. Theddxo
intermediate converts to a high-valent species designated Q
which has been characterized by a variety of technittfg33941

(33) Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmondson,

D. E.; Salifoglou, A.; Lippard, S. J. Am. Chem. S0d995 117, 10174~
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3103-3113.
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CH,;0H

H,O

product-bound

Intermediate Q

Figure 7. Catalytic cycle of SMMO, depicting the likely binding sites for small molecule substrates. Amino acid ligands in anchor positions are
omitted in all but the oxidized structure. Glu144 is drawn in a carboxylate-shifted conformation in the structures of intermediate Q to furdish a thir
single-atom bridge and promote a short Fe~e distance. Such a bridge might alternatively be made by a similarly shifted Glu243 or by a solvent-
derived oxo moiety. A quadruply bridged structure with Glul144, Glu243, and two oxoligands joining the two Fe atoms would also suffice.

The reaction of Q with methane, whether or not direct interaction methanol binds preferentially to the iron atom which houses
of carbon with an iron atom occurs, could, in principle, involve the potential binding sites 1 and 3. It is not known whether
any of the sites 44 depicted in Figure 7, at least one of which methanol binds as the neutral moleddler as methoxide, but
will contain an oxo ligand derived from the peroxo intermediate. it is presumably replaced by a water ligand, following proto-
The current ENDOR experiments suggest that the product nation if necessary, to regenerate the resting state of MMOH
and complete the catalytic cycle.
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as Fel, and it apparently does so without displacing a boundthe available sites on the iron atoms affords insights into
water molecule. This investigation also confirms the assignment elements of the mechanism of methane oxidation by MMOH.
and disposition of the acetate molecule modeled in X-ray
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